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Abstract13

Characterising the in situ stress field is important for a range of14

industrial applciations, such as geological CO2 storage, geothermal project,15

hydrocarbon extraction, geological disposal facilities, and for natural16

seismic hazard assessment. Shear-wave splitting is a passive measurement17

which can be used to passively monitor changes in the in situ stress18

field. We combine borehole stress and passive seismic data, primarily19

from microseismicity, across Great Britain to assess the potential of20

shear-wave splitting to be used to monitor the in situ stress field with21

several in-depth case studies. At Preston New Road, Lancashire the22

measured shear-wave splitting fast polarisations, ϕf , have a circular mean23

of −14◦ and are consistent with the regional SHmax. At Newdigate, Surrey,24

the measured shear-wave splitting is best explained by stress-controlled25

seismic anisotropy, with fast polarisations consistent with regional SHmax26

(ϕ̄f = −51◦) to the north of the Newdigate fault. However, we observed27

a consistent 90◦ polarisation flip (ϕ̄f = 40◦) at a station to the south of28

the fault, which is likely due to overpressured pore fluids. In South Wales29

there is structure controlled anisotropy from the Neath Disturbance, with30

ϕf measurements near the fault parallel to the fault strike.31

These examples demonstrate the potential of shear-wave splitting as a32

passive measure of in situ stress and the challenges that remain. We33

find that shear-wave splitting, measured from microseismicity, could34

be used to monitor the in situ stress field with sufficient monitoring35

infrastructure and geological context to constrain interpretations. For36
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CO2 storage projects, incorporating shear-wave splitting into the design of37

microseismic monitoring networks will enable valuable additional data to38

be collected.39
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Introduction44

The ability to passively characterise the in situ stress field in the crust has45

a range of important applications, such as improving our understanding46

of tectonic processes, natural hazards, and derisking various industrial47

subsurface activities. The ability to monitor and assess seal integrity48

would have applications in any onshore subsurface storage context,49

such as geological disposal facilities (GDFs) and gas storage, and for50

geothermal energy. The ability to characterise subsurface stress has51

important implications for the nascent UK Continental Shelf CO2 storage52

industry, as well as continued hydrocarbon extraction. To ensure safe and53

reliable geological CO2 storage, new and improved methods are required54

to monitor the geomechanical response of reservoirs to CO2 injection55

(Skurtveit et al., 2022). For these projects, improved spatiotemporal56

characterisation of the in situ stress field could have a significant impact57

on the operation and containment risk assessment. Many potential offshore58

CO2 storage sites in the North Sea require drilling and operating injection59

wells in regions or formations that may not have been the target of previous60

hydrocarbon exploration. As a result, there is less data to conduct leakage61

risk assessments and to construct geomechanical models.62

One geophysical observation which can be related to crustal stress is63

seismic anisotropy. Seismic anisotropy has been studied at various length64

scales throughout the Earth’s crust and mantle using shear-wave splitting.65

The first measurements of crustal shear-wave splitting were made nearly66

45 years ago by Crampin et al. (1980), and shear-splitting has now been67
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observed in local-S throughout the crust and upper mantle (e.g., Teanby68

et al., 2004a; Gerst and Savage, 2004; Boness and Zoback, 2006; Savage69

et al., 2010b; Gao et al., 2011; Al-Harrasi et al., 2011; Liu et al., 2014;70

Stork et al., 2015; Spingos et al., 2023; Hudson et al., 2024b, etc., ).71

A common interpretation for seismic anisotropy in the crust, regardless of72

setting, is the stress-induced alignment of micro-scale fractures (hereafter73

“stress-induced anisotropy”; Nur and Simmons, 1969; Crampin, 1987;74

Zatsepin and Crampin, 1997). If the seismic anisotropy observed using75

shear-wave splitting can be interpreted using this mechanism, then it76

reveals information on the in-situ stress field, particularly the azimuth of77

the maximum horizontal stress (SHmax azimuth; e.g., Savage et al., 2010b;78

Igonin et al., 2022; Guzman et al., 2022; Hudson et al., 2024b). Temporal79

variations in seismic anisotropy, or shear-wave splitting, can then be used80

to infer changes in the stress state when sufficient data is available (e.g.,81

Crampin et al., 2015; Stork et al., 2015; Illsley-Kemp et al., 2019; Spingos82

et al., 2023; Kendall et al., 2025).83

In offshore settings, with sufficient microseismic monitoring infrastructure,84

microseismicity has been used to monitor the stress state for conventional85

oil and gas reservoirs during extraction (e.g., Teanby et al., 2004a). This86

raises the potential for shear-wave splitting measured from microseismicity87

to be used to monitor stress for offshore geological storage projects, such88

as CO2 storage projects. The challenge, however, is establishing whether89

seismic anisotropy can be used as a reliable indicator of in situ stress in the90

upper crust. This assessment requires the input of more traditional stress91

field characterisation techniques at varying distances from the site. For92
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these reasons, seismic anisotropy should be viewed as an enhancement to93

stress field characterisation studies.94

In this paper, we measure shear-wave splitting for passive seismic data95

recorded for earthquakes recorded across Great Britain and Ireland from96

2010 to 2022. This new shear-wave splitting dataset allows for an97

assessment of the relationship between crustal seismic anisotropy and98

the SHmax azimuth measured using other methods in a range of settings.99

Shear-wave splitting has been previously measured for teleseismic100

core-refracted shear-wave phases, which predominately sample seismic101

anisotropy in the mantle, recorded by seismometers in the United Kingdom102

(Helffrich, 1995; Bastow et al., 2007). However, there has been no103

complete study of crustal shear-wave splitting across the United Kingdom.104

The UK is relatively well instrumented, with the British Geological Survey105

operating a permanent seismic network of 47 broadband seismometers106

across the British Isles (Baptie, 2021). This allows us to investigate shear-107

wave splitting for a range of settings, using both industrial and natural108

microseismicity. In addition, there are 474 SHmax azimuth observations109

from borehole data available across Great Britain which are used to110

validate the results ((Kingdon et al., 2022)). Where there are fewer111

observations of SHmax azimuth, for example in the South of England, new112

stress field observations were interpreted from dual caliper logs (Fellgett113

and Williams, 2025). We use this joint dataset of shear-wave splitting114

and stress data to highlight the potential of shear-wave splitting studies115

to passively monitor in situ stress, the challenges that remain, and the116

potential pitfalls for monitoring network designs.117
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Seismic Anisotropy118

Seismic anisotropy is the variation in seismic velocity, in our case shear-119

wave velocity, with propagation direction. Seismic anisotropy in the120

Earth’s crust can occur due to various mechanisms operating at different121

length scales. This can range from the preferential alignments of mineral122

grains (or crystal preferred orientation, CPO) within a rock formation, to123

the alignment of heterogeneities, such as sedimentary layering (Backus,124

1962) or fracture sets (e.g., Hudson, 1981; Chapman, 2003; Jin et al.,125

2018), which are smaller than the sampling seismic wavelength. Despite126

the wide variety of potential mechanisms, one unifying trait is that they127

are all expressions of order in materials.128

In the crust, one of the most commonly observed mechanisms for seismic129

anisotropy is microscale fractures aligned with the maximum horizontal130

stress (SHmax) azimuth (e.g., Teanby et al., 2004a; Boness and Zoback,131

2006; Savage et al., 2010b; Gao et al., 2011; Al-Harrasi et al., 2011;132

Stork et al., 2015; Illsley-Kemp et al., 2019; Hudson et al., 2024b). This is133

because most passive seismic observations are for vertical or sub-vertically134

propagating shear-waves which are not sensitive to seismic anisotropy due135

to sedimentary layering, which typically develops with a vertical symmetry136

axis (also know as vertical transverse isotropy, VTI). When saturated137

with a fluid (such as meteoric water, hydrocarbons, supercritical CO2,138

or melt), these aligned microcracks produce a strong seismic anisotropy139

(Hudson, 1981; Chapman, 2003). When differential horizontal stresses are140

applied to a rock, this causes microscale cracks in a rock to preferentially141
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open or close such that the total fracture set aligns with the maximum142

horizontal stress (Crampin, 1999). For this anisotropy to be observed143

by shear-wave splitting, the microcracks must develop, on average, near-144

vertically. Therefore, this seismic anisotropy will only develop at depths145

where where the vertical stress exceeds the magnitude of the minimum146

horizontal stress, i.e., in normal and strike slip faulting environments.147

This dependence of seismic anisotropy on differential horizontal stresses148

can be described by the anisotropic poroelasticity model (APE; Zatsepin149

and Crampin, 1997; Crampin and Zatsepin, 1997). Seismic anisotropy150

due to aligned, fluid-filled microcracks is also dependent on the fracture151

properties. Microcrack density and aspect ratio are the primary parameters152

that control the strength of anisotropy for an aligned fracture set (Hudson,153

1981; Chapman, 2003). APE predicts that increasing differential horizontal154

stresses increases the aspect ratio and density of the aligned microcracks,155

and therefore the strength of seismic anisotropy (Zatsepin and Crampin,156

1997; Crampin, 1999). Furthermore, under the APE model the aspect157

ratio and orientation of the microcracks are sensitive to small variations158

in the azimuth and magnitude of the horizontal stress field (Zatsepin and159

Crampin, 1997; Crampin and Zatsepin, 1997; Crampin, 1999). This makes160

seismic anisotropy, in theory, sensitive to the azimuth and magnitude of161

the horizontal stress field.162

Rock physics models that incorporate poroelastic squirt – where seismic163

waves compress compliant cracks more than stiff pores resulting in a flow164

of pore fluids between cracks of different orientations (e.g., Chapman,165

2003; Jin et al., 2018) – show that along with microcracks, meso-scale166
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fractures (i.e., fracture significantly larger than the grainsize) control167

the seismic anisotropy. This makes the seismic anisotropy frequency-168

dependent. Where frequency-dependent anisotropy is observed, it is169

then possible to invert for fracture size and density, which is a useful170

tool when characterising a reservoir and assessing seal integrity (Al-171

Harrasi et al., 2011). Another consequence of squirt flow models is that172

the fluid filled fractures may also induce attenuation anisotropy (Carter173

and Kendall, 2006; Asplet et al., 2024) which can affect shear-wave174

splitting measurements (Asplet et al., 2024), but also offers the potential to175

further constrain fracture properties. Here, we do not consider frequency-176

dependent anisotropy or attenuation anisotropy and refer to microcracks177

and meso-scale fractures collectively as ‘cracks’.178

Stress induced anisotropy is not, however, the only mechanism for seismic179

anisotropy widely observed in the Earth’s crust. In many settings, stress-180

induced anisotropy is not observed, or is overprinted by the effect of181

structural features, particularly large fault zones where anisotropic fabrics182

due to cracks or fault damage zones are aligned with fault strike and not183

SHmax (e.g., Boness and Zoback, 2006; Hurd and Bohnhoff, 2012; Liu184

et al., 2014; Jiang et al., 2021; Okada et al., 2024). However in some185

settings, tectonic features appear to have little-to-no impact on the observed186

anisotropy (Spingos et al., 2023). It is also possible for multiple fracture187

sets to develop, which creates an anisotropic fabric that is not completely188

stress-dependent (Baird et al., 2013). In collisional tectonic settings,189

seismic anisotropy can develop due to CPO in terranes and the mantle190

wedge (e.g., Okaya et al., 2016; Lynner et al., 2024), where in higher191
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temperature conditions crystalline rocks undergo plastic deformation. The192

resulting anisotropic crystal fabric preserves the strain orientation.193

Shear-wave splitting194

Shear-wave splitting, or seismic birefringence, occurs when an incident195

shear-wave propagates through an anisotropic medium. Upon entering the196

medium the shear-wave is split in two, where one of the shear-waves is197

polarised along the fast velocity direction, or the fast polarisation direction198

ϕf , and the other along an (assumed) orthogonal direction. As shear-wave199

splitting is typically measured at the seismic station for sub-vertically200

incident shear-waves, ϕf is reported in the geographic reference frame201

as an azimuth from north. It should be noted that ϕf is reported in the202

range −90◦ to 90◦ as the polarisations have a 180◦ symmetry. The two203

shear-waves, referred to as the fast (or S1) and slow (or S2) shear-waves,204

propagate through the anisotropic medium at different velocities (Figure205

1). This introduces a time delay between the two shear-waves, δt. This206

time delay depends on both the thickness of the anisotropic medium and207

the strength of the seismic anisotropy. When studying local shear-wave208

splitting, it is important the note that δt is accumulated along the entire209

ray path. Therefore, δt may vary with earthquake depth, depending on210

the thickness of the anisotropic medium. To interpret δt, and to search for211

signal of depth-varying anisotropy, this effect must be account for. Here212

we convert delay time δt to percent anisotropy, ξ, where213

ξ = 100(VS ∗ δt

d
) , (1)
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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 ϕ (typically measured relative to North,

but can also be measured in the ray reference frame) and the delay time δt between the fast and

slow shear-waves.

where VS is an assumed mean shear-wave velocity and d is the ray path214

length, assuming a straight ray from source to receiver.215

For seismic anisotropy due to aligned sub-vertical fractures, rock physics216

models predict that the measured ϕf (in the geographic reference frame)217

will be aligned with the fracture strike (Hudson, 1981; Chapman, 2003).218

The APE model of microcrack growth under triaxial differential stresses219

predicts that microcracks, and therefore ϕf , will preferentially orient with220

SHmax (Zatsepin and Crampin, 1997). This allows for measurements of ϕf221

to be used to infer SHmax azimuth. This framework is what allows shear-222

wave splitting to be used to interpret variations in SHmax azimuth in settings223

ranging from volcanoes (e.g., Gerst and Savage, 2004; Bianco et al., 2006;224

Savage et al., 2010b; Baird et al., 2015; Illsley-Kemp et al., 2019), to225

industries such as hydraulic fracturing (e.g., Baird et al., 2013; Igonin226

et al., 2022), CO2 injection (e.g., Stork et al., 2015), and hydrocarbon227
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reservoirs (e.g., Angerer et al., 2002; Teanby et al., 2004a; Kendall et al.,228

2007). Theoretically, temporal variations in δt, or anisotropic strength,229

are sensitive to variations in the magnitude of horizontal stresses. In the230

case where pore fluids are highly pressurised, a 90◦ flip in ϕf may occur231

(Zatsepin and Crampin, 1997). These polarisation flips have been observed232

at the field scale (e.g., Angerer et al., 2002; Teanby et al., 2004a) and,233

when observed, could provide constraints on in situ pore fluid pressures.234

The advantage of shear-wave splitting is that, with sufficient235

instrumentation, measurements can be made at significantly higher spatial236

and temporal resolutions than borehole measurements of stress, such as237

borehole breakout analysis and drilling-induced tensile fractures. Shear-238

wave splitting is also independent from borehole measurements, and gives239

the potential to fill gaps between boreholes to provide a higher-resolution240

image of the subsurface stress field. Where there is sufficient data, either241

due to a large number of earthquakes, stations, or both, shear-wave splitting242

tomography (e.g., Abt and Fischer, 2008; Johnson et al., 2011; Kufner243

et al., 2023), or spatial averaging (e.g., Johnson et al., 2011; Pastori et al.,244

2019; Spingos et al., 2023) can be used to map seismic anisotropy and,245

therefore, SHmax in the correct setting, across a region. Temporal variations246

in shear-wave splitting can also be used to infer changes in regional stress247

during earthquake sequences (Crampin et al., 2002; Volti and Crampin,248

2003; Pastori et al., 2019), volcanic activity (e.g., Bianco et al., 2006;249

Kendall et al., 2025), and industrial activity (e.g., Teanby et al., 2004a).250

It has been suggested that these stress-induced temporal variations in251

seismic anisotropy could enable forecasting of earthquakes (e.g., Crampin252
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et al., 1999; Crampin et al., 2008, etc., ) with Crampin et al. (1999)253

reporting a successful “stress forecast” of a M 5.0 earthquake in Iceland.254

Subsequent statistical analysis has questioned this result (Seher and Main,255

2004) and it has proved challenging to achieved similar forecasts outside256

or retrospective analysis (Crampin et al., 2015). In complex tectonic257

environments, temporal variations in shear-wave splitting do not uniformly258

occur in response to earthquakes, with a review of data in the Eastern Gulf259

of Corinth showing that some of the largest events in the thirteen year260

catalogue for region had no effect on the measured shear-wave splitting261

(Spingos et al., 2023).262

Measurements of shear-wave splitting have also been successfully inverted263

for fracture properties, such as strike, dip, fracture radius, and density264

(e.g., Verdon and Kendall, 2011; Al-Harrasi et al., 2011). Inversion of265

shear-wave splitting data directly for anisotropic fabrics is still a nascent266

field. Recent developments have primarily focused on studying mantle267

anisotropy (e.g., Wookey, 2012; Asplet et al., 2023; Link and Long, 2024),268

however frameworks have also been previously developed for reservoir-269

scale inversions to identify vertically aligned fractures and horizontal270

sedimentary fabrics using fracture compliances (Verdon et al., 2009).271

Future work may allow for these methods to be applied to measurements272

of local shear-wave splitting, and extended to invert measurements directly273

for differential horizontal stresses using the APE model.274
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Measuring shear-wave splitting275

If there is no seismic anisotropy, and therefore shear-wave splitting, along276

the ray path a shear-wave arrival will be recorded with an approximately277

linear particle motion. If shear-wave splitting has occurred then the phase278

shift due to δt will produce an elliptical particle motion. Detecting and279

then correcting for this elliptical particle motion underpins most methods280

for measuring shear-wave splitting. Here we use eigenvalue minimisation281

(Silver and Chan, 1991; Walsh et al., 2013), which is a widely used method282

for measuring shear-wave splitting that can be automated. Shear-wave283

splitting parameters can also be measured using other methods such as284

cross-correlation (Bowman and Ando, 1987), or shear-wave splitting can285

be measured as a scalar splitting intensity (Chevrot, 2000). Recent work286

has demonstrated that there could be potential for deep learning methods to287

be used to measure shear-wave splitting, but there is currently insufficient288

labelled training data to train a model and further work is needed on289

establishing uncertainty estimates from neural networks (Chakraborty et290

al., 2024).291

There are now numerous software packages now available for measuring292

shear-wave splitting, with implementations available in most modern293

programming languages (Table 1). Modern implementations are mainly294

based on the eigenvalue minimisation method (Silver and Chan, 1991;295

Walsh et al., 2013), with the primary considerations on the choice296

of software to use being the preference of the researcher in terms of297

measurement strategy, such as the level of automation, method used to298
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Software Authors Language GUI Automation level

MFAST Savage et al. (2010a) MATLAB No Automated

SHEBA Wuestefeld et al. (2010) Fortran No Manual

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

SplitLab Wüstefeld et al. (2008) MATLAB Yes Semi-automated

SplitRacer Reiss and Rümpker

(2017)

MATLAB Yes Semi-automated

SplitPy Audet and Schaeffer

(2019)

Python Yes Manual and Automated modes

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.299

Here shear-wave splitting is measured using SHEBA (Wuestefeld et al.,300

2010), a Fortran shear-wave splitting code. All waveforms are uniformly301

bandpass filtered between 1Hz and 20Hz. For each candidate event-302

station pair the waveforms are manually inspected and analysis window303

start/end ranges are picked, with cluster analysis used to pick the optimum304

window following Teanby et al. (2004b). For the optimum analysis305

window we (Figure 2) grid search over candidate shear-wave splitting306

parameters to find the best fitting ϕf , δt. Fast polarisations in the range307

−90◦ ≤ ϕf ≤ 90◦ are used, with a parameter range in δt chosen308

depending on the expected strength of anisotropy and frequency content309

of the shear-waves. Here we use 0 s ≤ δt ≤ 0.1 s. For each set of310

splitting parameters the input waveforms are corrected for the shear-wave311
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splitting described by those parameters, and the trace covariance matrix312

in computed where the first and second eigenvalues, λ1 and λ2, represent313

the horizontal components (Silver and Chan, 1991; Walsh et al., 2013).314

The ratio λ2

λ1
describes the linearity of the particle motion, where λ2 = 0315

for linear particle motion. The eigenvalue minimisation method seeks316

to minimise λ2 and restore linear particle motion. Uncertainties in the317

measured splitting parameters are estimated using the F-test318

λ0.95
2 (ϕ, δt) = λ2min

{1 + [k/(v − k)]F 0.05
k,v−k}, (2)

where k = 2, the number of estimated splitting parameters, v is the319

estimated degrees of freedom of the data and Fk,v−k is an F-distribution320

(Silver and Chan, 1991; Walsh et al., 2013).321

The Shear-wave Window322

Before making a measurement, it is important to ensure that the chosen323

shear-wave is within the shear-wave window. Shear-waves particle324

motions are modified by interactions with a free surface (Nuttli, 1961),325

which makes it difficult to accurately measure shear-wave splitting. To326

avoid this effect, the shear-waves’ ray path must have an incidence angle327

at the free surface which is less than the critical angle (Booth and Crampin,328

1985). The most common assumption, which we follow here, is a critical329

angle, or shear-wave window, of 45◦. This assumes that low velocity layers330

near the surface will turn incident shear-wave ray paths such that they are331

near-vertical at the free surface. To avoid shear-wave window affects on332

our measurements, all data where the earthquake epicentral distance from333
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a receiver is less than or equal to its depth is discarded.334

Measurement Quality Control335

Measurements are then subjected to quality control processes. Initially336

quality codes are assigned automatically using the estimated measurement337

uncertainty as shown in Table 2, where the uncertainty thresholds for ϕ338

have been chosen to match the uncertainties in SHmax azimuth associated339

with the different stress data quality codes used by the World Stress Map340

(Heidbach et al., 2016).341

Quality Code σϕ σδt

A ≤ 15◦ ≤ 0.005 s

B ≤ 20◦ ≤ 0.01 s

C ≤ 25◦ ≤ 0.015 s

D ≤ 40◦ ≤ 0.03 s

E > 40◦ > 0.03 s

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 automatic342

quality control. Input waveforms, selected shear-wave window, corrected343

waveforms and eigenvalue minimisation surface (Figure 2) are inspected344

to ensure a good shear-wave splitting result has been achieved.345

This inspection process is important as crustal shear-wave splitting346

measurements commonly suffer from cycle skipping, where one shear-347

wave is pushed outside the measurement window, which artificially348

reduces the eigenvalue ratio and the estimated measurement uncertainties.349
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Cycle Skipping350

Cycle skipping, where waveforms are mismatched by more than one half-351

cycle, is a persistent problem for local shear-wave splitting studies. If the352

cycle skipping is of one half-cycle then the fast and slow shear-waves can353

be interchanged resulting in a 90◦ flip in fast polarisation, a T/2 shift in354

δt, where T is the shear-wave period. Cycle skipping has been shown to355

affect measurements of the shear-wave source polarisation (e.g., Matcham356

et al., 2000; Walsh et al., 2013). Skipping of multiple cycles can also357

occur if the chosen analysis window is too short relative to the maximum358

delay time, where λ2

λ1
is minimised by shifting one of the shear-waves out359

of the measurement window. Such a measurement is characterised by a360

delay time near the maximum value permitted in the grid search. Selecting361

larger analysis windows can partially mitigate this issue, but then has the362

drawback of polluting the measurement windows with additional noise or363

secondary arrivals.364

A modification of the window cluster analysis method of Teanby et al.365

(2004b) can be used to screen cycle skipping somewhat effectively, as these366

measurements will exhibit clusters at 90 degree or half-cycle intervals367

(Savage et al., 2010a; Castellazzi et al., 2015). Manual screening, however,368

is the most reliable, albeit time-consuming, way to ensure measurements369

effected by cycle skipping are removed. As the majority of the shear-370

wave splitting measured here is for previously unstudied regions, manual371

inspection of measurements is already warranted to ensure data quality.372

Where cycles skipping is found, the analysis windows are adjusted and373
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measurements repeated, if cycle skipping persists the shear-wave splitting374

measurement is rejected.375

Null Measurements376

If the incident, un-split, shear-wave is already polarised in the fast or377

slow directions of the medium, or there is no anisotropy in the plane of378

the shear-wave particle motion, then no shear-wave splitting occurs (e.g.,379

Silver and Chan, 1991; Wuestefeld et al., 2010). This is known as a380

“null” measurement, and they must be treated separately to measurements381

of shear-wave splitting. Nulls can be detected both by using automated382

methods (Savage et al., 2010a; Wuestefeld et al., 2010), and by data383

inspection. Whilst automated methods are necessary for large data sets384

they can result in misclassification of split waveforms as ‘null’. In studies385

of the Earth’s mantle, nulls can give important insights (e.g., Asplet et al.,386

2020), but here we discard null measurements in line with other studies387

(e.g., Johnson et al., 2011; Castellazzi et al., 2015; Pastori et al., 2019, etc.,388

).389
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Figure 2: Example diagnostic output plot for a shear-wave splitting measurement made at the

station RUSH for a ML -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 (ϕf ) and delay time (δt) for each window used in the cluster

analysis of (Teanby et al., 2004b). Lower panels show ϕf and δt plotted against window number.

The contour plot on the lower right shows λ2
λ1

calculated at each ϕf , δt for the optimum analysis

window. Blue cross shows the best fitting shear-wave splitting parameters, the bold contour shows

the 95% confidence region. λ2
λ1

is also normalised by the 95% confidence value. Other example

measurements are included in the supplementary material.
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Data Used390
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Across the UK the British Geological Survey maintain a network391

of 47 permanent broadband seismic stations (GBarray, network code392

GB; British Geological Survey, 1970), complemented by temporary393

deployments of 34 broadband seismometers in the North of England394

(UKarray, network code UR; British Geological Survey, 2015) and five395

near Newdigate, Surrey during our study period of 2010 to 2022 (Baptie,396

2021). There are 3079 earthquakes earthquakes recorded in the BGS397

earthquake catalogue between 2010 and 2022 (British Geological Survey,398

2025). Despite the large number of events many are unsuitable for shear-399

wave splitting because of data embargoes or no S phase was picked. When400

these events are disregarded the dataset is reduced to 1452 viable candidate401

earthquakes for shear-wave splitting analysis.402

The shear-wave window restriction (see Section “The Shear-wave403

Window”) reduces dataset from 1452 earthquakes to 377 earthquakes404

where shear-wave splitting measurements can be made (Figure 3). The405

focal depths and reported local magnitudes of all earthquakes considered,406

and those where shear-wave splitting can be measured are summarised in407

Figure 4. This pronounced ca. 75% reduction in our initial dataset is due to408

the previously described shear-wave window effect. Whilst Great Britain409

is well instrumented the seismic network is sparse relative to epicentral410

distances required for seismicity to lie within the shear-wave window. The411

mean focal depth of earthquakes recorded in the BGS catalogue from 2010412

– 2022 is 6.34 km and 80% of earthquakes have a focal depth under 10 km413

(Figure 4a).414
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The shear-wave window imposes a significant geographical heterogeneity,415

which limits our ability to compare shear-wave splitting and stress across416

the the UK. However, the sites where data are available are data rich and417

are good analogues for deployments which could be used to assess in situ418

stress for sites of interest. The majority of the 377 events where shear-wave419

splitting can be measured are recorded by three temporary deployments.420

Two of these deployments were the surface monitoring stations for Stages421

1 and 2 of hydraulic fracturing at Preston New Road, Lancashire (Clarke422

et al., 2019b; Kettlety et al., 2020) and the other targeted an earthquake423

swarm near Newdigate, Surrey (Hicks et al., 2019). Similar temporary424

monitoring networks are used to monitor onshore microseismicity for425

a variety of geological storage activities and hydraulic fracturing (e.g.,426

Kaven et al., 2015; Verdon et al., 2016; Goertz-Allmann et al., 2024).427

Preston New Road, Lancashire428

In 2018 and 2019, hydraulic fracturing took place on two horizontal wells429

drilled in Northwest England. This was part of efforts to assess and extract430

shale gas by Cuadrilla Resources Limited. The project was located around431

3 km east of the town of Blackpool. Two horizontal wells were drilled432

into the Bowland Shale at the Preston New Road site. The first well,433

PNR-1z, was stimulated in late 2018 and the second well, PNR-2, was434

stimulated in August 2019. Shortly before, during, and for some months435

after injection, microseismic monitoring was conducted by the operator.436

Independent monitoring was also done by the British Geological Survey.437

The temporary seismic monitoring networks consisted of three-component438
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short period and broadband sensors recorded hundreds of events in the439

two periods of hydraulic fracturing. We measure shear-wave splitting440

using earthquakes recorded in the British Geological Survey catalogue,441

along with further microseismic events recorded at the broadband surface442

stations at Preston New Road (Clarke et al., 2019b; Kettlety et al., 2020).443

This gives an initial dataset of 380 earthquakes which is reduced to 140444

after filtering of earthquakes outside the shear-wave window (Figure.445

Earthquakes used have depths ranging from 1.6 km to 2.9 km and local446

magnitudes in the range −1.7 ≤ ML ≤ 2.9. The station codes used for the447

surface monitoring network changed from IOXX to PNRXX between the448

stimulation of PNR-1z and PNR-2, but the locations and type of sensors449

at each location remained consistent. The continuous waveform data from450

this monitoring effort is now publicly available for study.451

Newdigate, Surrey452

In April 2018, a swarm of earthquakes began near the town of Newdigate in453

Surrey. In July (HORS, RUSH) and August (GATW, STAN, BRDL) 2018454

a temporary network of broadband seismometers was deployed to monitor455

the seismicity (Hicks et al., 2019). In May 2019 the station GATW was456

removed and was replaced in June 2019 by another station near Gatwick457

(GAT2). The British Geological Survey recorded 34 earthquakes prior to458

the installation of the monitoring network, with a further 135 earthquakes459

recorded after 12 July 2018, for a total of 168 earthquakes recorded in the460

swarm. Figure 6 shows the locations of earthquakes recorded in the swarm461

and the locations of the monitoring stations. Despite occurring close to462

25



onshore hydrocarbon wells, it was quickly shown that the Newdigate463

swarm was likely a natural earthquake swarm associated with tectonic464

reactivation along a pre-existing E-W striking fault in the Weald Basin465

(Hicks et al., 2019). The seismicity is shallow, with focal depths ranging466

from 2 km to 3.6 km and a mean depth of 2.3 km. Earthquake local467

magnitudes were in the range −1.6≤M L ≤ 3.1, with the majority of468

events being microseismic with ML ≤ 2 (Hicks et al., 2019).469
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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.

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 (ML). Monitoring stations are

shown by the red triangles. Background map data taken from OpenStreetMap (OpenStreetMap

contributors, 2017).
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Stress data470

In order to ground truth the stress orientations from the shear wave splitting471

a comparison should be made to existing stress field orientations. For472

the UK the primary existing source of stress field data for the British473

Isles is the Stress Map of Great Britain and Ireland 2022 (Kingdon et al.,474

2022). This dataset comprises 474 data points obtained from a variety475

of sources including: earthquake focal mechanisms; borehole breakouts,476

overcoring and hydraulic fracturing tests which have been ranked based477

on their reliability to assess regional stress field orientation (Heidbach478

et al., 2018). Here we only use the 154 data points with a quality code A,479

B, or C (Figure 7a), which indicates the data has an uncertainty in SHmax480

orientation of ±15◦, ±20◦ or ±25◦ respectively.481

Across much of the UK the dominant orientation of SHmax is NW/SE482

though there are significant regional variations (Figure 7a; Heidbach et al.,483

2018; Kingdon et al., 2022). The 2022 stress field data does constrain484

SHmax azimuth across most of the UK, however there are no existing485

data points in the Weald near Newdigate. To confirm the regional SHmax486

azimuth in the Weald, borehole breakout analysis was undertaken on logs487

for six boreholes (Fellgett and Williams, 2025). The analysis was based488

on dual-caliper logs using the methodology detailed in (Heidbach et al.,489

2016). For more information on the use of calipers to determine in-situ490

stress orientations please see: Bell and Gough (1979), Plumb and Hickman491

(1985), and Heidbach et al. (2016).492
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a) b)

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 SHmax. The majority of

the data is taken from the Stress Map of Great Britain and Ireland 2022 (Kingdon et al., 2022),

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., 2016) 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 δt. 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 ϕf (a) and δt (b) for the 320

quality A to C splitting measurements made across the UK. See text for criteria used for different

data quality codes.

Results493

Shear-wave splitting is measured for the identified 377 candidate494

earthquakes at all suitable stations, resulting in 886 measurements.495

Analysis is restricted to the 320 measurements classified as quality A,496

B, or C (Table 2), where the measured shear-wave splitting clear enough to497

allow for interpretation. The vast majority of this data, 254 measurements,498

are quality A (Figure 8). The data attrition, with 36% of measurements499

of sufficient quality to interpret, is due to noisy waveform data, the500

previously described issue of cycle skipping, and the exclusion of 50501

null measurements. This level of data attrition is in line with previous502

shear-wave splitting studies (e.g., Teanby et al., 2004a; Pastori et al., 2019).503

A table of all shear-wave splitting results is available in the supplementary504

material.505
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The shear-wave splitting results can be grouped into four regions: Preston506

New Road, Newdigate, South Wales, and Northeast England (Figure 7b).507

For each region aggregate rose histograms of fast polarisation direction are508

made, with a bin width of 10◦ (Figure 9). In each region we also aggregate509

available stress data.510

Preston New Road511

We make 154 quality A, B, and C shear-wave splitting measurements using512

data recorded by the Preston New Road surface broadband monitoring513

stations (Figure 9a). Shear-wave splitting measurements made across the514

Preston New Road site show a largely unimodal distribution of ϕf with a515

circular mean ϕ̄f = −16± 27◦. Closer inspection of these results shows a516

small secondary grouping of 21 measurements which are ca. 90◦ rotated517

from the mean ϕf orientation (Figure 10, 11). Removing measurements518

with −70◦ ≤ ϕf ≤ 55◦ results in the circular mean ϕ̄f = −14 ± 16◦.519

Plotting the shear-wave splitting results against earthquake depth shows520

that there is no correlation between either ϕf or δt and depth (Figure 11).521

To account for variation in δt with ray path length, δt is converted to522

percentage anisotropy, ξ, following Equation 1 assuming VS = 2km s−1.523

The Preston New Road results can also be divided by the associated524

stage of well stimulation. During the stimulation of well PNR-1z, 101525

shear-wave splitting measurements are made, and 53 are made for events526

occurring during the stimulation of PNR-2 in August 2019 (Figure 10).527

There is little variation in ϕ̄f or ξ between the two stages. With the528
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previously described anomalous measurements removed ϕ̄f = −14± 14◦529

during the stimulation of PNR-1z and ϕ̄f = −16 ± 19◦ during the530

stimulation of PNR-2. Of the 21 anomalous measurements, 16 a recorded531

in data from PNR-1z and 5 in data from PNR-2.532

Whilst there is no World Stress Map data close to Preston New Road, there533

is additional stress data interpreted from analysis of borehole breakout and534

drilling induced tensile fractures for the nearby Preese Hall well (PH-1).535

Previous analysis of data from PH-1 gives a regional SHmax orientation of536

173 ± 7◦ (Figure 9a; Clarke et al., 2019a).537

Newdigate, Surrey538

We make 118 quality A, B, and C shear-wave splitting measurements for539

data from the Newdigate swarm (Figure 9b). The shallow focal depths,540

ranging from 2 km to 3.6 km, impose tight shear-wave window constraints.541

Due to this restriction nearly all of the shear-wave splitting measurements542

are made at either STAN, a station North of the Newdigate Fault, or543

RUSH, a station South of the Newdigate Fault (Figure 13). As there is544

a clear bimodal distribution in ϕf a regional ϕ̄f is not taken and instead545

we calculate ϕ̄f for STAN and RUSH. There are 55 measurements for546

STAN, which have a circular mean ϕ̄f = −51 ± 26◦ and a mean ξ of547

1.87% with a standard deviation of 0.80 (Figure 12a). Percent anisotropy,548

ξ, is calculated following equation 1 assuming VS = 1.66 km s−1 using549

a 1-D velocity model for the region (Hicks et al., 2019). There are 54550

measurements for RUSH, with a mean ϕ̄f = 40 ± 20◦ and a mean ξ551
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Figure 9: Rose histograms of shear-wave splitting fast polarisations, ϕf , (blue bars) for Preston

New Road (a), North East England (b), South Wales (c) and Newdigate (d). See Figure 7b for

region extents. SHmax 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, ϕf , for Stage 1 and Stage 2

respectively and the local SHmax orientation of 173 ± 7◦ interpreted from PH-1 (Clarke et al.,

2019a). Panels (c) and (d) show histograms of percentage anisotropy, ξ, calculated following

Equation 1 assuming VS = 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 ϕf and right panel shows percentage anisotropy, ξ, calculated following Equation 1

assuming VS = 2km s−1.
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Figure 12: Histograms showing the percent anisotropy, ξ, calculated from δt for each

measurement of shear-wave splitting at stations STAN (a) and RUSH (b). We calculate ξ

following equation 1 assuming VS = 1.66 km s−1 using a 1-D velocity model for the region

(Hicks et al., 2019)

.

of 2.16 with a standard deviation of 0.99 (Figure 12b). The remaining552

measurements are made at GAT2 (6), GATW (1), and HORS (1). No553

measurements are made for BRDL.554

In total 20 breakout zones were interpreted for six boreholes across the555

Weald with a combined length of over 350m (Fellgett and Williams,556

2025). Two of the SHmax interpretations are quality C and four are quality557

D following the World Stress Map criteria (Heidbach et al., 2016). When558

taken together, the dominant orientation of the maximum horizontal stress559

is 142◦ across the six boreholes, with a circular standard deviation of 15◦.560

This trend is in line with the expected regional orientation of SHmax in the561
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Figure 13: Map of shear-wave splitting measurements for Newdigate, Surrey. Measurements

are plotted as bars oriented from North by ϕf 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 ridge562

push in the North Atlantic (Klein and Barr, 1986).563

South Wales564

In South Wales we make 19 measurements of shear-wave splitting565

for earthquakes with depths in the range 10 km – 25.6 km and local566

magnitudes in the range 0.5 ≤ ML ≤ 2.7. Here the distribution of fast567

polarisation measurements are bimodal (Figure 9c). Figure 15 shows the568

splitting measurements plotted halfway along the shear-wave raypath, an569

approximation which reflect that splitting accumulates between the source570
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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 SHmax 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 δt.

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 Ireland571

2022 (Kingdon et al., 2022). The stress data across South Wales has a572

circular mean of 145◦ and a circular standard deviation of 33◦. Given573

the small number of measurements and the apparent bimodality of ϕf we574

do not compute summary statistics for the shear-wave splitting results.575

Plotting ϕf and ξ, which is calculated from δt using equation 1 assuming576

VS = 3km s−1, against earthquake depth (Figure 16) shows that ϕf , δt do577

not vary with depth.578
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Figure 16: Shear-wave splitting measured for South Wales as a function of depth. Shear-wave

splitting delay times, δt are converted to % anisotropy, ξ, following equation 1 assuming a mean

VS of 3 km s−1. Red bar shows the circular mean SHmax orientation of 149◦ South Wales with the

shaded region representing the circular standard deviation 33◦.

Northeast England579

There are six measurements of shear-wave splitting in this region which580

are quality A, B, or C, measured for earthquakes with depths ranging from581

9.6 km to 31.4 km and local magnitudes in the range 1.2 ≤ ML ≤ 2.6.582

The circular mean of the 14 SHmax azimuth data points from the Stress583

Map of Great Britain and Ireland (Kingdon et al., 2022) in the region is584

144◦ with a circular standard deviation of 30◦, which is consistent with the585

NW-SE SHmax orientation predominately seen across the UK.586
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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 δt.

Faults longer than 10 km in the British Geological Survey 625k database (Survey, 2021) shown

by brown lines. Stress data are plotted following Figure 7a.
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Discussion587

Seismic anisotropy, measured using shear-wave splitting, can be used to588

passively measure in situ SHmax azimuth in the upper crust. Here we have589

linked shear-wave splitting measurements to borehole measurements of590

stress using onshore UK data. This provides an important reference point591

of expected SHmax, which provides important context for the interpretations592

of the shear-wave splitting results. The four case studies shown here593

highlight the potential for shear-wave splitting to monitor in situ SHmax594

azimuth and, and also the challenges to both making measurements and595

interpreting shear-wave splitting results.596

Preston New Road597

Shear-wave splitting fast polarisation directions aggregated across the598

entire Preston New Road dataset show good agreement between ϕf and599

the interpreted SHmax (Figure 9a). As there is no evidence of depth600

varying anisotropy, it is clear we are sampling anisotropy in the formations601

overlying the formation target for hydraulic fracturing, the Bowland Shale.602

This is largely to be expected, given that the majority of the seismicity603

occurs within the Bowland Shale and shear-wave splitting accumulated604

along the entire shear-wave raypath. Therefore we interpret that the605

shear-wave splitting is sampling stress-induced anisotropy in the overlying606

formations, with a SHmax azimuth of −14±16◦. For the Preston New Road607

data, we can also break shear-wave splitting data up by hydraulic fracture608

stage (Figure 10). In this case this shows that the overall SHmax parallel609
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trend in ϕf is consistent between the two stages of hydraulic fracturing and610

there is little evidence of a significant temporal variation in shear-wave611

splitting, and therefore stress and fracture properties, in the overburden612

between the two stages of injection at Preston New Road.613

Newdigate614

Newdigate shows a more complicated pattern in shear-wave splitting,615

particularly in ϕf . Results at STAN show a good agreement between ϕf616

and SHmax, whilst the results and RUSH show a consistent ϕf which617

discrepant by approximately 90◦ (Figure 13, 14). There are several618

possible explanations for the 90◦ discrepancy between the ϕf measured619

at these two stations (Figure 9b, 14). The most simple, given the620

temporary nature of the deployment, is sensor misalignment at RUSH,621

where the horizontal components have been incorrectly aligned. Inspecting622

waveforms for a teleseismic S arrival recorded by both stations show very623

strong agreement between the North and East component waveforms624

which shows that the horizontal components at both stations have the same625

alignment (Figure 18).626

Another possible explanation is structural anisotropy due to the Newdigate627

fault zone. There are several problems with this explanation. Firstly, the628

Newdigate fault is small relative to faults where structural anisotropy has629

been observed (e.g., Boness and Zoback, 2006; Jiang et al., 2021; Okada630

et al., 2024). Secondly, plotting the shear-wave splitting results at the ray631

midpoint, which approximates the location of anisotropy, shows the ϕf632
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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 Newdigate633

fault, whilst measurements at RUSH sample the Southern side. We would634

expect to see the same structural anisotropy on both sides of the fault, not635

a 90◦ discrepancy in ϕf . Finally, we would expect the microcracks, and636

therefore ϕf , associated with structural anisotropy with to be aligned with637

E-W strike of the Newdigate fault. The results at both STAN and RUSH638

do not show this and therefore structure controlled anisotropy from our639

interpretation.640

Given that the ϕf data at STAN suggests stress-induced anisotropy to the641

North of the Newdigate fault, another interpretation could be that these642

initially contradictory ϕf measurements in fact represent a 90◦ rotation643

in SHmax. Similar interpretations have been made for observations of 90◦644

variations in ϕf in volcanic settings where significant changes in SHmax can645
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be expected during dike injection (e.g., Gerst and Savage, 2004). However646

such observations in volcanic settings have been for temporal variations647

in SHmax rather than sharp spatial variations. Furthermore, the ϕf data at648

GAT2, which is also South of the Newdigate Fault (Figure 13), shows649

good agreement with SHmax which would support a consistent regional650

SHmax North and South of the Newdigate Fault. Ideally there would651

be independent in situ measurements of SHmax North and South of the652

Newdigate fault to confirm it is constants. However it seems implausible653

that there is a 90◦ rotation in the stress state between the northern and654

southern fault blocks.655

A more plausible interpretation stems from the anisotropic poroelasticity656

model (APE), which describes stress-induced anisotropy (Zatsepin and657

Crampin, 1997; Crampin and Zatsepin, 1997). In the case where pore658

fluids are significantly overpressured 90◦ ‘flips’ in ϕf are predicted659

(Zatsepin and Crampin, 1997). This behaviour has been previously660

interpreted for reservoir-scale data (Liu et al., 1997; Angerer et al., 2002;661

Teanby et al., 2004a) and active fault zones (Liu et al., 1997; Crampin662

et al., 2002), although the shear-wave splitting observed by Liu et al.663

(1997) could be plausibly attributed to structural anisotropy due to the San664

Andreas Fault. At the Valhall reservoir, a useful analogue for offshore CO2665

storage, Teanby et al. (2004a) observed a consistent distribution of 90◦666

discrepancies similar to what is seen for Newdigate. One key difference is667

timescale. The shear-wave splitting measurements at Valhall were for two668

months (June and July 1997; Teanby et al., 2004a) whilst for Newdigate669

the 90◦ discrepancy is observed for the entirety of the Newdigate sequence,670
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at stations STAN and RUSH, from June 2018 until July 2019. However,671

for the two closely located Gatwick stations GATW and GAT2 we do672

observe a temporal 90◦ flip in ϕf . The ϕf measured for GATW, deployed673

from August 2018 to May 2019, is 90◦ flipped from SHmax whilst the ϕf674

measured at GAT2, deployed in June 2019, agrees with the regional SHmax675

orientation (Figure 13, 14). This temporal change in ϕf suggests that676

there were overpressured pore fluids to the South East of the Newdigate677

earthquake sequence, causing the 90◦ flip in ϕf , and the pressure dropped678

sufficiently in May 2019 for APE to revert to ϕf being aligned with679

regional SHmax. Typically such a polarisation flip would also be associated680

with a decrease in ξ, however the ξ measured at STAN and RUSH is681

consistent. The 90◦ polarisation flip at RUSH is also consistent throughout682

the sequence. This would suggest that, if the change in splitting is due to683

overpressured pore fluids there has not been a drop in pore fluid pressure684

during earthquake swarm for its entire duration.685

As the Weald Basin is exceptionally seismically quiet, and the seismic686

stations were only deployed to monitor the Newdigate sequence, there687

is no shear-wave splitting data available before or after the sequence688

to provide a measure of the background stress field. The nature of the689

source and receiver geometry also means that RUSH, STAN, GATW,690

and GAT2 sample a limited azimuthal range, which makes it challenging691

to completely rule out more complicated anisotropic fabrics. It could692

be possible that there cross-cutting microcracks, with the set oriented693

perpendicular to SHmax being cemented. However, microcracks filled with694

a solid are significantly less effective at producing seismic anisotropy695
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(Hudson, 1981; Crampin, 1999) and there is no clear difference in δt696

between RUSH and STAN (Figure 13).697

The most plausible interpretation is APE on both sides of the Newdigate698

Fault, with the 90◦ discrepancies in ϕf caused by overpressured pore699

fluids to the South of the Newdigate Fault. This does, however, raise700

further questions which should be investigated. How significant must the701

overpressure be to produce the ϕf flips observed and is this plausible? Is it702

hydrogeologically feasible to maintain these pressures persist throughout,703

and likely before and after, the Newdigate sequence in at least part of704

the Southern fault block? More detailed analysis, implementation of the705

APE model and studying any available regional pore fluid pressure data706

is required to further interrogate the 90◦ discrepancy in ϕf at Newidgate.707

If additional monitoring stations could have been deployed during the708

Newdigate sequence, particularly to the South of the Newdigate fault, the709

additional data at a different azimuths would significantly improve our710

ability to test this hypothesis.711

South Wales712

For South Wales, there is a clear bimodal distribution in the shear-wave713

splitting results. Whilst one population of ϕf does agree with the estimated714

region SHmax, there are a similar number of measurements which do not715

(Figure 9c). Figure 15 shows that all the data points which do not align716

with SHmax are located between the two stations in South Wales. As with717

Newdigate, the two populations of ϕf are sub-perpendicular and the shear-718
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wave splitting measurements surround the Neath Disturbance, a major fault719

structure in South Wales which is expected to be a significant structure at720

depth (Blenkinsop et al., 1986; Survey, 2021). However, unlike Newdigate721

the ca. 90◦ rotation is seen for measurements at the stations on both sides722

of the fault.723

One explanation could be multiple layers of anisotropy, but the splitting724

results show no evidence for depth varying splitting. This suggests the725

anisotropy accumulated in the upper 10 km of the crust. The lack of726

depth dependence also makes multiple anisotropic layers unlikely, but727

the South Wales data has insufficient azimuthal coverage to fully test this728

hypothesis. An alternate hypothesis is structural controlled anisotropy729

from the Neath Disturbance. Significant fault structures are well known730

to produce structural controlled anisotropy in their vicinity, producing an731

anisotropic fabric where the shear-wave splitting fast polarisation direction732

is aligned with fault strike (e.g., Boness and Zoback, 2006; Jiang et al.,733

2021; Okada et al., 2024). In this case the measured ϕf which do not734

align with SHmax do align well with the the strike of the Neath Disturbance.735

This suggests that in the vicinity of the fault, we are observing structure736

controlled anisotropy.737

Northeast England738

The lack of shear-wave splitting data, with only six data points, in this739

region makes any interpretation challenging. However, the measured740

ϕf largely do not agree with the regional mean SHmax (Figure 9d). The741
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sparse data makes is difficult to interrogate why the splitting deviates742

from SHmax. However, the shear-wave splitting also does not not align743

with regional fault structures (Figure 17), which are predominantly East-744

West trending, which suggested there is no structural component to the745

anisotropy. With no obvious structural controlled anisotropy, it is possible746

that this discrepancy is indicative local scale variations in SHmax which has747

been observed elsewhere in the UK (Hudson et al., 2024a).748

The future of shear-wave splitting for stress field monitoring749

The advantages of shear-wave splitting is that it is a passive measurement750

and, as such, a few well positioned stations that make a few high quality751

measurements have the potential to add important constraints on the752

in situ stress field at a spatial resolution which cannot be achieved by753

borehole measurements. Earthquake focal mechanisms also can be used754

to characterise the stress field, but require many observations over a wide755

range of azimuths which can be difficult to achieve for microseismicity.756

Preston New Road serves as a good analogue for potential industrial757

applications, such as CO2 injection, geothermal plants, hydraulic758

fracturing, and geological disposal facilities. This case study shows that759

when a site is well instrumented, shear-wave splitting can be used as an760

independent measure of SHmax azimuth. In this case the measured ϕf are761

consistent with SHmax interpreted from the nearby PH-1 well, with the762

shear-wave splitting providing and additional independent datapoint that763

validates the previously interpreted SHmax azimuth at Preston New Road.764
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This ability of shear-wave splitting to act as an independent measure of765

SHmax is particularly important for industrial subsurface projects as it can766

detect local scale spatial deviations in the stress field, which has been767

observed in Cornwall (Hudson et al., 2024a).768

One advantage of using shear-wave splitting for monitoring the in situ769

stress field is that temporal variations in shear-wave splitting can be used770

to resolved changes stress. Time varying signatures in ϕf have been771

associated with stress changes due to crustal processes (e.g., Crampin772

et al., 1999; Liu et al., 2014) and during dike injection at depth (e.g.,773

Gerst and Savage, 2004; Johnson et al., 2011) or heating of hydrothermal774

systems (Kendall et al., 2025) prior to volcanic eruptions. Temporal775

variation in δt or ξ is associated with a change in fracture properties such776

as fracture density, length, or aspect ratio, which can be stress-induced777

(Kendall et al., 2025). At Preston New Road no evidence of temporal778

variation in shear-wave splitting was observed, the ideal null result for779

stress monitoring of storage integrity as it suggests no change in the stress780

field in the overburden formations. Temporal variations in shear-wave781

splitting can also occur in response to changes in pore fluid pressure, as782

seen at Newdigate. For onshore and offshore project where microseismic783

monitoring is common practice or a regulatory requirement, the ability784

for shear-wave splitting to passively sample the in situ stress field and785

potentially to constrain fracture properties and pore fluid pressures adds786

significant value to monitoring networks.787

The sensitivity to temporal variations means that SHmax azimuths from788

shear wave splitting need to be ground truthed against more traditional789
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methods such as borehole breakouts analysis. However, borehole790

breakouts usually only allow for static interpretations of SHmax azimuth791

at the time of drilling. Once drilling is completed most boreholes are792

sealed or screened so it is not possible to reacquire data to investigate793

time dependent variations in SHmax azimuth. If data can’t be required from794

the same borehole the only other way to assess temporal variations is to795

drill into the same formation from a nearby location. However, drilling796

boreholes is expensive and examples of drilling multiple boreholes across797

many years are rare.798

Localised temporal shifts in SHmax azimuth can be observed from799

interpreted borehole breakouts. Following the magnitude 6.9 earthquake800

near Kobe in 1995 there was a significant localised shift in breakout801

orientations. When the same strata were drilled again in 2017 breakout802

orientations had shifted to the regional stress field orientation (Nishiwaki803

et al., 2018).804

In addition, methods to improve confidence SHmax azimuths from breakout805

orientations will remove any localised depth or stratigraphic variations in806

SHmax azimuth. Furthermore, in the UK and UKCS many boreholes used807

in interpretation of SHmax azimuth are drilled by the hydrocarbon industry808

so are heavily biased to economic strata.809

As a result, where variations in SHmax azimuths are observed from810

breakouts it is difficult to interpret whether it is the result of an isolated811

localised variation. For example, in the Back Lane Plugnar borehole in812

the UK there are four SHmax azimuths recorded from hydraulic fracturing813

54



(Cooling et al., 1988). Three of the observations are from Triassic and814

Carboniferous sediments which show similar SHmax azimuths (140–155◦),815

with a single observation at 90 degree to it from carboniferous volcanics.816

As volcanics are under-represented in borehole drilled in Great Britain it817

not possible to conclude whether this is a localised variation of whether818

stress field rotations are more likely in volcanics. As a catalogue of819

shear wave splitting measurements are created they will create more820

opportunities to categorise the variations in the stress field orientation821

in space and time which are beyond the current methodologies.822

There are, however, challenges with using shear-wave splitting to monitor823

in situ stress. As shear-wave splitting is a passive measurement, it is824

dependent on microseismicity occurring within the shear-wave window of825

monitoring stations. This likely requires either significant microseismicity826

or dense local monitoring networks. To integrate shear-wave splitting827

into a monitoring program the deployment of the microseismic network828

should include stations where the distance from the station to any potential829

sources of microseismicity (i.e., a mapped fault or the injector wells) is830

less than the reservoir depth.831

For industrial applications, the instrumentation challenge can be overcome.832

The shear-wave window challenge can be overcome by deploying denser,833

targeted monitoring networks, which are becoming more feasible with834

instrumentation advances. For onshore monitoring instrumentation835

advances may make this feasible at reasonably low cost, with seismic836

nodes being shown to have good potential to measure shear-wave splitting837

when arranged to form an effective 3-component instrument (Hudson et al.,838
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2024a) and three-component broadband nodes have also been developed.839

Ocean bottom nodes or permanent reservoir monitoring systems may be840

feasible to achieve similar results for offshore projects. However, there841

have thus far been no studies exploring the potential of these sea floor842

systems. As shear-wave splitting measurements from microseismicity are843

sensitive to noise levels, future work studying data recorded by existing844

seafloor monitoring systems is needed to ensure measurements can be845

made in this setting.846

A second challenge is that in some localities the seismic anisotropy847

can be heterogeneous and before we can use shear-wave splitting as848

a proxy for stress we must be confident that stress-induced anisotropy849

is the predominant mechanism. In many settings it can be difficult to850

distinguish between structural and stress-controlled seismic anisotropy851

(e.g., Pastori et al., 2019). This interpretation challenge is highlighted by852

the results for South Wales and Newdigate. In South Wales, additional853

geological context makes it clear that what may appear as significant local854

deviations in SHmax are in fact most likely a change in mechanism from855

stress-induced anisotropy to structural (fault controlled) anisotropy. At856

Newdigate, despite the wealth of seismicity data, it is still challenging to857

definitively explain the mechanism responsible for the 90◦ flip in ϕf North858

and South of the Newdigate Fault. Our preferred interpretation is that859

overpressured pore fluids in the Southern fault block. This, however, does860

lead to the conclusion that pore fluids remain overpressured throughout861

the Newdigate sequence and the hypothesis requires further interrogation.862
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For industrial applications, the additional contextualising geological and863

geophysical data collected when characterising the subsurface for a project864

will simplify the interpretation. With better data on porefluid pressure, fault865

locations and subsurface geology some of the interpretation challenges866

encountered here, such as for Newdigate and South Wales, can be more867

easily resolved.868

For well instrumented regions, where the baseline seismic velocities and869

anisotropy of a region are well characterised then the potential of shear-870

wave splitting can be pushed further. For dense datasets, it is possible871

to constrain subsurface fracture properties by using frequency-dependent872

shear-wave splitting (Al-Harrasi et al., 2011) or by inverting shear-wave873

splitting measurements (Verdon et al., 2009; Verdon and Kendall, 2011,874

e.g., ). The delay times for fracture induced shear-wave splitting are875

dependent on fracture density and aspect ratio, which we know from the876

APE model are controlled by differential horizontal stress in the case877

of vertically aligned fractures. A promising area of future research is878

to combined advances in shear-wave splitting inversion (Wookey, 2012;879

Kufner et al., 2023; Asplet et al., 2023), with existing fracture inversion880

methods and the APE model to invert shear-wave splitting delay times881

for differential horizontal stress. An ideal experiment would be for a882

well-understood reservoir where existing geomechanical models could be883

used to calibrate the results.884
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Conclusion885

We have shown how shear-wave splitting of shallow microseismicity can886

be used to monitor in situ stress. Additional means of constraining stress or887

fracturing for various subsurface geological storage, or geofluid extraction,888

are highly valuable. For geological CO2 storage, monitoring the in situ889

stress in the storage complex prior to, during, and after injection can be890

used to calibrate geomechanical models of the reservoir and to ensure891

long-term storage integrity. By studying different settings across the UK,892

we highlight the potential of shear-wave splitting as a passive measure of893

in situ stress, and also the challenges that remain, particularly that of the894

shear wave window and ensuring interpretations of stress-induced seismic895

anisotropy are robust. We find that:896

1. At Preston New Road, Lancashire, the best direct analogue for CO2897

injection in the UK dataset, we measure shear-wave splitting due898

to stress-induced seismic anisotropy and interpret a SHmax azimuth899

consistent with nearby borehole breakout data.900

2. At Newdigate, Surrey, we observe shear-wave splitting which is901

best explain by stress induced anisotropy, which is consistent with902

regional SHmax except where there are polarisation flips likely due to903

overpressured pore fluids.904

3. In South Wales, we observe structural and stress controlled seismic905

anisotropy. Measurements close to the Neath Disturbance show ϕf906

parallel to the strike of this major fault. For measurements further907
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away form the fault, ϕf returns to being parallel to SHmax, consistent908

with stress-controlled seismic anisotropy.909

Given that shear-wave splitting could enable passive, semi-continuous,910

measurements of the stress field in the caprock and overburden units, its911

potential should be explored further. Future research to improve existing912

shear-wave splitting inversion methods to incorporate existing rock physics913

models and other seismic constraints of stress such as focal mechanisms,914

could allow for the shear-wave splitting to be inverted for SHmax azimuth915

and differential horizontal stress. If this link can be formalised, shear-wave916

splitting has the potential to become a key tool for monitoring in situ stress917

for subsurface geological storage, geothermal, and hydrocarbon projects.918

In the case of offshore CO2 storage projects, where offshore microseismic919

monitoring infrastructure is desirable, incorporating shear-wave splitting920

into the design of monitoring networks will enable highly valuable921

additional datasets to be collected. Further studies, using data from existing922

seafloor instrumentation, such as permanent reservoir monitoring systems,923

is required to assess the suitability of shear-wave splitting in offshore924

settings.925
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Wüstefeld, Andreas, Götz Bokelmann, Christophe Zaroli, and Guilhem Barruol (May1356

2008). “SplitLab: A shear-wave splitting environment in Matlab”. In: Computers &1357

Geosciences 34.5, pp. 515–528. ISSN: 0098-3004. DOI: https://doi.org/10.1011358

6/j.cageo.2007.08.002.1359

Zatsepin, Sergei V. and Stuart Crampin (1997). “Modelling the compliance of crustal1360

rock—I. Response of shear-wave splitting to differential stress”. In: Geophysical1361

Journal International 129.3, pp. 477–494. ISSN: 1365-246X. DOI: https://doi.or1362

g/10.1111/j.1365-246x.1997.tb04488.x.1363

https://doi.org/https://doi.org/10.1111/j.1365-2478.2010.00943.x
https://doi.org/https://doi.org/10.1111/j.1365-2478.2010.00943.x
https://doi.org/https://doi.org/10.1111/j.1365-2478.2010.00943.x
https://doi.org/https://doi.org/10.1016/j.ijggc.2016.04.007
https://doi.org/https://doi.org/10.1144/GSL.SP.2003.212.01.09
https://doi.org/https://doi.org/10.1144/GSL.SP.2003.212.01.09
https://doi.org/https://doi.org/10.1144/GSL.SP.2003.212.01.09
https://doi.org/https://doi.org/10.1002/jgrb.50386
https://doi.org/https://doi.org/10.1111/j.1365-246x.2012.05405.x
https://doi.org/https://doi.org/10.1111/j.1365-2478.2010.00891.x
https://doi.org/https://doi.org/10.1111/j.1365-2478.2010.00891.x
https://doi.org/https://doi.org/10.1111/j.1365-2478.2010.00891.x
https://doi.org/https://doi.org/10.1016/j.cageo.2007.08.002
https://doi.org/https://doi.org/10.1016/j.cageo.2007.08.002
https://doi.org/https://doi.org/10.1016/j.cageo.2007.08.002
https://doi.org/https://doi.org/10.1111/j.1365-246x.1997.tb04488.x
https://doi.org/https://doi.org/10.1111/j.1365-246x.1997.tb04488.x
https://doi.org/https://doi.org/10.1111/j.1365-246x.1997.tb04488.x

