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Abstract The behaviour of fluids in preferentially aligned fractures plays an important role in a14

range of dynamic processes within the Earth. In the near-surface, understanding systems of fluid-15

filled fractures is crucial for applications such as geothermal energy production, monitoring CO216

storage sites and exploration for metalliferous sub-volcanic brines. Mantle melting is a key geody-17

namic process, exerting control over its composition and dynamic processes. Upper mantle melt-18

ing weakens the lithosphere, facilitating rifting and other surface expressions of tectonic processes.19

Aligned fluid-filled fractures are an efficient mechanism for seismic velocity anisotropy, requiring20

very low volume fractions, but such rock physics models also predict significant shear-wave at-21

tenuation anisotropy. Here we demonstrate a new method for measuring shear-wave attenuation22

anisotropy and apply it to synthetic examples and to teleseismic SKS phases recorded at the station23

FURI, in Ethiopia. At FURI we measure attenuation anisotropy which can only be explained by the24

presence of aligned fluids, most probably melts, in the upper mantle. Modelling of this result sug-25

gests that melt aligned in fractures dipping ca. 40° that strike perpendicular to the Main Ethiopian26

Rift, are required to explain the observed attenuation anisotropy. These results show that attenua-27

tion anisotropy could be a useful tool for discriminating between anisotropy due to crystal or melt28

alignment, and may offer strong constraints on the extent and orientation of melt inclusions.29

Non-technical summary When seismic signals travel through the Earth they lose energy, or30

attenuate, due to various mechanisms including the nature of the rocks they propagate through.31

One particularly strong mechanism is the presence of fluids, such as water or molten rock, in pore32

spaces. Theory from rock mechanics predicts that if fluids are hosted in aligned fractures then33

the loss of energy depends on the propagation direction of the earthquake signal. This predicts34

a difference in the loss of energy between two coupled shear-waves. Measuring this difference in35

energy loss then would give us a powerful tool to detect and quantify the presence of fluids in the36
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subsurface. Here we describe a new method to measure this difference in energy loss between two37

shear-waves by measuring a difference in frequency content. We demonstrate this method for both38

synthetic seismic signals, and teleseismic shear-wave data sampling the upper mantle beneath the39

seismic station FURI, which is situated near Addis Ababa, Ethiopia. We find that our new observa-40

tions can be explained by a 1% volume fraction of molten material. Modelling using current rock41

physics models suggests that this requires aligned fractures that dip 40◦ and are oriented perpen-42

dicular to the Main Ethiopian Rift.43

1 Introduction44

The presence of fluids within a fractured host rock has important effects on its seismic and mechanical properties.45

In the crust, there are many systems where the presence of fluids is critical. These include melt-water pockets in46

glaciers, hydrocarbons in fractured reservoirs and hydrothermal and magmatic systems beneath volcanos. Melting47

is also a key process within the mantle, exerting control over mantle composition and dynamic processes. Upper48

mantle melt weakens the lithosphere, facilitating rifting (e.g., Buck, 2004; Kendall et al., 2005) and other surface ex-49

pressions of tectonic processes. Observed low seismic velocity zones in the mantle transition zone (e.g., Schmandt50

et al., 2014; Liu et al., 2016b) and ultra-low velocity zones (ULVZs, e.g., Liu et al., 2016a; Li et al., 2022) in the low-51

ermost mantle have been interpreted in terms of melt. Aligned melt pockets are a very efficient mechanism for52

generating seismic anisotropy (e.g., Kendall, 2000; Holtzman and Kendall, 2010). This makes it difficult to discrimi-53

nate between melt, other shape-preferred orientation (such as dry cracks) and lattice-preferred orientation models54

of seismic anisotropy from the crust (e.g., Bacon et al., 2022) to the lowermost mantle (e.g., Asplet et al., 2022).55

Rock physics models predict that aligned sets of fluid-filled fractures, or melt inclusions, produce an effective56

medium that exhibits both velocity and attenuation anisotropy (e.g., Hudson, 1980; Chapman, 2003; Jin et al., 2018).57

This result can be achieved by either treating cracks as scatterers (Figure1a,b; Hudson, 1980) or through the poroelas-58

tic squirt flow of fluids in saturated (or partially saturated) meso-scale fractures (Figure 1d,e; Chapman, 2003; Galvin59

and Gurevich, 2009; Rubino and Holliger, 2012; Jin et al., 2018; Solazzi et al., 2021). The squirt flow model, in par-60

ticular, predicts a strong dependence of attenuation anisotropy on the presence of fluids (such as melt) and fracture61

properties.62

Whilst attenuation anisotropy can be observed for P waves (e.g., Liu et al., 2007; Ford et al., 2022) it is the at-63

tenuation of S-waves that interests us here. Both the crack scattering (Figure 1b) and squirt flow (Figure 1e) models64

predict an attenuation anisotropy which can be used to complement studies that measure velocity anisotropy us-65

ing shear-wave splitting (e.g. Kendall et al., 2005; Verdon and Kendall, 2011; Al-Harrasi et al., 2011; Baird et al., 2013,66

2015; Bacon et al., 2022; Schlaphorst et al., 2022). Attenuation anisotropy is a highly sensitive tool for detecting fluids67

within the earth that are hosted within aligned fractures. For microseismic settings, where the mechanism of seis-68

mic anisotropy is known to be fluid-filled fractures, measurements of anisotropic attenuation in shear-waves have69

been used to help constrain fracture and fluid properties (Carter and Kendall, 2006; Usher et al., 2017). Attenuation70

anisotropy can be observed directly in experiments (e.g., Best et al., 2007; Zhubayev et al., 2016), albeit at higher fre-71
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quencies. Numericalmodels also show that attenuation anisotropy is sensitive to fluid transport properties (Wenzlau72

et al., 2010).73

Measurements of differential attenuation between different teleseismic shear-wave phases, typically S-ScS, have74

been previously used to measure isotropicQs in the Earth’s mantle (e.g., Lawrence andWysession, 2006; Ford et al.,75

2012; Durand et al., 2013; Liu and Grand, 2018). This differential attenuation can be measured by either taking log-76

spectral ratios or bymeasuring instantaneous frequency relative to a reference seismogram (Matheney and Nowack,77

1995). Here we employ an instantaneous frequency method, which has been shown to be more robust than spectral78

ratios for teleseismic shear-waves (Ford et al., 2012; Durand et al., 2013). By making measurements of differential79

attenuation between fast and slow split shear-waves it is possible to measure attenuation anisotropy. As attenuation80

anisotropy is primarily predicted by effectivemediummodels of fluid-filled fractures, thesemeasurements are highly81

sensitive to the presence of fluids, such as melt, within the Earth.82

We outline how an instantaneous frequency matching method can be applied to measure attenuation anisotropy83

using shear-wave splitting. Using synthetic shear-wave data we demonstrate the frequency domain effects of attenu-84

ation anisotropy and the implications this can have formeasurements of shear-wave splitting. We explore the pitfalls85

ofmeasuring attenuation anisotropy anddemonstrate the efficacy of our instantaneous frequency-matchingmethod.86

We then demonstrate the application of jointmeasurements of attenuation anisotropy and shear-wave splitting using87

SKS data recorded at FURI, Ethiopia.88

2 Models of attenuation anisotropy89

When a shear-wave propagates through an anisotropic medium, seismic birefringence — or shear-wave splitting —90

occurs. The fast and slow shear-waves are polarised along the fast velocity direction and an (assumed) orthogonal91

direction and propagate at different velocities through the medium. This introduces a time delay between the two92

and can decouple the two (quasi) shear-waves, although in the teleseismic case the time delay time, δt, is much less93

than the dominant period of the waveform. Assuming that the medium can be described by a single elastic tensor94

cijkl the phase velocities and polarisation of each wave can be found by solving the Christoffel equation,

(1)(cijklnjnl − ρV 2δik)pk = 0 ,95

where V is phase velocity, ρ is density, pk is polarisation unit vector and nj,l are propagation unit vectors. Solving this96

eigenproblem yields three positive, real eigenvalues corresponding to ρVP , ρVS1, ρVS2 with corresponding eigenvec-97

tors describing the polarisation directions, which are mutually perpendicular (Mainprice, 2015).98

If the medium is also attenuating, then both shear-waves experience a frequency-dependent loss in amplitude99

and dispersion. The isotropic attenuation of a shear-wave over its path length, l, can be described by the anelastic100

delay time t∗ which is given by

(2)t∗ =

∫
path

dl

vsQs
,101

where vS is the isotropic shear-wave velocity and 1/QS is the isotropic shear-wave dissipation coefficient. It can102

be shown that an attenuating medium requires frequency-dependent velocities, or physical dispersion, where the103

intrinsic seismic velocity of waves propagating through a medium varies with frequency (Aki and Richards, 1980).104
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If this physical dispersion is also anisotropic, then the seismic velocity anisotropy is frequency-dependent and it105

follows that attenuation is anisotropic also (Carter and Kendall, 2006).106

In the case of an anisotropic attenuating medium, where the shear-wave dissipation coefficient 1/Qs varies with107

propagation direction, the fast and slow split shear-waves will experience different anelastic delay times. We define108

this difference in anelastic delay times as

(3)
∆t∗ = t∗S2 − t∗S1,

=
l

vS2QS2
− l

vS1QS1
,109

where S1 is the fast split shear-wave and S2 is the slow split shear-wave. Following this definition, a positive ∆t∗110

represents the case where the slow shear-wave is more attenuated than the fast shear-wave and a negative ∆t∗ is111

where the fast shear-wave ismore attenuated that the slow shear-wave. It is alsoworthnoting that due to thedefinition112

of anelastic delay time (3) velocity anisotropy will produce a ∆t∗ even if there is isotropic attenuation (i.e., where113

QS2 = QS1). This effect, however, due to the difference in travel times through the attenuatingmedium, is negligible114

compared to the∆t∗ that canbepredicted for anisotropic attenuation andwill always produce∆t∗ > 0 (Supplemental115

Figure 1).116

Figure 1 Seismic velocity, quality factor and attenuation anisotropy (expressed in terms of ∆t∗) predicted by rock physics
models for cracked, fluid-filled media which considers crack scattering (a,b,c Hudson, 1981), and that model poroelas-
tic squirt flow (d,e,f) Chapman, 2003). For both models we use an isotropic solid with velocities vP = 6.5 km s−1 and
vS = 3.6 km s−1 which contains melt inclusions with vS = 2.7 km s−1, ρ = 2700 kgm−3. These parameters are chosen
to be broadly consistent with previous effective medium modelling of melt-induced seismic anisotropy (Hammond et al.,
2014).
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2.1 Anisotropic attenuation due to fluid-filled fractures117

We consider twomainmodels of seismic anisotropy due to fluid-filled fractures which also allow for themodelling of118

attenuation anisotropy. These model attenuation due to scattering (Hudson, 1980) and due to poroelastic squirt flow119

of the hosted fluids (Chapman, 2003). Hudson (1980) employs an effective medium approach to model attenuation120

due to preferential scattering by the aligned fractures. For this reason, we refer to this model as crack scattering or121

simply scattering. The attenuation predicted by this model is anisotropic and frequency-dependent (e.g., Crampin,122

1984). Crack scattering also predicts anisotropic attenuation for unsaturated (or dry) aligned cracks, although the123

attenuation profiles are sufficiently different to allow the dry and saturated cases to be distinguished (Crampin, 1984).124

The thin layering ofmaterial could also produce an effectivemediumwith frequency-dependent anisotropy (Backus,125

1962; Werner and Shapiro, 1999) and therefore attenuation anisotropy through a similar scattering mechanism.126

There are, however, several limitations to this effective medium approach. It does not model the frequency de-127

pendence of the elastic constants, limiting the sensitivity to fracture size, and it neglects the effects of fluid exchange128

between fractures or between fractures and the host rock matrix. Work to extend the models to include such fluid129

interchange and equant porosity in the rock matrix show that this has a significant effect on the predicted seismic130

anisotropy (e.g., Thomsen, 1995; Hudson et al., 1996; Tod, 2001). To adequately model this system an approach that131

considers the poroelastic squirt flow of fluids held in a random collection of grain-scale microcracks and spherical132

pores along with aligned meso-scale fracture sets (i.e., fractures much larger than the grain scale) was developed133

(Chapman, 2003). In the poroelastic squirt flow model, the propagation of a seismic wave causes fluids to migrate134

between connected meso-scale fracture, micro-scale crack and pore spaces which results in frequency-dependent135

velocity and attenuation anisotropy. These poroelastic effects can also be modelled by treating the effect of pores136

and fractures as perturbations in an isotropic background medium (e.g., Jakobsen et al., 2003; Galvin and Gurevich,137

2009, 2015). More recent developments squirt flowmodels allow for partially saturated media (e.g., Rubino and Hol-138

liger, 2012; Solazzi et al., 2021) and for multi-phase fluids such as water and supercritical CO2 (Jin et al., 2018). In139

both cases, squirt flow predicts attenuation anisotropy but we shall only consider the fully saturated case here. It140

should be noted that this model, and the scattering model, assume perfectly aligned fractures which is unlikely to141

represent real-world fracture systems completely. The models are also limited to very low aspect ratios which ulti-142

mately derives from the low aspect ratio limit of Eshelby’s theory (Eshelby, 1957), which results in very low volume143

fractions (ca. 2 × 10−5) of fluids required to be in aligned fracture to produce significant velocity and attenuation144

anisotropy. Recent numerical modelling of squirt flow dispersion models has shown that dispersion increases with145

fracture density and decreases with aspect ratio, with aspect ratios ≥ 0 showing very weak attenuation (Sun et al.,146

2020).147

To calculate seismic velocity and attenuation anisotropy for both the crack scattering and squirt flow models we148

follow the approach of Crampin (1981). We can include attenuation in the definition of a mediums elastic tensor cijkl149

by introducing imaginary parts cIijkl of complex elastic constants,

(4)cijkl = cRijkl + icIijkl150

, where the real components cRijkl are the elastic constants. Solving the Christoffel equation for this complex elastic151

tensor now yields complex eigenvalues λ = λR + iλI , with the dissipation coefficient 1/Q given by the ratio of the152
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imaginary and real parts (Crampin, 1984),

(5)1

QP
=

λI
P

λR
P

,153

(6)1

QS1
=

λI
S1

λR
S1

,154

(7)1

QS2
=

λI
S2

λR
S2

.155

For the crack scattering model, the imaginary components of the complex elastic tensor can be constructed using156

equations from Crampin (1984). Figure 1 shows the seismic velocity (Figure 1a) and attenuation (Figure 1b) profiles157

modelled as a function of propagation angle relative to the crack normal for a saturated, cracked solid for a frequency158

of 0.1Hz. The isotropic solid has velocities vp =6.5 km s−1, vs =3.6 km s−1 and a density of 2700 kgm−3with fractures159

which are filled with a fluid with a P-wave velocity vp = 2.7 km s−1, a crack radius of 5 km, a crack density of 0.1 and160

an aspect ratio of 1 × 10−4. The predicted attenuation anisotropy, ∆t∗, as a function of propagation angle (Figure161

1c) is calculated using (3) assuming a path length of 50 km through the medium. This broadly represents teleseismic162

shear-waves propagating through the upper mantle. The path length chosen and ∆t∗ are linearly related, so for163

higher frequencies shorter path lengths are required to produce the same ∆t∗. As ∆t∗ represents the difference in164

attenuation between the fast and slow shear-waves there is a discontinuity at θ = 60◦ in the scattering model where165

the polarisation direction of S1 and S2 swap (Figure1b,c). The importance of this is that crack scattering only predicts166

∆t∗ > 0. It is also worth noting that the scattering model predicts non-physical negative 1/Q values for propagation167

angles around θ = 45◦ due to approximations used to calculate the imaginary components of the elastic tenor. This168

result can also be seen in Crampin (1984), where the approximations are developed.169

The complex elastic tensor for the squirt flow model is calculated following the method of Chapman (2003). As170

a numerical example, we calculate velocity (Figure 1d), attenuation (Figure 1e) and ∆t∗ (Figure 1f) as a function of171

propagation angle for a frequency of 0.1Hz using the same isotropic solid and crack fill properties and aspect ratio172

as before. Additionally, we specify a total porosity ϕ = 0.1 a grain-sized microcrack density, ϵc = 0.05, a meso-scale173

(i.e., larger than grain size) fracture density, ϵf = 0.1, a fracture length af = 10m, and an aspect ratio r = 1× 10−4.174

Fracture and microcrack density are related to the respective porosities (or volume fractions) ϕf and ϕc in the squirt175

flowmodel by
(8)ϕf =

4

3
πϵfr176

and
(9)ϕc =

4

3
πϵcr177

(Chapman, 2003). This yields a fracture porosity ϕf = 4.2 × 10−5 and a microcrack porosity, ϕc = 2.1 × 10−5, with178

the remaining porosity modelled as spherical pore spaces. An important assumption of the squirt flowmodel is that179

microcracks and pores interact with only one meso-scale fracture, which in turn requires a low fracture density to180

be valid. We use a mineral-scale relaxation time τm = 2 × 10−5 s and grain size ζ = 120 × 10−6 m, which are taken181

from Chapman (2003)’s numerical example.182

From these numerical examples, we can see that the inclusion of poroelastic squirt flow effects has a significant183

effect on the predicted seismic velocities and attenuation. Furthermore, squirt flow is sensitive to fracture length,184
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Figure 2 Anisotropic attenuation, ∆t∗, as a function of fracture length as predicted by both squirt flow (dashed line Chap-
man, 2003) and crack scattering (solid line Hudson, 1980) models. ∆t∗ is calculated for a propagation angle θ = 70◦ relative
to the crack normal and a frequency of 0.1Hz.

with only a small range of fracture lengths producingmeasurable∆t∗ for a given frequency (Figure 2). This frequency185

range is determined by the characteristic fracture relaxation frequency ωf which is related to fracture length af by

(10)ωf =
ζ

af
ωm ,186

where
(11)ωm =

2π

τm
.187

It follows that different frequencies will induce squirt flow in different fracture sizes (Supplementary Figure 2). In188

practice, the fractures will not have a uniform length and there will be a range of frequencies. In this modelling189

the frequency used (0.1Hz) is assumed to be the dominant frequency of the seismic phases. The squirt flow model190

also assumes that the fractures are perfectly aligned. One effect of this assumption of identically sized and perfectly191

aligned fractures is that squirt flow predicts no attenuation anisotropy when θ = 90° (i.e., propagating parallel to the192

aligned fractures), whilst crack scattering predicts the maximum ∆t∗. The squirt flow model produces a character-193

istic change in the polarisation of S1 and S2 in the example shown here this occurs at θ = 45◦, but the exact angle194

where this occurs depends on the model parameters used. Unlike the crack scattering mechanism, this allows for195

both positive and negative ∆t∗. Observing this change of sign in ∆t∗ (or consistently observing ∆t∗ < 0) is a clear196

indicator of squirt flow and, therefore, of the presence of aligned fluid-filled fractures. This has been previously197

observed in microseismic datasets (Carter and Kendall, 2006; Usher et al., 2017). In particular, squirt flow could rea-198

sonably explain the results of Carter and Kendall (2006), who observed some cases where ∆t∗ < 0 in microseismic199

data recorded at the Valhall Field, in the Norwegian sector of the North Sea. Fractures on the order of 0.6m − 6m200

would produce attenuation anisotropy for microseismic frequencies (Supplementary Figure 2). Due to the length201

scales of both squirt flow and crack scattering, we would not expect significant attenuation anisotropy to occur for202

crystal lattice-preferred orientationmechanisms. The effects of velocity anisotropy, where S2 ismore attenuated due203

to its larger travel time, are negligible (Supplementary Figure 1) and even if there are grain-scale fluid inclusions, such204

as grain boundary wetting, the squirt flow effects would occur well outside of the seismic frequency band. This com-205
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bined with the sensitivity of attenuation anisotropy to very low volume fractions of aligned fluid inclusions makes206

measuring attenuation anisotropy a promising tool to detect fluids in the subsurface.207

3 Instantaneous frequency as a measure of attenuation anisotropy208

3.1 Instantaneous frequency209

As we have shown, the crack scattering and squirt flow mechanisms both predict attenuation anisotropy which we210

could potentially measure in shear-wave splitting datasets. If the shear-waves S1 and S2 share the same source, ge-211

ometrical spreading and effective receiver transfer functions then they should have equivalent frequency spectra if212

the intrinsic attenuation along the ray path is isotropic, barring the small difference caused by velocity anisotropy.213

Therefore, if we can measure a significant difference between the frequency content of each shear-wave this might214

be attributed to attenuation anisotropy.215

To measure the difference in attenuation between fast and slow shear-waves we apply the instantaneous fre-216

quencymatchingmethod ofMatheney and Nowack (1995). Instantaneous frequencymatching has been shown to be217

less sensitive to noise (Matheney and Nowack, 1995; Engelhard, 1996) and gives more robust estimates of isotropic218

mantle attenuation for teleseismic shear-wave phases (Ford et al., 2012; Durand et al., 2013). This method also does219

not require the assumption of frequency-independent attenuation, which is useful for the case of fluid-filled frac-220

tures where frequency-dependent anisotropic attenuation is predicted even for seismic frequencies (e.g., Chapman,221

2003; Jin et al., 2018). Instantaneous frequency is a concept that arises from complex trace analysis (Gabor, 1946).222

A time-domain signal x(t), such as a seismic wavelet, can be described in terms of its instantaneous amplitude (or223

envelope), a(t), and instantaneous phase, θ(t),

(12)x(t) = a(t) cos θ(t) ,224

which is equivalent to representing the signal by its complex Fourier spectrum (Engelhard, 1996). To construct the225

complex trace we apply a Hilbert transform to x(t) to give the orthogonal quadrature (or imaginary) trace

(13)y(t) = a(t) sin θ(t) ,226

with the complex trace then given by:

(14)z(t) = x(t) + iy(t),
= a(t)eiθ(t) .227

From this complex trace, we then obtain the following expressions for instantaneous amplitude,

(15)a(t) = [x(t)2 + y(t)2](1/2) ,228

and instantaneous phase
(16)θ(t) = tan−1(

y(t)

x(t)
) .229

The instantaneous frequency of our signal x(t) is given by the rate of change of the instantaneous phase with respect230

to time
(17)f(t) =

1

2π

d

dt
θ(t)231

(Taner et al., 1979). This requires taking the derivative of an arctangent function, which results in

(18)f(t) =
1

2π

x(t) d
dty(t)− y(t) d

dtx(t)

a(t)2 + ϵ2
,232
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where ϵ is a damping factor added to reduce the largepositive andnegative amplitude spikes that canoccur (Matheney233

and Nowack, 1995). The instantaneous frequency values are also weighted by the squared instantaneous amplitude.234

This gives a damped and weighted instantaneous frequency within a specified analysis window as

(19)f(t) =

∫ t+T

t−T
f(t′)a(t′)2∫ t+T

t−T
a(t′)2

,235

which can be shown to approach the average Fourier spectral frequency for a sufficiently large analysis window236

(Saha, 1987; Barnes, 1993). We use analysis windows picked for shear-wave splitting analysis, which isolate the phase237

of interest.238

Figure 3 Example of Gabor wavelet synthetics used. (a) shows a synthetic where shear-wave splitting, with fast direction
ϕ =30◦ and delay time δt =1.5 s. (b) shows the synthetics in panel (a) where differential attenuation ∆t∗ =1.0 s has been
applied by applying a causal attenuation operator to the slow shear-wave. (c) shows the synthetic from panel (a) where a
differential attenuation ∆t∗ =−1.0 s has been applied by attenuating the fast shear-wave. All synthetics in this Figure are
generated with a source polarisation of 70◦, a dominant frequency of 0.2Hz and a sample rate of 50ms.

3.2 Instantaneous frequency matching of split shear-waves239

The attenuation of a seismic phase is measured by matching the instantaneous frequency of the observed phase,240

fobs, to that of a reference phase, fref . This is done by applying a frequency domain causal attenuation operator,

(20)D(ω) = exp
{
−ω

2
t∗
}
exp

{
iω

π
t∗ ln

ω

ωr

}
,241

where t∗ is the anelastic delay time (2) and ωr is the angular reference frequency (Muller, 1984), to the reference242

phase. Note thatD(ω) affects both the amplitude and phase of the waveform, which has important effects when we243

relate attenuation anisotropy to shear-wave splitting. It is also worth noting that this causal attenuation operator is244

different from the operator stated in Matheney and Nowack (1995),

(21)D(ω) = exp
{
−ω

2
t∗
}
exp

{
− iω

π
t∗ ln

ω

ωr

}
,245
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by a factor of e
2iω
π t∗ ln ω

ωr . We choose to follow previous work (Ford et al., 2012; Durand et al., 2013) in using (20).246

Following Muller (1984) the reference frequency is set to the Nyquist frequency, as this ensures ω < ωr and imposes247

a negative phase shift for all frequencies when using (20). Another common choice of reference frequency is 1Hz248

(e.g., Aki and Richards, 1980; Ford et al., 2012; Durand et al., 2013), but this does allow the potential for positive and249

negative phase shifts depending on the frequency content of the signal. One final important point to note, whichmay250

be slightly obfuscated by our choice of notation, is that this choice of attenuation operator implicitly assumes that Q251

is constant with frequency. This is a reasonably safe, and common, assumption to make for the seismic frequency252

band (e.g., Aki and Richards, 1980). However, this does mean that whilst there is no assumption of constant Q in the253

measurement of instantaneous frequency (Dasios et al., 2001; Ford et al., 2012), the common choice of D(ω) adds254

this assumption to the instantaneous frequency matching process.255

Where a match in the instantaneous frequencies is achieved (i.e., ∆f = fref − fobs = 0) the t∗ operator that is256

retrieved represents a differential attenuation between fref and fobs. The physical meaning of the measured differ-257

ential attenuation depends on the selection of fobs and fref . For example, tomeasure lowermostmantle attenuation,258

the lower mantle transiting S phase can be used as a reference phase for ScS. The differential attenuation between259

the S and ScS phases can then be attributed to the divergence of the phases’ ray paths in the lowermantle (Ford et al.,260

2012; Durand et al., 2013).261

To measure attenuation anisotropy, instead of choosing a separate seismic phase as the reference phase we take262

advantage of shear-wave splitting and use one of the split shear waves as the reference phase. This gives the differen-263

tial attenuation between S1 and S2, which we have previously described as∆t∗ (equation 3). The sign of∆t∗ indicates264

whether the fast (S1) or slow (S2) shear-wave has experienced more attenuation.265

For this method to work, the fast polarisation direction must be correctly identified so that the fast and slow266

shear-waves can be separated. This is important as shear-wave splitting delay times are typically much smaller than267

the dominant period of the signal. This assumption is often made for teleseismic shear-waves (e.g., Silver and Chan,268

1988; Chevrot, 2000). A consequence of this is that fast and slow shear-waves are not wholly split in time. This causes269

interference between the two shear-waves if they are viewed in the incorrect reference frame, which consequently270

affects the apparent frequency content of the two shear-waves. Thismakes the frequency content of each component271

dependent on the orientation of the reference frame. This is then further complicated by the phase shift introduced272

by the causal attenuation operatorD(ω). Wewill expand on this further below, using example synthetic shear-waves.273

274

3.3 Frequency domain effects of shear-wave component rotation and attenuation anisotropy275

We can use synthetic data to explore the effects of component rotation and attenuation anisotropy on the frequency276

content of the apparent S1 andS2phases, without the constraints attached to real observations of shear-wave splitting.277

All our synthetic examples are generated using a Gabor wavelet

(22)x(t) = cos 2πf0(t− t0) + v exp
{
−4π2f2

0 (t− t0)
2/γ2

}
,278

with a dominant, or carrier, frequency f0 = 0.2Hz and a time shift t0 = 0 s. The parameters γ and v control the shape279

of the wavelet. For small γ the wavelet has a delta-like impulse and for large γ it has an oscillatory character. The280

parameter v describes the symmetry of the wavelet. For v = 0, the wavelet is symmetric and when v = −π
2 or π

2 it281
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is antisymettric (Červenỳ et al., 1977). Here we follow Matheney and Nowack (1995) and use the parameters γ = 4.5282

and v = 2π/5. Synthetics are generated at a sample frequency of 20Hz. Shear-wave splitting is applied to each283

synthetic by specifying the two desired shear-wave splitting parameters: the fast direction, ϕ, and delay time, δt.284

Where attenuation anisotropy is applied the synthetic is rotated to the fast polarisation direction, to isolate the fast285

and slow shear-waves, and either the slow trace or the fast trace is attenuated to achieve a positive or negative∆t∗.286

Using simple synthetic examples (Figure 3), the effect that attenuation anisotropy has on shear-wave splitting287

can be seen. Here we generate synthetics with a fast polarisation direction of 30◦, a lag time of 1.5 s and a source288

polarisation of 70◦ (Figure 3a). The slow trace is attenuated by applying a causal attenuation operator (20) where t∗ =289

1.0 s, introducing a differential attenuation (or attenuation anisotropy),∆t∗ =1.0 s (Figure 3b). A negative differential290

attenuation∆t∗ =−1.0 s can be introduced by instead attenuating the fast shear-wave (Figure 3c). Visual inspection291

of these synthetics shows a loss of amplitude on the attenuated trace. However, we can also observe an additional292

time delay in the attenuated traces introduced by the phase terms of the causal attenuation operator (equation 20),293

which has significant implications for measurements of shear-wave splitting.294

The effect of component rotation on shear-wave frequency content can be further demonstrated using the syn-295

thetics fromFigure 3a and 3b. The seismograms are rotated to the geographic reference frame (i.e., where a reference296

frame rotation ϕr = 0◦ returns the North and East components) and then rotated through reference frame angles297

in the range of −90 ≤ ϕr ≤ 90. At each ϕr the amplitude of the frequency spectra is calculated, along with the in-298

stantaneous frequency within a 10 s analysis window centred on the wavelets (Figure 4). In the case where∆t∗ = 0 s299

the spectral amplitude of the fast (Figure 4a) and slow (Figure 4c) shear-waves vary with ϕr. When the fast and slow300

shear-waves are correctly separated at ϕr = 30◦ or ϕr = −60◦ there is no difference in the respective instantaneous301

frequencies, which are both measured as 0.2Hz. When∆t∗ = 1 s is applied the frequency content of the fast shear-302

wave should be unchanged, which is the case at ϕr = 30◦. The additional attenuation applied to the slow shear-wave303

reduces the effect of component rotation, but the effect is still strong enough to affect our instantaneous frequency304

matchingmethod. These examples also show that instantaneous frequency retrieves the average amplitude-weighted305

frequency for each trace.306

The synthetic shear-waves shown in Figure 3b, where ϕ = 30, δt = 1.5 and∆t∗ = 1, can also be used to demon-307

strate how instantaneous frequencymatching can retrieve the applied attenuation anisotropy. Again the synthetic is308

initially rotated to the geographic reference frame and then rotated over the range −90 ≤ ϕr ≤ 90. This simulates309

searching over the full range of reference frame rotations to test all potential fast shear-wave polarisations. At each310

reference frame rotation the instantaneous frequency of the two horizontal components is measured (Figure 5a),311

along with the difference in instantaneous frequencies (Figure 5b). The second eigenvalue of the trace covariance312

matrix, λ2, is also calculated after correcting for the lag time δt = 1.5 s (Figure 5c). We calculate λ2 as it is commonly313

used in shear-wave splitting analysis that employs eigenvalue minimisation (Silver and Chan, 1991; Wuestefeld et al.,314

2010; Walsh et al., 2013). Only when the data is corrected for the applied∆t∗ by attenuating the apparent fast shear-315

wave, which is the reference phase for a positive ∆t∗, is the input fast polarisation direction able to be retrieved316

(Figure 5c). In this example, we know∆t∗ = 1 s and can omit a search over a range of potential∆t∗ values.317

The instantaneous frequency of the apparent fast and slow shear-waves varies as a function of reference frame318
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Figure 4 Amplitude spectra of synthetic shear-waves as a function of component reference frame rotation. At each ref-
erence frame rotation angle, we calculate the amplitude spectra and instantaneous frequency (black line) for the appar-
ent fast and slow shear-waves. The left column shows the frequency content for the synthetics shown in Figure 3a, where
ϕ = 30◦, δt = 1.5 s and ∆t∗ = 0 s. The right column shows the frequency content for the synthetics shown in 3b, where
an attenuation anisotropy of ∆t∗ = 1 s has been applied to the synthetics shown on the right. This ∆t∗ is applied before
rotating the components.

rotation ϕr (Figure 4, 5a). For both the uncorrected (solid lines) and corrected (dashed) traces there are two points319

where the instantaneous frequencies match, which can be seen as minima in |∆f | (Figure 5b). In the uncorrected320

data, these points are separated by approximately 90◦ and if ∆t∗ = 0 then one minima lies at the fast polarisation321

direction. When there is attenuation anisotropy these minima are not located at the true fast polarisation direction322
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Figure 5 Example of the effects of component rotation and attenuation anisotropy on the frequency content and shear-
wave splitting (parameterised by λ2 for a synthetic shear-wave. Instantaneous frequency (a), the difference in instantaneous
frequency (b), and the second eigenvalue of the trace covariance matrix (c) measured for the synthetic shear-wave shown
in Figure 3b over the range of reference frame rotations of the horizontal components (solid lines). At each reference frame
rotation, we then correct for the differential attenuation by attenuating the apparent fast shear-wave (blue) by t∗ =1 s and
repeat the measurements (dashed lines). The solid vertical line shows the fast polarisation direction, 30◦ and the dashed
vertical line shows the source polarisation 70◦.

(solid line, Figure 5b). When the correction for∆t∗ is applied theseminima collapse towards one another, but do not323

necessarily converge to the same point.324

Figure 5c shows the effect that attenuation anisotropyhas on shear-wave splittingmeasurements, as characterised325

by λ2. If we do not correct for the applied attenuation anisotropy then the λ2 minima can appear to be less pro-326

nounced and deflected from the true fast polarisation direction. In this example, this synthetic shear-wave splitting327
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has no clear λ2 minimum when we correct for the imposed delay time of 1 s. The minimum λ2 occurs at a fast po-328

larisation direction of −78.24◦ compared to the true fast polarisation direction of 30◦. When we correct for∆t∗ this329

effect is entirely removed and we can retrieve the input shear-wave splitting parameters. This error in fast polarisa-330

tion direction increases with ∆t∗ and may not be fully captured by standard methods of measurement uncertainty331

estimation such as, for example, using the F-test derived 95% confidence region of the measured λ2 values (Silver332

and Chan, 1991; Walsh et al., 2013), as the frequency effects of attenuation anisotropy distort λ2 with rotation angle333

(Figure 5c). The magnitude of this effect depends on the strength of attenuation anisotropy.334

Figure 6 Example |∆f | grid search results for individual synthetic waveforms generated at different source polarisations.
Synthetics are generated with shear wave splitting parameters ϕ = 30◦, δt = 1.5 s, attenuation anisotropy ∆t∗ = 1 s and
source polarisations of 45◦ (a), 130◦ (b) and 285◦ (c). These |∆f | surfaces can then be stacked (d), with the minima of the
stack returning the input attenuation anisotropy ∆t∗ and fast polarisation direction ϕ.

3.4 Grid searching over component rotation and attenuation anisotropy to match instantaneous335

frequency336

These synthetic examples (Figure 5) highlight an important challenge inmeasuring attenuation anisotropy for shear-337

waves. The inherent rotational interference between the fast and slow shear-waves makes measuring ∆t∗ highly338

dependent on accurately identifying the correct fast polarisation direction. Meanwhile, the error that ∆t∗ can in-339
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troduce into shear-wave splitting measurements means that we cannot treat measurements of the fast polarisation340

direction as independent. To successfully measure ∆t∗ we must, therefore, also identify the true fast polarisation341

direction.342

One strategy to achieve this is to search over both the potential component (or reference frame) rotation angles ϕr343

and differential attenuation ∆t∗. To transform the instantaneous frequency matching process into a minimisation,344

simplifying the grid search, we adjust the objective function from∆f , used inMatheney and Nowack (1995) to |∆f |=345

|fref − fobs|. In this form we have to fix the reference and observed traces to allow for automation of the grid search346

and set the apparent S1 phase as fref and the apparent S2 phase as fobs, assuming that ϕr is the fast polarisation347

direction. This assumption means that we are unable to immediately determine the sign of ∆t∗ as cases where348

∆t∗ < 0 are reported at the 90◦ from the true fast polarisation direction (i.e., the traces have been rotated such349

that S2 has become the reference phase). To find the correct sign for a ∆t∗ measurement we must return to input350

data, correct for∆t∗ and thenmeasure shear-wave splitting. If the measured fast polarisation agrees with ϕr, within351

measurement uncertainty, this indicates a positive ∆t∗. If the difference between the fast polarisation and ϕr is352

approximately 90◦, within measurement uncertainty, this indicates that ϕr is the polarisation direction of the slow353

shear-wave which requires a negative∆t∗.354

3.4.1 Source polarisation stacking355

If we look at grid search results for individual shear-waves (Figure 6a) becomes clear that we cannot uniquely con-356

strain ϕr and ∆t∗ for a single event using our grid search method. One property of the relationship between the357

instantaneous frequency of split-shear waves and component rotation that we can take advantage of to resolve this is358

that instantaneous frequency (as a function of component rotation) is also dependent on the source polarisation of359

the shear-waves. Performing a grid search over ϕr and ∆t∗ for synthetics with example source polarisations of 45◦360

(Figure 6a), 130◦ (Figure 6b) and 285◦ (Figure 6c), we can see that whilst we are unable to retrieve the input parame-361

ters ϕr = 30◦,∆t∗ = 1 s in each case there is a different subset of the model space which minimises |∆f |. For each362

source polarisation, this subset includes the true model parameters. When the examples are summed, the model363

space which can minimise |∆f | is greatly reduced (Figure 6). In this simple, low noise, example the minima of the364

sum returns the input ϕr,∆t∗ exactly.365

Therefore, we can measure ϕr and ∆t∗ if we have sufficient measurements of shear-waves with different source366

polarisations, where the assumption that all shear-waves sample the same attenuation anisotropy can be made. For367

this stackingmethod to workwell, data with a good spread of source polarisations is desirable. For real data this does368

place constraints onwheremeasurements canbemade, asmeasuring shear-wave splitting fromsourceswith an even369

distribution of source polarisations that sample a single region of attenuation anisotropy could be challenging.370

4 Synthetic examples371

We demonstrate our |∆f | stacking method using synthetic shear-wave data. These examples show that our method372

can retrieve input shear-wave splitting and attenuation anisotropy parameters. As before, we use a Gabor wavelet373

and generate a set of 100 synthetic shear-waves. These synthetics are generated with a random source polarisation374

drawn from a continuous uniform distribution between 0◦ and 360◦ and with a dominant frequency drawn from375
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Figure 7 Source polarisation weighted, stacked |∆f | surfaces. Each panel shows the |∆f | stack measured for 100 Gabor
wavelet synthetics generated with shear-wave splitting parameters ϕ = 30◦, δt = 1.5 s and ∆t∗ = 1 s (a) or ∆t∗ = −1 s (b).
|∆f | is calculated for each synthetic by grid searching over ϕr and ∆t∗. The delay time δt is not measured at this point in the
workflow as it does not affect |∆f | provided that a suitable analysis window has been chosen. Each synthetic is generated
with a random source polarisation and with a dominant frequency drawn from f ∼ N (0.1, 0.02).

f ∼ N (0.1, 0.02). Shear-wave splitting, with a fast directionϕ =30◦ and delay time δt =1 s, is applied to all synthetics.376

Attenuation anisotropy, with ∆t∗ = 1 s, is applied by attenuating the slow shear-wave. Random white noise with a377

noise fraction, or noise-to-signal ratio, of 0.075 is also added to the synthetics after rotating the components to the378

geographic reference frame. This represents a good signal-to-noise ratio, of 13.3 for real data as this example is379

intended to represent the ideal case for attenuation anisotropy measurements. To mimic the preprocessing of real380

data the synthetics are bandpass filtered, using a two-pole two-pass Butterworth filter with corners of 0.01Hz and381

0.3Hz. The absolute difference in instantaneous frequency, |∆f |, is calculated for candidate ϕr values over the range382

−90◦ ≤ ϕr ≤ 90◦, and candidate ∆t∗ in the range 0 ≤ ∆t∗ ≤ 4 s as shown in Figure 6. To account for potentially383

uneven source polarisation coverage, where data fromone source polarisation could dominate the stack, we perform384

a weighted stacking similar to what can be used for shear-wave splitting (Restivo and Helffrich, 1999). Each |∆f | grid385

is weighted by 1/N , where N is the number of waveforms recorded in a 10◦ source polarisation bin. The best-fitting386

ϕr and∆t∗ is found by taking the minima of the weighted stack (Figure 7).387

To estimate the uncertainties in our measurements, we bootstrap our |∆f | stacking. The 100 |∆f | grids are boot-388

strap sampled, with replacement, 10,000 times and repeat the source polarisation weighted stacking. The resulting389

distribution of theminimum |∆f | for each bootstrap sample (Figure 8) can be used to define a 95% confidence region390
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in the stacked |∆f |. An upper-tailed test, where any |∆f | that is below the 95% confidence threshold estimated from391

the bootstrapping (Figure 8) is considered to reasonably explain our data, is used. This 95% confidence threshold392

can then be mapped back onto weighted |∆f | stack and estimate the uncertainties of ϕr,∆t∗ from the length and393

width of the confidence region (Figure 7), following a similar approach to shear-wave splitting studies (e.g., Wueste-394

feld et al., 2010; Walsh et al., 2013; Hudson et al., 2023). If theminimum of the weighted |∆f | stack sits outside of this395

confidence threshold, then this tells us that there is either data polluting the stacks that require removal, or that we396

are unable to confidently measure∆t∗ for that station.397

Figure 8 Bootstrapped summary statistics for the parameters ϕr, (a) and ∆t∗ (b) along with the minimum |∆f | of each
bootstrapped stack (c) for synthetic |∆f | stacking example shown in Figure 7a. The initial set of 100 individual |∆f | mea-
surement grids is resampled, with replacement, 10,000 times and we repeat the stacking for each sample. The red vertical
line in panel (c) indicates the bootstrap estimated 95% confidence level in |∆f |.

For the synthetic examples attenuation anisotropy parameters ϕr = 31± 1◦,∆t∗ = 0.95± 0.16◦ are measured for398

the syntheticswhere∆t∗ = 1 swas imposed (Figure 7a). In the casewhere∆t∗ = −1 swas added, we insteadmeasure399

ϕr = −56± 1◦ and∆t∗ = 1.00± 0.08 s (Figure 7b). These results show that the source polarisation stacking method400

can correctly, and accurately, measure the attenuation anisotropy parameters ϕr,∆t∗. It is worth noting that we are401

not able to exactly retrieve the input parameters as we are only correcting for the difference in frequency content402

between the fast and slow shear-waves and are not removing the effect of attenuation, which results in a permanent403

loss of amplitudes, The negative ∆t∗ example (Figure 7b) shows the expected result from imposing ∆t∗ > 0 in the404

grid search. The change in sign is instead mapped into the reference frame rotation, with the minimum |∆f | being405

approximately 90◦ rotated from the fast polarisation direction. This has the effect of setting the slow shear-wave406

as the assumed reference (less attenuated) phase and the fast-shear wave as the observed (more attenuated) phase.407

This allows for the measurement of both positive and negative ∆t∗, which is important to enable us to distinguish408

between potential mechanisms of attenuation anisotropy.409

In these synthetic examples, the sign of ∆t∗ is known. For real data and experiments, we do not necessarily410

have this a priori information. Determining the sign of ∆t∗ is very important to measuring attenuation anisotropy411

as it allows us to distinguish between crack scattering and squirt flowmechanisms (Figure 1c,f). Observing negative412

∆t∗ is potentially a powerful diagnostic for the presence of subsurface fluids, as it cannot be explained by velocity413
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anisotropy and requires attenuation anisotropy due to squirt flow. In turn, squirt flow requires very small volume414

fractions of fluids hosted by aligned fractures to generate ameasurable∆t∗. To correctly find the sign of∆t∗ themost415

convenient approach is to measure attenuation anisotropy (ϕr and∆t∗) and then use these results to remove the ef-416

fect of attenuation anisotropy before measuring shear-wave splitting. The measured shear-wave splitting parame-417

ters, after correcting for attenuation anisotropy, will tell us the correct fast polarisation direction. If the measured418

fast polarisation agrees with ϕr, within measurement uncertainty, this indicates a positive∆t∗. If the difference be-419

tween the fast polarisation and ϕr is approximately 90◦, withinmeasurement uncertainty, this indicates that ϕr is the420

polarisation direction of the slow shear-wave which requires a negative∆t∗.421

This can be demonstrated by measuring shear-wave splitting for two synthetic datasets, where the positive ∆t∗422

synthetics are generated with ϕ = 30◦, δt = 1.5 s,∆t∗ = 1 s and the negative ∆t∗ synthetics are generated using423

ϕ = 30◦, δt = 1.5 s,∆t∗ = −1 s. Here shear-wave splitting is measured before (Figure 9a,c) and after (Figure 9b,d)424

correcting for the previously measured attenuation anisotropy (Figure 7). Shear-wave splitting is measured using425

eigenvalue minimisation as implemented in the analysis code SHEBA (Wuestefeld et al., 2010). The individual shear-426

wave splitting results are then stacked, with each result weighted by the signal-to-noise ratio and the number of427

measurements within a 10◦ back azimuth bin (Restivo and Helffrich, 1999). The results of our shear-wave splitting428

measurements highlight two key factors. Firstly, the subtle effects that attenuation anisotropy has on apparent shear-429

wave splitting are clear. In the case with a positive∆t∗, where the slow shear-wave is more attenuated, the additional430

phase shift caused by the attenuation anisotropy nearly doubles the delay time relative to the true value (Figure 9a,b).431

The opposite occurs for a negative∆t∗. When the fast shear-wave is more attenuated it is delayed by the phase term432

of the attenuation operator, which reduces the delay time. In this example, the effect is sufficiently strong to delay433

the ‘fast’ shear-wave such that it arrives after the ‘slow’ shear-wave, which causes the 90◦ rotation in the apparent fast434

polarisation direction (Figure 9c). In both cases, after correcting for the measured attenuation anisotropy (Figure 7)435

we can retrieve the input shear-wave splitting parameterswith significantly higher accuracy than if no correction had436

been applied (Figure 9b,d). It should be noted, however, that even in this idealised case it is not possible to exactly437

retrieve the input shear-wave splitting parameters.438

5 Measuring shear-wave splitting and attenuation anisotropy for FURI, Ethiopia439

To demonstrate the potential of ∆t∗ to detect melt or fluids in the subsurface we choose the station FURI, which440

is situated on the margin of the Main Ethiopian Rift close to Addis Ababa (MER). FURI is operated as part of the441

Global Seismograph Network (Albuquerque Seismological Laboratory/USGS, 2014). We choose this locality as pre-442

vious shear-wave splitting studies have interpreted seismic anisotropy due to aligned melts beneath the MER (e.g.,443

Ayele et al., 2004; Kendall et al., 2005; Bastow et al., 2010; Hammond et al., 2014). Melt has also been inferred by444

seismic tomography, using body waves (e.g., Bastow et al., 2008), Rayleigh waves (e.g., Chambers et al., 2022) and445

ambient noise (e.g., Chambers et al., 2019; Eshetu et al., 2021), receiver functions (e.g., Rychert et al., 2012) andmag-446

netotelluric (Whaler and Hautot, 2006) studies. Aligned melt mechanisms should also produce a strong signal of447

attenuation anisotropy (Figure 1,2), making the MER and surrounding region a natural target to search for attenu-448

ation anisotropy. As FURI is one of the few permanent stations in the region, with over 20 years of waveform data449
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Figure 9 Results of synthetic shear-wave splitting measurement stacking, following the method of Restivo and Helffrich
(1999). We generate 100 synthetics with shear-wave splitting parameters ϕ = 30◦ and δt = 1.5 s. Attenuation anisotropy
of ∆t∗ = 1 s (a,b) or ∆t∗ = −1 s (c,d) is applied. Panels (a,c) show the shear-wave splitting results if we do not correct for
this attenuation anisotropy. Panels (c,d) show the result after we correct the synthetic data using measurements of ϕr,∆t∗

made using our source polarisation stacking method. The stacked λ2 surfaces are normalised by the 95% confidence value,
indicated by the bold contours, which is derived from an F-test (Silver and Chan, 1991; Restivo and Helffrich, 1999).

available, it is possible to acquire data with sufficient source polarisation coverage (Supplementary Figure S3) to en-450

sure that the |∆f | stacking is stable. It is worth noting that two layers of anisotropy have been suggested in this451

region, with the upper layer interpreted as aligned melt pockets and the lower layer associated with density-driven452

mantle flow due to the African superplume (Hammond et al., 2014). As only the upper layer is likely to host aligned453

melt inclusions, we do not expect the two-layer problem to have a significant effect on our results. However, it is454

worth noting that the contribution from the lower layer will introduce additional frequency mixing. We would not455

expect this to mask the strong attenuation anisotropy predicted for aligned melt inclusions, but this complication456
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Figure 10 Map showing shear-wave velocity beneath the Main Ethiopia Rift at a depth of 100km, obtained from the joint
inversion of ambient noise and teleseismic Rayleigh waves (Chambers et al., 2022). Thick black lines indicate border faults
and red polygons indicate magmatic segments. The location of FURI is shown by the yellow triangle. Station averaged SKS
shear-wave splitting, after correcting for attenuation anisotropy, indicated by the black bar plotted on FURI, where the length
of the bar corresponds to the delay time, δt, and its orientation to the fast polarisation direction. Measured attenuation
anisotropy is shown by the magenta bar and follows the same plotting convention as the shear-wave splitting result. The
cross-section A-A’ (white line) through the tomography model is shown in Figure 15. The inset map shows the locations of
the 584 events used in this study (grey circles). From these events, we can identify 73 that yield clear SKS picks which are
used to measure shear-wave splitting and attenuation anisotropy, shown by the red circles. We only consider events with
an epicentral distance between 95◦ and 110◦, the dashed lines mark the distance from FURI (yellow triangle) in intervals of
30 degree. Event locations are taken from the International Seismological Centre (2023) bulletin.

Figure 11 Source polarisation weighted, stacked |∆f | surface for FURI, Ethiopia. This result is obtained by stacking 73
|∆f | surfaces measured for SKS waveforms recorded at FURI. We measure an attenuation anisotropy of ϕr = −45 ± 11◦

and ∆t∗ = 0.45 ± 0.25 s, indicated by the blue cross. The 95% confidence region in our solution is demarcated by the bold
contour and coloured white. Our approach to measuring |∆f |means that we cannot initially determine the sign of∆t∗. Upon
analysis of our corrected SKS shear-wave splitting results (Figure 12b) we can determine that ∆t∗ = −0.45± 0.25 s.
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Figure 12 Station averaged shear-wave splitting for FURI, Ethiopia, plotted similarly to Figure 9. Shear-wave splitting mea-
surements are stacked using the Restivo and Helffrich (1999) method before (a) and after (b) correcting for measured attenu-
ation anisotropy of ∆t∗ = 0.45 s and ϕr = −45◦. The red dot shows the previous station averaged SKS shear-wave splitting
measurement (ϕ = 36± 1◦, δt = 1.38± 0.03 s) at FURI (Ayele et al., 2004, red circle).

may increase the uncertainty in∆t∗.457

Data is collected for 584 earthquakes, which are at a sufficient epicentral distance (95◦ to 120◦) for SKS to be458

visible, recorded at FURI (Figure 10). Only earthquakes with a moment magnitude in the range of 5.5 ≤ Mw ≤ 7.0459

and a minimum depth of 50 km are used. All earthquake data were requested from the International Seismological460

Centre (2023) bulletin, with the dataset covering 21 years, from 1st January 2001 to 1st January 2022. Before analysis,461

all waveforms are corrected for instrument response and we detrend and demean the data using tools available in462

ObsPy (Beyreuther et al., 2010).463

Shear-wave splitting is measured for all 584 SKS waveforms before measuring attenuation anisotropy. Whilst it464

is not essential to measure shear-wave splitting before attenuation anisotropy, and indeed we have already shown465

that attenuation anisotropy can affect shear-wave splitting measurements (Figure 4, 9), it can be a useful first step466

in analysis and enables us to manually inspect the waveforms data quality before measuring attenuation anisotropy.467

The waveform data is filtered using a two-pass two-pole Butterworth filter, with corner frequencies of 0.01Hz and468

0.3Hz. This enables a direct comparison of our results with previous SKS shear-wave splitting station averages (Ayele469
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et al., 2004). Thefilteredwaveforms are visually inspected and analysiswindow start/end search ranges are picked for470

waveformswhere a clear SKSphase canbepicked. Thismanual inspection reduces the dataset to 73waveformswhere471

SKS can be clearly identified. We then measure shear-wave splitting using the shear-wave splitting analysis code472

SHEBA (Wuestefeld et al., 2010), which utilises themethod of Silver and Chan (1991) as updated byWalsh et al. (2013).473

The optimum shear-wave splitting analysis window, which will also be utilised to measure attenuation anisotropy,474

is found using cluster analysis (Teanby et al., 2004). At this stage in shear-wave splitting analysis, one might seek to475

further reduce the dataset, by applying data quality thresholds based onWuestefeld et al. (2010)’s shear-wave splitting476

quality parameter Q (which is not related to the attenuation quality factor) or by removing results which have large477

measurement errors in ϕ or δt (e.g., Kendall et al., 2005). In this case, we do not want to reduce the size of our478

dataset as this may remove data that exhibits attenuation anisotropy. As in the synthetic shear-wave example, the479

station averaged shear-wave splitting is calculated by summing normalised second eigenvalue surfaces weighted by480

signal-to-noise ratio and source polarisation (Restivo andHelffrich, 1999). Our station averaged results of ϕ = 38±6◦481

and δt = 1.15 ± 0.28 s are consistent, within uncertainty, with previously measured values of ϕ = 36 ± 1◦ and δt =482

1.38± 0.02 s (Figure 12a, Ayele et al., 2004).483

For each SKS phase a |∆f | surface is measured by grid searching over −90◦ ≤ ϕr ≤ 90◦ and 0 s ≤ ∆t∗ ≤ 4 s,484

in intervals of 1◦ and 0.05 respectively. These measurements use the analysis windows previously defined, using485

Teanby et al. (2004)’s cluster analysis method, for the corresponding shear-wave splitting measurement. As outlined486

previously we stack our |∆f | measurements, weighted by source polarisation. Measurement uncertainties are de-487

termined by bootstrapping the stacking process as described for the synthetic examples (Supplementary Figure S4).488

The source polarisation of each waveform is estimated in the shear-wave splitting measurement process by SHEBA489

(Wuestefeld et al., 2010). From the stacked |∆f | the measured attenuation anisotropy is |∆t∗|= 0.45 ± 0.20 s and490

ϕr = −45 ± 3 s. As in the synthetic examples, we are not immediately able to determine the sign of ∆t∗. To find491

the correct sign, each SKS phase must be corrected for the measured attenuation anisotropy. Then the shear-wave492

splitting of the corrected waveforms, with the effects of attenuation anisotropy removed, can be measured. The at-493

tenuation anisotropy corrections are applied by rotating the waveforms to ϕr and attenuating the retrieved reference494

phase by the measured |∆t∗|. This has the effect of removing the phase shift introduced by attenuation anisotropy.495

There will be a permanent loss of amplitudes, but the difference in frequency content between the fast and slow496

shear-waves should be removed and this will not affect measurements of shear-wave splitting.497

After correcting the SKS waveforms, we measure station averaged shear-wave splitting of ϕ = 40 ± 5◦ and δt =498

1.60±0.34 s. This result is also consistent with previous work, withinmeasurement uncertainties, but the best-fitting499

delay time has increased by 0.45 s. As the difference between ϕ and ϕr is 90◦, within measurement uncertainty,500

we interpret that the fast shear-wave has been more attenuated than the slow shear-wave and that ∆t∗ < 0. This501

gives a final joint measurement of station averaged shear-wave splitting and attenuation anisotropy at FURI of ϕ =502

40± 5◦, δt = 1.60± 0.34 s and∆t∗ = −0.45± 0.25 s.503
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Model parameter Value

Melt fraction 0.01

Fracture density 0.1

Micro-crack density 0

Aspect ratio 1× 10−4

Solid P wave velocity, vP 6.2 km s−1

Solid S wave velocity, vS 3.6 km s−1

Solid density, ρ 2700 kgm−3

Melt P wave velocity, vP 2.7 km s−1

Melt density, ρ 2700 kgm−3

Table 1 Parameters used in squirt flow modelling of attenuation anisotropy observed at FURI, Ethiopia. For details of mi-
croscale relaxation time, τm, grain size, ζ, and fracture length, af , used see text.

6 Characterising fluid inclusions using velocity and attenuation anisotropy504

In our examples, using both synthetic and real data, we have established that we canmeasure attenuation anisotropy505

in split shear-waves. Our observation of attenuation anisotropy in real SKS data for FURI, Ethiopia is an important506

result and corroborates previous work which has interpreted seismic anisotropy in terms of preferentially oriented507

melt inclusions both beneath FURI (Ayele et al., 2004) and potentially more broadly across the Main Ethiopian Rift508

(Kendall et al., 2005; Bastow et al., 2010). The additional measurement of attenuation anisotropy gives us further509

insight into this mechanism. The observation of ∆t∗ = −0.45 s can only be explained by the poroelastic squirt flow510

of a fluid-filled medium as alternate mechanisms, such as crack scattering or velocity anisotropy effects, always511

predict that the slow shear-wave should be more strongly attenuated and∆t∗ > 0 (Figure 1e,f).512

With the observed ∆t∗ = −0.45 ± 0.25 s strongly suggesting the presence of aligned fluid inclusions; the natu-513

ral next question is how can we characterise these inclusions. As we have already described, the squirt flow model514

requires a large set of parameters to characterise a fluid-filled fracturedmedium. One of themost important parame-515

ters to have reasonable constraints on ismineral relaxation time, τm, which is empirically derived and is proportional516

to the viscosity of the saturating fluid and inversely proportional to the permeability of the host rock (Chapman et al.,517

2003). Previous work inverting shear-wave splitting for fracture models using the squirt flow model has shown that518

the inversion is highly sensitive to the τm used (Al-Harrasi et al., 2011). It has also been shown that varying τm has519

a substantial effect on the expected frequency-dependent seismic velocity anisotropy (Baird et al., 2013). Greater520

constraints on plausible values for τm in the uppermantle are required to enable detailedmodelling of fracture char-521

acteristics. Anymodelling of fracture properties is also dependent on the choice of grain size, ζ, and fracture length,522

af . Together τm, ζ and af describe the fracture scale squirt-flow relaxation time,

(23)τf =
af
ζ
τm,523

which is also expressed as the squirt-flow frequency ωf = 2π
τf
and determines the frequency range of the fracture-524

dependent squirt flow effects. Whilst this trade-off makes it difficult to constrain the fracture or grain size, if some525

reasonable assumptions are made it is still possible to constrain potential fracture orientations.526
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To search for potential fracture orientations, given the lack of constraint in τm wemake some assumptions to sim-527

ply the problem. Outside of τm, fracture length and grain size, there are 9 other potential free parameters required to528

calculate a complex elastic tensor using Chapman (2003)’s squirt flowmodel. We fix these parameters to the values in529

Table 1, which leaves fracture strike, dip andmedium thickness as free parameters to search over. Seismic velocities530

and densities are chosen to be consistent with previous effective mediummodelling of the region (Hammond et al.,531

2014). A total porosity, or melt fraction, of 1%, is chosen, along with a fracture density of 0.1, as previous work sug-532

gests SKS shear-wave splitting at FURI could be explained by amelt fraction≤ 1% (Ayele et al., 2004). This represents533

a parsimonious choice of model parameters as we seek to explain our observations with a small melt fraction, where534

the implied fracture porosity (i.e., melt volume fraction hosted in the fractures), ϕf = 4.2×10−5. If SKS is assumed to535

be vertically incident, then the fracture dip corresponds to the angle to fracture normal used in the earlier numerical536

examples (Figure 1), and the fracture strike is predominately controlled by the measured fast polarisation direction.537

This assumption also makes ray path length interchangeable with medium thickness.538

We search for the best-fitting medium thickness, l, in the range 50 km ≤ l ≤ 150 km and fracture dip angle, θ, in539

the range 0◦ ≤ θ ≤ 90◦ by rotating the elastic tensor to θ and calculating the predicted delay time, δt and attenuation540

anisotropy,∆t∗. The misfit for these predicted parameters is calculated using a normalised least-squares approach.541

To reflect the lack of constrain on τm, and therefore also τf , in upper mantle conditions this exercise is repeated542

over a large range of τm values, 10× 10−6 s ≤ τm ≤ 10× 10−2 s, an assumed grain size of 1mm and fracture lengths543

of 10m, 100m and 1000m. Figure 13 shows the τf required by the current choice of grain size, fracture length and544

τm (Figure 13a) along with the misfit of the best-fitting model (Figure 13b), predicted ∆t∗ and δt (Figure 13c,d), and545

the best-fitting medium thickness (Figure 13e) and fracture dip (Figure 13f) for a given τm. This modelling exercise546

can be repeated by fixing an assumed fracture length and varying the chosen grain size, which gives similar results547

(Supplementary Figure S5). Despite the lack of constrain on τm one set of model parameters emerge, a medium548

thickness in the range ca. 90 km − 120 km and fracture dip in the range ca. 38◦ − 48◦ which can reasonably explain549

the observed delay times and δt∗. It is worth noting that different modelled fracture lengths and grain sizes require a550

different range of τm values to fit the results. Therefore with better constraints on τm it would be possible to identify551

plausible fracture (ormelt inclusion) lengths for a given grain size. Thismodelling also shows the value ofmeasuring552

attenuation anisotropy. In addition to identifying the presence of aligned fluid-filled fractures, measurements of∆t∗553

add important constraints to fracture orientation. The uncertainty in the measurement of δt = 1.60 ± 0.34 smeans554

that it can be reasonably explained by all τm (Figure 13d) and the additional measurement of∆t∗ adds an extra data555

point. This uncertainty largely maps into melt volume fraction, which has a strong effect on the seismic velocity556

anisotropy, which we have elected to fix at 1%, and fracture density, which is required to be low and fixed to 0.1 The557

measureddelay timecanalsobefittedby shallowlydippingornear-vertical fractures, with the additionof attenuation558

anisotropy,∆t∗ = −0.45±0.25 s, requiring shallowly dipping fractures (Figure 1, Supplemental Figure S6). This relies559

on the assumption that the squirt flow model (Chapman, 2003) is valid under upper mantle conditions and that the560

melt is hosted in very low aspect ratio inclusions which can be treated as an aligned fracture set in an isotropic host561

rock.562

The best-fitting fracture strike direction is found by setting the medium thickness to the thinnest plausible value563
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Figure 13 Results of modelling the fracture dip and medium thickness, or ray path length, which best explain the observed
δt and ∆t∗ at FURI, Ethiopia using a squirt flow model (Chapman, 2003). Due to the lack of constrain in the mineral-scale
relaxation time, τm, we search over a range of τm values for an assumed grain size of 1mm and fracture lengths of 10m
(blue), 100m (orange) and 1000m (green). Panel (a) shows the fracture-scale relaxation time, τf , which is proportional to τm
(23). The normalized least-square misfit of the best-fitting model for each τm is shown in (b), with the predicted ∆t∗ and δt
shown in (c) and (d). The observed ∆t∗ = −0.45 s and δt = 1.6 s are shown by the solid black lines in (c) and (d), with the
measurement uncertainties indicated by the shaded region. Panels (e) and (f) show the medium thickness, assuming a single
anisotropic layer, and fracture dip angle required.

from the previous modelling exercise, 90 km, and searching over fracture dip and strike angles, where we seek to564

fit∆t∗, δt and ϕ again using a normalised least-square cost function (Figure 14). This layer thickness is broadly con-565

sistent with previous estimates of the thickness of anisotropy beneath FURI (Ayele et al., 2004), although a thinner566

region of melt inclusions could be accommodated by increasing the melt fraction. We assume a fracture length of567

100m and a grain size of 1mm and set the mineral scale relaxation time, τm, to 9.55× 10−5 s. The best-fitting orien-568

tations give a fracture with a dip of 39◦ and an NW-SE strike (Figure 14). This rift perpendicular fracture orientation569

is contradictory to previous assertions that the anisotropy is due to rift parallel, vertical melt inclusions (e.g., Ayele570

et al., 2004; Kendall et al., 2005). It is worth noting that it is only the addition of ∆t∗ which requires shallowly dip-571
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Figure 14 Modelling of the most plausible fracture strike/dip and medium thickness to explain the observed attenuation
anisotropy and shear-wave splitting in vertically incident SKS phase at FURI. We model a medium with 1% total melt volume
fraction, of which 0.1% is hosted in aligned fractures. Panel (a) shows a grid search over fracture dip and medium thickness,
we then fix the best-fitting path length and repeat the search over fracture orientation (b). We use a normalised least squares
cost function for ∆t∗, δt in (a) and add fitting of the fast polarisation direction in (b). Our results favour shallowly dipping,
38◦, fractures which are oriented NW-SE, which is approximately perpendicular to the Main Ethiopian Rift. Our best-fitting
medium thickness is 90 kmwhich is consistent with previous estimates of the maximum thickness of anisotropy in the region
(Ayele et al., 2004; Hammond et al., 2014). For details of other model parameters used see text.

ping fractures, which then, in turn, must have an NW or SE strike to fit the fast polarisation directions. With only572

one data point, we cannot extrapolate this result more broadly across the MER. This effect may be localised to FURI,573

which happens to be situated above shallowly dippingmelt inclusions extending away from theMER. Comparison to574

a recent shear-wave velocity tomographymodel at a depth of 100 km does indeed show a low-velocity anomaly which575

extends perpendicular to the rift axis directly beneath FURI (Figure 10; Chambers et al., 2022). A linearly interpo-576

lated cross-section through the model (Figure 15) shows that the feature is up to 70 km thick and situated directly577

beneath FURI. This is slightly thinner than what our models find, but this could potentially be accommodated by a578

modest increase in the overall melt fraction or fracture density. The melt fraction and fracture density were fixed579

to 1% and 0.1 respectively to simplifying the modelling done here, but could plausibly be increased. Further work,580

such as siting several additional stations further along the anomaly perpendicular to the MER, is required to more581

thoroughly test if there are shallowly dipping melt inclusions extending away from the MER and to better constrain582

the extent of melt present.583

This example serves to highlight the potential of attenuation anisotropy to enhance our understanding of melt584

or fluid-rich regions, even where we have a good understanding of seismic anisotropy in the region. At a minimum585

attenuation anisotropy is potentially a useful tool for identifying the presence of fluids in the subsurface, even at586

very low volume fractions. More extensive, dense, measurements of shear-wave splitting and attenuation anisotropy587

may, in the future, allow for strong constraints to be placed on important properties such as the volume fraction of588

melt present and the orientation of the melt inclusions.589

7 Conclusion590

Seismic attenuation anisotropy is a phenomenon which can be efficiently generated by models of fluid-filled frac-591

tures, particularly a squirt flow model. This attenuation anisotropy has a clear theoretical and observable effect on592
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Figure 15 Interpolated cross-section through the shear-wave velocity model of (Chambers et al., 2022). This cross-section
is approximately perpendicular to the Main Ethiopia Rift and passes through FURI. The location and start/end points of the
section (A-A’) are shown in Figure 10. Black vertical lines indicate the approximate location of the Main Ethiopia Rift along the
cross section. To reveal anomalies in the upper mantle, the colour scale is clipped at 3.9 km s−1 which masks crustal features.
For details of crustal features which can be seen in the tomography, readers should refer to Chambers et al. (2022).

measurements of shear-wave splitting. The effect of attenuation anisotropy on the frequency content of split-shear593

waves can be measured using an adaptation of existing instantaneous frequency matching methods (Matheney and594

Nowack, 1995). Using synthetic shear-wave examples and SKS phases recorded at FURI, Ethiopia, we show these ef-595

fects and that we can measure attenuation anisotropy and retrieve the underlying shear-wave splitting parameters.596

To explain the observed attenuation anisotropy, where the fast shear-waves appear more attenuated than the slow597

shear waves in SKS phases, a squirt flow model (Chapman, 2003) is required. Even allowing for a lack of constraints598

on the rock physics parameters it is clear that this requires shallowly dipping (ca. 40◦) melt inclusions which strike599

perpendicular to the Main Ethiopia Rift. Whilst this result is contrary to expectations from previous work, there is600

some potential correlation with low shear-wave velocity anomalies seen in recent tomographic models that extend601

away from the rift. These results highlight the power of attenuation anisotropymeasurements as a blunt tool to detect602

the presence of aligned melt inclusions within the Earth. With further instrumentation and improvement of rock603

physics constraints, it may be possible to constrain the properties of fluid-filled fractures at a range of length scales604

within the Earth.605
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Supplementary Figure 1 Attenuation anisotropy, ∆t∗, calculated using an elastic tensor for single-crystal olivine (Abram-
son et al., 1997) taken from the MSAT toolkit (Walker and Wookey, 2012) and assuming a 50 km path length. ∆t∗ is calculated
for a range assumed isotropic Q values, where the only contribution to ∆t∗ in equation 3 is the velocity anisotropy obtained
from solving the Christoffel equation for the elastic tensor.
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Supplementary Figure 2 ∆t∗ calculated using the squirt flow model as a function of frequency. We calculate ∆t∗ for a
range of fracture lengths lf (top panel) and convert these to representative fracture-scale squirt flow frequencies using equa-
tion 10. Here we can see that different length scale fractures will induce a squirt-flow response (and attenuation anisotropy)
in different frequency bands.
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Supplementary Figure 3 Histogram showing the measured source polarisation (modulo 180◦) of the 74 SKS phases used
in the shear-wave splitting and attenuation anisotropy measurements. Source polarisations are binned in intervals of 10◦,
the same bins used in the source polarisation weighting when stacking the individual shear-wave splitting and attenuation
anisotropy measurements. The achieved source polarisation coverage here is reasonable, ranging from 10◦ to 120◦, but is far
from an ideal uniform distribution.

Supplementary Figure 4 Bootstrapped summary statistics for the |∆f | measurement stacking for SKS data recorded at
FURI, Ethiopia. Histograms show the parameters ϕr, (a) and ∆t∗ (b) along with the minimum |∆f | of each bootstrapped
stack (c). We draw 10,000 bootstrap samples, with replacement, from the 74 SKS phases used.
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Supplementary Figure 5 Results of modelling the fracture dip and medium thickness, or ray path length, which best ex-
plain the observed δt and∆t∗ at FURI, Ethiopia using a squirt flow model (Chapman, 2003). Due to the lack of constrain in the
mineral-scale relaxation time, τm, we search over a range of τm values for assumed grain sizes of 1mm, 10mm and 100mm
and fracture length of 1000m (green).
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Supplementary Figure 6 Modelling of δtand∆t∗ as a function of fracture dip with a squirt flow model using the parameters
in Table 1, τm = 9.55 × 10−5 s and a medium thickness of 90 km. The top panel shows the modelled δt and ∆t∗, in which
the black line indicated the fracture dip which best fits the measured values. The bottom panel shows the normalised least-
square cost function used to find the best-fitting dip angle.
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