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SUMMARY

Synthetic fault-zone trapped wave (FZTW) dispersion curves and amplitude responses for 7,
(Love) and Fk (Rayleigh) type phases are analysed in transversely isotropic 1-D elastic models.
We explore the effects of velocity gradients, anisotropy, source location and mechanism.
These experiments suggest: (i) A smooth exponentially decaying velocity model produces a
significantly different dispersion curve to that of a three-layer model, with the main difference
being that Airy phases are not produced. (ii) The FZTW dispersion and amplitude information
of a waveguide with transverse-isotropy depends mostly on the Shear wave velocities in the
direction parallel with the fault, particularly if the fault zone to country-rock velocity contrast
is small. In this low velocity contrast situation, fully isotropic approximations to a transversely
isotropic velocity model can be made. (iii) Fault-aligned fractures and/or bedding in the fault
zone that cause transverse-isotropy enhance the amplitude and wave-train length of the Fy
type FZTW. (iv) Moving the source and/or receiver away from the fault zone removes the
higher frequencies first, similar to attenuation. (v) In most physically realistic cases, the radial
component of the Fg type FZTW is significantly smaller in amplitude than the transverse.

Key words: Numerical modelling; Guided waves; Seismic anisotropy; Fractures, faults, and
high strain deformation zones.

1 INTRODUCTION

Mature fault zones are narrow regions (metres to kilometres wide)
within the Earth’s crust that represent zones of localized strain ac-
commodating earthquake processes (Ben-Zion & Sammis 2003).
Fault zones are developed by these earthquake processes and there-
fore understanding fault zones can provide understanding of past
earthquakes and their mechanics (Dor et al. 2006; Ben-Zion &
Ampuero 2009; Faulkner et al. 2011; Savage & Brodsky 2011; Xu
et al. 2012). Mature fault zones typically have a high along-fault
permeability which may penetrate to some depth and so play an
important role in the movement of crustal fluids (Faulkner et al.
2011). They are also significant for the distribution of economically
important minerals (e.g. Weatherley & Henley 2013) and the flow
of fluids in hydrocarbon reservoirs (e.g. Ali et al. 2011). Fault zones
contain information on future rupture dynamics including the style
of earthquake rupture, slow slip or creep (Peng & Gomberg 2010).
These clues can come from numerous sources, including the fric-
tional properties of the principal slip zones (den Hartog et al. 2012;

Haines et al. 2014) and the current seismology (Ellsworth et al.
2007).

Geologic investigations into fault zones provides information on
rock properties in the near surface (Faulkner et al. 2010) and drilling
allows for further investigations from a borehole (e.g. Zoback et al.
2011). These can be complemented by geophysical methods which
can be used to make inferences about in situ geologic and fluid
properties to greater depth or rock volume. These methods can
range from exploration to monitoring, gravity to seismic. Fault
zones can be geodetically identified and modelled using InSAR and
GNSS data before and after earthquakes (e.g. Fialko et al. 2002;
Lindsey et al. 2014). Gravity, exploiting low density fault zones,
has also been used to image fault zones (Mooney & Ginzburg 1986;
Chester et al. 1993; Cochran et al. 2009) however non-uniqueness
means estimating fault-zone properties at depth is difficult. Seismic
methods of increasing sophistication are utilized. Ambient noise
measurements using a dense array placed around a fault zone have
been used to calculate Green’s functions through cross-correlation
(e.g. Lin et al. 2013; Zhang & Gerstoft 2014), achieving a
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resolution of approximately 100 m to depths of 1 km (Lin et al.
2013). All of these methods can provide characterization of fault
zones in the upper few kilometres. It is also desirable to under-
stand fluid flow path ways, strain localization and deformation at
greater depths (Ben-Zion & Sammis 2003). Microseismicity, body,
surface, head and trapped waves contribute to this (e.g. Ben-Zion &
Malin 1991; Eberhart-Phillips & Michael 1993; Boese et al. 2012;
Ben-Zion et al. 2015; Hillers & Campillo 2016). Fault-zone trapped
waves (FZTWs) are focussed in for this study.

FZTWs are seismic energy that is guided by the low velocity
zone of a mature fault through total internal reflection. Three dif-
ferent modes of FZTWs have been observed. The F;, FZTWs are
analogous to Love mode surface waves. These are made up entirely
of shear waves (S-waves) and have fault-parallel polarization that is
orthogonal to the direction of travel (radial direction). This is also
known as SH motion. The first reported observations of F in a
fault zone were in controlled source surface-to-borehole studies at
Oroville, California (Leary et al. 1985, 1987; Li & Leary 1990; Li
et al. 1990). The Fr FZTWs are analogous to Rayleigh mode sur-
face waves (Malin & Lou 1996). Most of the F'r energy propagates
as S-waves with a smaller proportion of the energy propagating
as Primary waves (P-waves). They have radial and fault orthogo-
nal polarization which is also known as P-SV motion. While the
F; and Fr FZTWs are observed as dispersive coda arriving after
the S-wave, Fy waves arrive between the P- and S-wave direct ar-
rivals. The F are a leaky wave type FZTW that are only partially
trapped by the waveguide. Like the F, Fy have P-SV polariza-
tion. However, the Fy energy is dominated by P-waves and energy
leaks from the waveguide in the form of S-waves. These were first
observed in passive source experiments on the San Andreas Fault
(Ellsworth & Malin 2011). Identification and modelling of these
different FZTW phases provides the potential for increased dis-
crimination of detailed fault-zone properties such as anisotropy by
exploiting differing polarization.

FZTWs are primarily used for the imaging and understanding
of fault zones. They have been used to estimate the across-fault
properties of a low velocity zone at a resolution of tens of metres
(Ben-Zion et al. 1992, 2003; Hough et al. 1994; Haberland et al.
2003, 2007; Li et al. 1997, 1998, 1999, 2014; Li & Vernon 2001;
Li & Malin 2008; Mizuno et al. 2004; Lewis et al. 2005, 2007; Wu
et al. 2010; Ellsworth & Malin 2011; Eccles et al. 2015). Several
different analytical, numerical and computational approaches have
been proposed and employed to investigate the effects of 2-D and
3-D variations in rock properties, source type and location. In the
following we give a brief review of these approaches and findings.

2-D finite difference modelling of F;, was done in Li & Vidale
(1996). They demonstrated that in order to observe an FZTW, the
fault zone must be approximately continuous between the source
and the receiver and that the earthquake must have occurred within
a few fault-zone widths of the fault. They also showed that many
2-D structural variations within the fault zone such as bending,
moderate changes in fault-zone widths and bifurcating faults cause
a reduction in FZTW energy but do not prevent them from being
observed.

The analytic solution for two dimensional F; waves for a fault
zone made of homogenous layers was derived by Ben-Zion (1990)
and Ben-Zion (1998). They showed that increasing velocity con-
trast between the fault and country-rock increases the trapping ef-
ficiency of the waveguide. There are significant trade-offs between
fault-zone width, propagation distance along the fault and velocity
contrast which means that a variety of different fault-zone models
can produce the same or similar FZTWs.
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Two-dimensional finite difference modelling of both F; and F
FZTWs were compared to analytical solutions by Igel ef al. (1997).
They discovered that rapid changes in the S-wave velocity model
with depth that is greater than the fault zone to country-rock velocity
contrast can destroy FZTWs. On the other hand, a geologically
expected fault zone widening at the surface has only a small effect
on the waveform, while random perturbations in the velocity model
that are smaller than the velocity contrast have no significant effect
on the waveform (Igel ef al. 1997).

The depth extent of low velocity zones has proven controversial.
Numerous studies have suggested that the low velocity zone persists
for greater than 10 km, which is approximately the entire seismo-
genic zone (e.g. Lietal. 2000, 2002,2004; Li & Vernon 2001). Other
researchers, utilizing some of the same or similar FZTW data, have
proposed that the low velocity zone terminates at a much shallower
5 km depth or less (e.g. Ben-Zion & Sammis 2003; Ben-Zion ef al.
2003; Peng et al. 2003; Fohrmann et al. 2004; Lewis et al. 2005).
Part of the difficulty in determining the depth is because of the high
level of uncertainty and non-uniqueness associated with FZTWs
(Michael & Ben-Zion 1998). This means that different fault-zone
models can produce the same or very similar waveforms. Another
issue is that it is difficult to determine if seismic waves are entering
the fault zone from beneath or tunnelling in higher up in a fault
zone (Wu 2008). Given these apparent limitations of FZTWs, other
methods have potentially been more successful in determining the
depth of fault zones. Refracted and reflected P- and S-waves can be
used to infer the depth extent and properties of fault zones (Yang &
Zhu2010; Yang et al. 2011, 2014). These studies have demonstrated
that the Calico and San Jacinto fault zones are shallow.

Three-dimensional finite difference modelling of FZTWs was
followed by Igel et al. (2002) and Jahnke et al. (2006). They showed
that, in general, infinite 2-D line sources can not be used to approx-
imate 3-D point sources for FZTW. However, applying an approx-
imate 3-D to 2-D conversion to the data can be used to make this
approximation feasible in some cases. They also showed that 3-D
velocity variations that are smaller than the velocity contrast be-
tween the fault and country-rocks overprinting on a 2-D structure
do not significantly affect the recorded FZTW coda and that the
other observed 2-D effects mentioned above still hold in the 3-D
case.

The sensitivity of fault zones to P-, Head and FZTWs was anal-
ysedin Allam et al. (2015) using finite-frequency sensitivity kernels.
Their methods used 3-D full waveform modelling via the spectral
element method (Komatitsch & Tromp 1999) and sensitivity was
computed using the associated adjoint method (Tromp et al. 2005).
The results in Allam et al. (2015) demonstrate the similar properties
that FZTWs have with surface waves and that fault zones are less
sensitive to P-waves compared to the Head and FZTWs. The spec-
tral element method used allows for investigation of gradational
across-fault velocity models and it was also demonstrated that gra-
dational across-fault velocity models do not significantly change
the sensitivity pattern of FZTWs.

Geological observations of fault zones have revealed that dif-
ferent mature fault zones vary considerably (Ben-Zion & Sammis
2003; Faulkner et al. 2010; Yang 2015). The effective widths of ma-
ture low velocity zones are thought to range on the scale of metres
to kilometres (Ben-Zion & Sammis 2003). There is also signifi-
cant variation of seismic properties within a fault zone (Faulkner
et al. 2011; Savage & Brodsky 2011; Yang 2015). The low veloc-
ity waveguide is commonly attributed to the fracture damage zone
of the fault caused by past events (Dor et al. 2006; Ben-Zion &
Ampuero 2009; Faulkner et al. 2011; Xu et al. 2012). The
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across-fault profile of the fault might therefore be expected to have a
velocity model that behaves in an exponential or power law fashion
(Leary et al. 1987; Li & Vidale 1996; Mitchell & Faulkner 2009;
Savage & Brodsky 2011; Johri et al. 2014).

Despite these geologic and numerical observations, a widely used
approximation is that a fault zone can be thought of as a single layer
of low velocity rock surrounded by intact rock (Ben-Zion & Aki
1990; Li et al. 1990, 1998; Mizuno & Nishigami 2006; Wu et al.
2008; Lewis & Ben-Zion 2010; Calderoni et al. 2012; Eccles et al.
2015). These approximations are made because, such a three-layer
model is computationally straightforward to implement (Ben-Zion
& Aki 1990) and allows for a simple comparison between different
fault zones. A five-layer extension for the three-layer model was
used with finite difference modelling in Li & Malin (2008). The
spectral element method (Komatitsch & Tromp 1999) can be used
to account for these gradational across-fault properties. This has
been done by Allam et al. (2015) to compute sensitivity kernels
and it was shown that fault-zone properties may be inferred by
FZTW measurements for both gradational and layered across-fault
velocity models. However, no comprehensive studies yet exist into
how a layered versus gradational across-fault velocity model affects
the properties of FZTWs.

One of the main goals of this study is to provide an understanding
of the properties of FZTWs propagating in a gradational velocity
model. This is in order to show the differences between a grada-
tional and layered velocity model and why it is important to consider
the across-fault velocity model. In particular we show that FZTWs
travelling in a simple gradational velocity model have a signifi-
cantly shorter wave-train and lack an Airy phase compared to the
equivalent three-layer model.

Due to preferential alignment of fractures and parallel layering,
fault zones are generally considered to be anisotropic (Leary et al.
1987; Li et al. 1987; Cochran & Vidale 2001). In many cases, this
anisotropy can be approximated by assuming transverse-isotropy,
which means that rays travelling parallel to the principal fault plane
have the same velocity (Leary et al. 1987; Liet al. 1987). Anisotropy
in waveguides has been widely explored in the context of coal
seam seismics (Lou & Crampin 1991; Buchanan ez al. 1983). They
showed that the dispersion curve of an anisotropic waveguide is
similar to an isotropic waveguide but the precise numerical values
of group velocity and phase velocity differ. Furthermore, Nakamura
& Takenaka (2006) used a matrix propagator method to simulate
FZTWs in a 2-D homogeneous transversely isotropic waveguide
surrounded by isotropic country-rock. These synthetic earthquakes
are located beneath an array of seismometers. They performed a
Shear wave splitting analysis to the synthetic waveforms and con-
cluded that anisotropy can be detected when the focal mechanisms
of the earthquake are dip-slip but not when they are strike-slip.

While these studies have provided useful information in their
respective areas, no study has investigated how anisotropy affects
trapped waves in the context of using them for imaging a fault zone.
In this study we investigate how a simple 1-D transversely isotropic
velocity model affects FZTWs as well as the relative importance
of the respective anisotropy parameters. We also show that a trans-
versely isotropic fault zone has F; arrivals with a shorter wave-train
than F.

In addition to investigating gradational velocity models and trans-
verse anisotropy we also reinvestigate the effect of source/detector
locations with respect to the fault zone and the implications of the
focal mechanism to the modelled FZTWs. These investigations are
done using a finite element solver that efficiently finds the trapped
modes, dispersion curves, amplitude responses and full waveforms

of FZTWs. This solver is limited to transversely isotropic velocity
models that can change in the across-fault direction only.

2 COMPUTATIONAL APPROACH
OVERVIEW

The methodology discussed in Gulley et al. (2017) is used for the
computation of the FZTW responses. This method starts with the
3-D transversely isotropic elastic wave equation (Aki & Richards
2009) and assumes that the velocity model is varying in the across-
fault (z) direction only and that the wave is travelling in the x — z
plane. Therefore, the Fourier substitution of u = @& exp(ikx — iwt)
can be made, where u is displacement, # is displacement ampli-
tude, i is the imaginary number, & is the wave number, x is the radial
direction, w is angular frequency and ¢ is time. The resulting is a
Helmholtz type, second order system of differential equations in z.
The differential equations can be approximated using a higher order
finite element method which can also be referred to as the spectral
element method (Komatitsch & Tromp 1999). The equations can
then be rewritten as two decoupled matrix eigenvalue equations with
k or w as the eigenvalue and a form of & as the eigenvector. These
two decoupled equations relate to the F;, (Love) and Fr (Rayleigh)
FZTWs. Numerically solving the eigenvalue equations for differ-
ent values of phase speed (¢ = w/k) allows the dispersion curves
to be calculated. The group velocities, amplitude responses and
reconstructed waveforms can then be computed using the energy
integral methods defined in Aki & Richards (2009). This solver can
efficiently handle arbitrary gradational transversely isotropic veloc-
ity models allowing them to be easily investigated. It also allows
for separate computation of dispersion curves and can compute the
FZTW waveform from different source types including a moment
tensor point source.

3 ISOTROPIC MODELS: GRADATIONAL
VELOCITIES, SOURCE LOCATIONS
AND FZTW PARTITIONING

1-D isotropic velocity models are used to investigate the effects on
modelled FZTWs of gradational versus layered velocity models, the
dependence on source and receiver locations, the relative amplitudes
ofthe F;, or Fr components and the dependence of these components
on the direction of the earthquake slip vector. The coordinate system
and displacement directions are shown in Fig. 1.

3.1 Gradational versus layered velocity profiles in the fault
zone

In order to investigate the effect of gradational velocity models
we compute the dispersion and amplitude response of three dif-
ferent velocity model types. The velocity models are a three-layer
model, a five-layer model and an exponentially decaying (1/cosh)
model. The three-layer model is chosen because it is very com-
monly used (e.g. Li et al. 1990, 1997; Hough et al. 1994; Mizuno &
Nishigami 2006; Mizuno et al. 2008; Wu et al. 2010). The five layer
model, which begins to approximate more complex or gradational
velocity models has been previously used (e.g. Li & Malin 2008).
While any number of gradational velocity models could have also
been used and our investigations showed that the 1/cosh model
has similar waveforms and dispersion curves to Gaussian approxi-
mations, the smoothly varying and exponentially decaying 1/cosh
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Figure 1. Setup of the fault-zone and coordinate system used. The direc-
tion x is pointing directly from source to receiver, parallel to the fault. The
direction z is normal to the fault and y is the remaining direction in the right
hand co-ordinate system. All FZTWs have energy travelling in the x direc-
tion. The P—SV displacement is in the x—z plane. This corresponds to the F
FZTW with the Fg radial displacement being in the x direction and the Fr
transverse displacement in the z direction. The F; FZTWs have displacement
in the y direction. The ray angle defined here is used in Section 4.

model additionally approximates geologically expected fracture pat-
terns (Savage & Brodsky 2011). A very low spatial attenuation of
O, = Op = 1000 has also been used in each velocity model. These
velocity models, amplitude responses and the group velocities of
the two lowest harmonics of the F; and Fr FZTWs are shown in
Fig. 2. It can be seen that the three-layer and the five-layer veloc-
ity models have significantly different dispersion curve character
to the exponentially decaying velocity model. The group veloci-
ties of the three- and five-layer models have local minima below
the minimum velocity of the waveguide (the Airy phase) and even
lower group velocities are seen in higher harmonics. On the other
hand, the exponentially decaying velocity profile does not exhibit an
Airy phase. The exponentially decaying velocity model has a mini-
mum group velocity which is close to the minimum velocity of the
waveguide for all harmonics. Lower minimum group velocities lead
to increased wave-train/coda length. The five-layer model gives a
reasonable approximation of the exponentially decaying model only
at low frequencies, albeit with lower amplitude responses.

The velocity profile can also result in different trapping efficien-
cies. The three-layer model traps up to 20 per cent more seismic
energy than the exponentially decaying (1/cosh) waveguide as seen
in Fig. 2. The amplitude responses shown represent the amplitude
of each frequency component and shows how well each frequency
is trapped by the waveguide.

3.2 Varying source and receiver locations in the
fault-perpendicular direction across the fault zone

Different source/receiver locations can affect the amplitude re-
sponse of FZTWs. In particular, we are interested in how close
to the fault zone a source/receiver needs to be to generate/observe
FZTWs. We note that keeping the receiver in a constant location
and moving the source is approximately equivalent to keeping the
source constant and moving the receiver which can be seen through
analysis of the surface wave functions in Aki & Richards (2009).
The topic of source and receiver locations was first investigated
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using an analytic solution for FZTWs in a layered medium by Ben-
Zion & Aki (1990). Later, 2-D finite difference modelling was done
by Li & Vidale (1996) and finite-frequency sensitivity kernels were
computed by Allam et al. (2015). These researchers suggested that
FZTWs can be observed when the source and/or receiver is located
within three fault widths from the centre of the fault. Here, we
compute the amplitude responses for the fundamental and the first
harmonic and show their dependence on the source location. In par-
ticular, we investigate the influence source/recover location has on
which frequencies are trapped/recorded.

The amplitude responses and the corresponding waveforms asso-
ciated with three infinite line sources that are located at increasing
distances away from the fault zone are shown in Figs 3 and 4, re-
spectively. These figures indicate that moving the source away from
the fault zone causes a reduction in trapped amplitude at all fre-
quencies but the higher frequencies are removed over the shortest
propagation distance. The corresponding eigenmodes are shown
in Fig. 5. These eigenmodes represent the amplitude of the wave
for each frequency as it travels along the waveguide (Gulley et al.
2017). This removal of the higher frequencies occurs because the
lower frequency trapped modes penetrate further into the country-
rock as indicated by Fig. 5. Anelastic attenuation also causes the
reduction of higher frequencies faster than low frequencies. This
means that, when imaging fault zones using FZTWs, there is a sig-
nificant trade-off between the anelastic attenuation parameter ‘Q’
and the location of the source across the fault zone. Both of these
parameters significantly affect the amplitude of the FZTW and have
only a minor effect on the dispersion of the wave. This means that
the influence of these two parameters can be significantly reduced
when modelling FZTWs by considering the dispersion.

3.3 Relative amplitudes of FZTW components

FZTWs can cause displacement in all three directions (see Fig. 1).
These components often contain different amounts of energy. This
can be understood by looking at the resonant waveforms of the
waveguide (eigenvectors). The resonant waveforms correspond to
free oscillations in the waveguide at a fixed frequency. Examples
of different resonant waveforms are shown in Fig. 5. In what fol-
lows, ‘radial’ refers to particle motion that is oriented along the
line between source and receiver while ‘transverse’ refers to mo-
tion that is perpendicular to this direction, as shown in Fig. 1. The
results show that the radial component of the Fr resonant wave-
form is significantly smaller than the transverse component. This
is because the Fr resonant waveform is dominated by S-waves
while the P-waves propagate in an evanescent form (following
the definitions of Kennett 1983; Chapman 2004). For example,
there is ~8 times the amount of kinetic energy in the shearing
motion (S-wave) than in the compressional motion (P-wave) of
the 15 Hz trapped Fr fundamental resonant waveforms as seen in
Fig. 5. As the FZTW propagates predominantly in the radial direc-
tion, the transverse component contains most of the S-wave energy
while the radial component contains the majority of the P-wave
energy. The result is that the radial component of the full Fr wave-
form can be expected to be significantly lower in amplitude than
the transverse component as shown in Figs 3 and 4. This can be
observed in FZTWs produced on the Alpine Fault (Eccles et al.
2015).

The exception to this rule is if the P-wave velocity of the fault
zone is less than the S-wave velocity of the country-rock. In such
a case, the P component would not propagate as an evanescent
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Figure 2. (a) The three isotropic velocity models. The exponential decay model is a 1/cosh function. The elastic values and boundaries of the three-layer and
five-layer stratified fault-zone models are chosen so that they are least-squares approximations to the exponential velocity model. The effective width of all
three models equals 100 m. Only the S-wave velocities are shown; the P-wave velocities and density profiles have the same shape with minimum and maximum
values of 2.85-3.2 km s~! and 2600-2700 kgm~3. (b,c) The F; and Fy dispersion curves for the fundamental and the lowest two harmonics, respectively.
The exponential velocity model has qualitatively different dispersion to the layered velocity models. In particular, the exponentially decaying model does not
exhibit an Airy phase (a local minimum). (d—f) The amplitude responses of the fundamental generated by an isotropic infinite line source that is an impulse
function in time. The source and receiver are both offset 25 m from the fault centre and the radial distance from source to receiver is 10 km. The radial direction
refers to the direction oriented along-fault between the source and the receiver. The F transverse component has displacement perpendicular to the fault plane
and the /7, component has displacement parallel with the fault plane. A very low spatial attenuation of O, = Qg = 1000 is assumed.

wave and the guided wave would therefore no longer be dominated
by the S-wave energy. However, such a situation is unlikely as the
maximum country-rock to fault rock S-wave velocity ratio that has
been estimated is 1.6 (Haberland et al. 2003) which is less than the
fault rock P-wave to S-wave velocity ratios recorded in fault zones
around the world (Li ez al. 2004; Hung et al. 2009).

The shape of the trapped modes is similar for the ;, mode and
the transverse component of the Fz mode as shown in Fig. 5. This is
because the ', mode is made up of shearing motion only and the F»
mode’s transverse component is shearing dominated, as discussed
above.

The trapped modes shown in Fig. 5 also indicate that the F radial
components of the fundamental have a zero near the middle of the
fault, which is where the F; transverse component and F; exhibit
their highest amplitudes. Thus, recording FZTWs in the centre of the
fault zone will maximize the signal to noise ratio of the transverse
components of the fundamental FZTWSs but will result in the radial
component having a smaller amplitude.

3.4 Orientation of the slip vector to the receiver

This section looks at the source-receiver orientation for an earth-
quake with a moment tensor point source. We assume here that the

earthquake slip vector lies on the plane at the centre of the fault zone.
When the earthquake slip vector is aligned with the source-receiver
direction (0° or 180° in Fig. 6), only the Fr mode is generated in
those directions, that is, F; is not seen. This is because with this
slip vector there is little energy generated in the direction in which
F; waves are polarized. Correspondingly, when the slip vector is
perpendicular to the source—receiver direction (90° in Fig. 6), only
the F; mode is recorded at the receiver. The implications are that
in some cases, focal mechanisms may need to be taken in to ac-
count when modelling FZTWs. This also means that FZTWs could
possibly be used in the future to assist in the estimation of fo-
cal mechanisms, provided there are multiple seismometers that are
spaced sufficiently far apart along the fault zone to capture a large
range of different angles to the source. Note that these results do
not necessarily hold for FZTW sources that are below a fault zone.

4 ANISOTROPY

Fault zones are expected to be anisotropic due to preferential
alignment of fractures and fault-parallel layering of rock beds
(Leary et al. 1987; Li et al. 1987; Cochran & Vidale 2001).
Many fault zones can be assumed to be transversely isotropic if
the fractures and/or bedding are aligned parallel to the fault plane
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Figure 3. Amplitude responses for the velocity models shown in Fig. 2(a) for different source (or receiver) offsets from the fault centre. The sources are
located 10 km along-fault from the receiver and the fault-perpendicular offsets of the five sources from the fault are 0, 1/2 and 2 fault widths (100 m) from the
fault centre. These offsets are indicated in the top middle subplot. All sources are isotropic infinite line sources (2-D) with a temporal impulse and the receiver
is offset from the fault centre by 1/4 of the fault-zone width (25 m). While this figure investigates different source positions, moving the source position is
equivalent to moving the receiver position (for the source type used) and this figure can also be viewed as amplitude responses on an across-fault array of
seismometers from a single source position. Here, we have assumed very low spatial attenuation of O, = Qg = 1000. It can be seen that the effect of moving
the source/receivers away from the fault zone removes high frequencies. It is also seen that the radial component has complex behaviour and is generally much

lower in amplitude (also see Fig. 5).

(Leary et al. 1987). Here we investigate the effects of transverse-
isotropy on FZTWs.

4.1 Parameterization of anisotropy

We assume that the fault plane is the x—y plane and that this is
the plane of transverse-isotropy. Without loss of generality, we can
therefore take wave propagation directions to be only in the x—=
plane. Fig. 1 shows the propagation angle 6 that describes a ray
angle in the x—z plane with 6 = 0° meaning propagation in the z
direction and 6 = 90° being propagation in the x direction. In this
situation, the P-waves have particle displacement in the x—z plane
only and we denote the respective velocity by . The S-waves with
particle displacement in the x—z plane have velocities denoted 8V
and S-waves with particle displacement in the y direction only have
velocity BH.

To investigate the effects of anisotropy on FZTWs we make use
of the parametrization of transverse-isotropy as defined in Thomsen
(1986). These parameters are o, By, €, ¥, 8. The oy and S are the
P- and S-wave velocities in the z-direction. The parameters € and

y describe the anisotropy of the P- and SH-velocities, respectively,
and § is a further parameter related to P- and SV-wave velocities.
The velocity of a particle a(f) propagating at an angle 6 and its
relationship to the other parameters were derived in Thomsen (1986)
as:

a(8) = ay [1+ e sin’(0) + D*(6)]* (1a)
BY(0) = By [1 + a2 B; e sin’(0) — 2B, > D*(0)]* (1b)
B(©) = By [1 + 2y sin*(®)] (10)

. 1 — Blay? 428 —€) |
D*(9) = ( 20 0 ) (|:1 + - ﬂéao’z sin?(9) cos(0)
a2 12
+ M sin4(9)] — 1>,

(1= B ?)’

(1d)
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Figure 4. The observed waveforms generated by the amplitude responses and source types shown in Fig. 3. The corresponding velocity models and dispersion
curves are shown in Fig. 2. The three source positions used are when the source is offset: 0 (top), 1/2 (middle) and 2 (bottom) fault widths (100 m) in the
fault-perpendicular direction from the fault centre as indicated in the first column of subplots. While this figure investigates different source positions, moving
the source position is equivalent to moving the receiver position (for the source type used). This figure can thus also be viewed as waveforms recorded on an
across-fault array of seismometers from a single source position. The exponential decay waveguide exhibits a shorter wave train with frequency increasing
monotonously with time. The fundamental and all harmonics of the exponentially decaying waveguide finish at a single point in time that corresponds to
propagation distance divided by minimum velocity of the waveguide (6.7 s = 10000 m /1500 m s~!). The three- and five-layer velocity models have some
differences in their FZTW behaviour. There is a maximum amplitude peak which corresponds to the Airy phase after which the lower amplitude higher
harmonics can be observed. At approximately 6.7 s for the three- and five-layer waveguides, multiple frequencies from the same harmonic are recorded. This

does not occur in the exponential decay waveguide.

From eqs (1), we have:

a(0%) = ap,

a(90°) = a(1 + 2¢)/2,

BY(90°) = B¥(0) = "(0) = Ao

B(90°) = Bo(1 +2y)'".

(22)

(2b)

(20)

(2d)

4.2 Anisotropy in waveguides

As fault zones are known to be anisotropic we investigate how
several geologically plausible fault zones will affect FZTWs. One
situation is when the fault zone has fault-aligned fractures, foli-
ation or lithologies (e.g. Leary ef al. 1987). In this case, the Fy
FZTW will have a longer wave-train and higher amplitude then the
F;. This is because the fault zone will have lower SV velocities
than SH velocities, which increases the ability of the waveguide to
trap SV waves and corresponds to lower minimum group velocities
(longer wave-trains) and higher amplitude responses. This result
can be seen in the anisotropic fault zone model in Fig. 7. In the
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Figure 5. Three different resonant waveforms (waveguide eigenvectors) from the three different velocity models in Fig. 2. The waveforms are normalized by
the respective kinetic energies and plotted on the same scale. The radial and transverse Fz resonant waveforms are coupled together. The Fy radial resonant
waveform is significantly smaller in amplitude than the Fy transverse component. As the FZTW waveform is made up of all resonant waveforms, this implies
that the radial part of the F guided wave should be significantly lower in amplitude than the transverse part. It can also be seen that, for the same harmonic,

the lower frequencies penetrate further in the country-rock.

extreme case, in which the waveguide is almost entirely caused by
anisotropy, there would be very little energy in the F as seen in
Fig. 7. An alternative geologic model is an isotropic fault zone (e.g.
unfoliated cataclasites) within a transversely isotropic country-rock
(e.g. schist) which could be imagined from a structure such as New
Zealand’s Alpine Fault (Toy et al. 2015). In this case the SV veloci-
ties in the country-rock are lower than the SH velocities, resulting in
reduced trapping for the Fr FZTW. The Fy, therefore have a shorter
wave train and lower amplitude as seen in Fig. 7.

4.3 Anisotropy approximations

In many cases in modelling we need to make assumptions or ap-
proximations due to insufficient knowledge or recourses. Here, we
derive and investigate several high angle approximations to eqs (1).
The aim of these approximations is to provide insight into the most
important parameters for modelling FZTWs and to provide pos-
sible parameter reductions for modelling and inversions. We note
that these approximations apply only to the fundamental (trapped)
frequency. Guided waves are trapped when a propagating waves un-
dergoes total internal reflection at each boundary (Ben-Zion 1998).

The Snell’s law for critical reflection angles shows that for guided
waves to exist we must have

0> 6, =sin’1( min(h)

m) =sin~! (1 — velocity contrast)

(©)

where 6,,;, is the angle of propagation of the critically reflected ray
at the location where 8 is smallest. This is the smallest possible
angle of propagation for the FZTW.

Fault zones around the world have typically been modelled to
have fault zone to country-rock velocity contrasts ranging between
5-50 per cent (Li et al. 1994; Ben-Zion et al. 2003; Mizuno &
Nishigami 2006; Li & Malin 2008; Eccles et al. 2015). For small
velocity contrasts, the inequality (3) suggests that the propagation
angles on the x—z plane will be close to 90° (radial direction), and
therefore taking a high angle approximation to eqs (1) is justified.

For larger velocity contrasts, the inequality (3) still suggests that
the high angle velocities are significantly more important than the
velocities in the direction orthogonal to the fault, since orthogonal
rays are not trapped at all. In addition, a high degree of additional
dependence on the velocities parallel to the fault is suggested by the
fact that the range of possible trapped phase speeds depends only
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Figure 6. The amplitude response at 15 Hz (fundamental) of the 100 m wide
three-layer model waveguide corresponding to Fig. 2(a). This amplitude
response was generated from a moment tensor point source. The source and
receiver are located at the edge of the fault zone (50 m). The earthquake
slip vector is assumed to be on the same plane as the fault zone. The
figure shows that when the earthquake slip vector is in the direction towards
the receiver, only the Fr mode is generated. Correspondingly, when the
slip vector is perpendicular to the direction towards the receiver only the
F1, mode is generated. Similar results are produced by higher harmonics,
different frequencies and different elastic models.

on these velocities (parallel to the fault) as shown by Gulley et al.
(2017).

The upcoming approximations are made with only a few param-
eter sets of country-rock and fault zone «y, By, €, § and y. However,
our testing has shown that these results generalize to other choices
of these parameters.

4.3.1 High angle approximation for the anisotropy parameter §

The anisotropy parameter § influences BY(6) and o(6) when
0° < 6 < 90° as is evident from eqs (1) and (2). The parameter
can typically only be measured accurately with very specific appa-
ratus such as the laser-based apparatus (Blum ez al. 2013). Because
of this difficulty in measuring §, in many cases sufficient informa-
tion on § may not be available and so it needs to be approximated
in some way.

For this outcome, we look for a high angle approximation to
eqs (1). From these equations, it can be seen that as & — 90° the
term with cos () tends to zero suggesting that § is negligible at high
angles. Ifthe anisotropy is due to thin layering of isotropic materials,
then § is less than the P-wave anisotropy parameter (¢) (Berryman
1979). In some cases, such as shale, § > € but the bulk properties
of most rock has § < € (Thomsen 1986). In order to fulfil the
requirement that the elastic parameter Cy3 > 0, § needs to be greater
than a small negative number (Thomsen 1986). Thus, choosing
8§ = €/2 seems to be a feasible central choice for §. Furthermore,
setting § = €/2 makes the cos ?(9) term vanish in eqs (1).

As can be seen from eq. (1c), § does not affect the SH velocities
so we only need to test this approximation on the Fr guided waves.
In order to do this, we continue to use the finite element method
(Gulley et al. 2017; see Section 2) to compute the dispersion curves
for € = 0.15 in the country-rock, € = 0.3 is the maximum value
in the fault zone and § = €/4. This simulation is compared with
a simulation using the approximation § = €/2 and the error in
the approximation is taken as the difference between these two
simulations. The values for € used correspond to ~25 per cent P-
wave anisotropy in the fault zone and are realistic upper bounds

(Thomsen 1986; Leary et al. 1987). The values «, 8¢ and p are the
same for all simulations in this section.

The first row of Fig. 8 shows different dispersion curves that
are produced by this simulation for three different choices of the
minimum value of 8. It can be expected that this approximation is
better at higher propagation angles. For a single dispersion curve,
higher propagation angles correspond to higher frequencies and, as
is seen in Fig. 8, the error is smaller at higher frequencies. The error
is also less for smaller velocity contrast. This can be seen in the
inequality (3) where a smaller velocity contrast leads to a minimum
angle closer to 90°, hence the high angle approximation is better.

The errors are the greatest for the three-layer model and the
smallest for the exponentially decaying model. This is because the
exponentially decaying model and five-layer model have narrower
regions where the velocity is equal to the minimum velocity. Using
Snell’s law, it can be seen that a ray moving to a faster region
will have an increasing ray angle. This means that waves in the
exponentially decaying model and five-layer model will spend more
time propagating at higher angles which increases the validity of
the approximation and therefore reduces the error.

4.3.2 Isotropic approximations for anisotropic propagation

In many cases, computational FZTW models are based on isotropic
wave propagation. Here, we investigate the errors that are induced
by approximating an anisotropic velocity model with an isotropic
approximation. A velocity model with transverse-isotropy is defined
by the five parameters («, Bo, €, 8, ¥) as described in Section 4.1,
whereas an isotropic velocity model has only two parameters
(a, B).

The high angle approximations of eqs (1) used for the F mode
are f = By and ¢ = ap+/1 + 2¢. The percentual errors in the group
velocity with this approximation are shown in Fig. 8. As expected,
when comparing the second and third rows of Fig. 8, it can be
seen that the isotropic approximation is worse than the § = €/2
approximation.

The high angle approximation for the F; mode is S =
Bo/1 + 2y. To test the feasibility of this approximation, we com-
pute a simulation with y = 0.15 in the country-rock, while y = 0.3
is the maximum value in the fault zone. We find that, as with Fjp,
these approximations are worse for greater velocity contrasts and
for velocity models that have a larger cross-section of the fault zone
at the minimum velocity. The errors of these approximations can
be seen in Fig. 9. This shows that in many cases, depending on re-
quired accuracy, the isotropic approximation can be used to simplify
models.

5 IMPLICATIONS FOR MODELLING
FZTWs

Imaging using FZTWs often produces non-unique solutions (Ben-
Zion 1998). This means that the imaging process is sensitive to mea-
surement and modelling errors (Tarantola 2004). FZTWs produced
from a three-layer model have a lower minimum group velocity than
a fault zone with a smoothly decaying velocity model. Therefore,
making a three-layer approximation for the purposes of estimating
fault-zone parameters could lead to underestimation of the velocity
contrast, underestimation of fault-zone depth, or overestimation of
fault-zone width. This means that, in order to obtain more accurate
constraints on variations with depth (e.g. Ben-Zion et al. 2003), the
across-fault profile should be considered carefully.
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Figure 7. Investigates the effect of several different anisotropic fault-zone models. Where each column shows the investigations of the different velocity
models. The first row gives the anisotropic velocity model for the SH (') and SV (8Y) waves. The grey scales in each figure shows the velocities for different
propagation angles. The colour scale for these propagation angles are given in the second figure where 6 = 90° is for a ray traveling in the waveguide parallel
direction and 6 = 0° is in the waveguide normal direction although, we only show the range 45° < 6 < 90°. The second row shows the F; and F dispersion
curves of the fundamental. The third row shows the amplitude response from the fundamental of Fy transverse component and the 7, wave. An infinite line
source is used and the source and receiver are both located 25 m from the centre of the fault. The scale of velocity amplitude is arbitrary. The first column is
an isotropic velocity model to be used for comparison. The second column is a situation that could arise from fault-aligned fractures or bedding in the fault
zone. The third column shows a situation where the waveguide is mostly caused by anisotropy from fault-aligned fractures or bedding. The fourth column
shows the effect of fault-aligned fractures or bedding in the country-rock but not in the fault zone. Only the three-layer velocity model and the fundamental
harmonic is shown. These results, however, are similar to other velocity models and harmonics. It can be seen that anisotropy in the fault zone causes Fr to
have a greater amplitude response and lower minimum group velocity than F7. This leads to greater amplitude Fr with longer wave trains. The country-rock

having anisotropy has the opposite effect.

Many complementary sources of information can be used to im-
prove constraints on fault-zone properties and hence inform FZTW
inversions. At the surface, geologic information can be used to un-
derstand the rock types and properties and the across-fault profile
(e.g. Fagereng & Toy 2011; Faulkner et al. 2011). Further near-
surface information of velocity profiles can be obtained by high
resolution body wave tomography and laboratory measurements of
rock (e.g. Rempe et al. 2013). Drilling into faults provides good
characterization of a fault-zone cross-section from extracted sam-
ples and geophysical well logging (e.g. Jeppson et al. 2010; Zoback
et al. 2011; Townend et al. 2013). To cover a larger volume in the
upper few kilometres, seismic fault-zone trapped noise has been

effectively utilized to obtain estimates of fault-zone properties
(Hillers et al. 2014; Ben-Zion et al. 2015; Liu et al. 2015; Hillers
& Campillo 2016; Roux et al. 2016). Excluding some very deep
drilling projects the above methods are unable to image fault zones
at greater than a few km deep. At these depths FZTWs from micro
earthquakes can be used. Observations from body wave tomography
can be used to constrain the country rock velocities (e.g. Eberhart-
Phillips & Michael 1993; Eberhart-Phillips & Bannister 2002).
Recently very dense arrays of seismometers have been placed on
top of and around fault zones (Cochran et al. 2009; Lin et al. 2013;
Ben-Zion et al. 2015). This data allows seismic noise studies (e.g.
Hillers et al. 2014) as well as a greater number of recordings of
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velocity model with an isotropic model that has the same velocities in the fault-parallel direction. It can be seen that the errors increase for greater velocity
contrasts and for velocity models that have a larger cross-section of the fault zone at the minimum velocity.

FZTWs. In order to identify the across-fault velocity model from a
seismometer array it would be better to have a higher density of seis-
mometers near the boundary (effective width) of the fault zone. This
is because this is where the variation between the three-layer and
gradational fault-zone waveforms is greatest as can be seen in the
waveguide eigenvectors in Fig. 5. In addition, this location is where
the amplitude information would provide the greatest constraints
on fault-zone width as that is where the eigenvectors are changing
the fastest. This spacing should, however, be weighed up against
the fact that the FZTWs have lower amplitude near the fault-zone
boundary and so the signal to noise ratio will be less. Poor signal to
noise ratios may make it difficult to accurately identify the type of
across-fault velocity model from FZTW data alone. Hence indepen-
dent insight about the character of the fault zone and its boundaries,
for example, from geology, would help to identify the best across
fault velocity model type to use for the estimation of large scale
fault-zone properties such as velocity contrast and width.
Additionally the across-fault velocity profile may be able to be
identified by looking at the dispersion information. This would
require a recording of a FZTW that has a large frequency range

(e.g. 2-30 Hz) and the signal to noise ratio is small enough such
that it can be identified that there isn’t an Airy phase. This could
potentially be achieved from a near surface explosion to borehole
recording.

Our results suggest that the amplitude information of FZTWs is
significantly affected by attenuation, source receiver orientation and
focal mechanisms, as well as the elastic properties of the fault zone
and country rock. The dispersion information is, however, primarily
affected only by the rock velocities and densities. Therefore, when
modelling fault-zone properties, the number of parameters can be
reduced by using dispersion information only. This abstraction is
already readily used in FZTW studies (e.g. Wu et al. 2010; Wu &
Hole 2011). We believe that it is most useful when the amplitude
information is not going to offer significant information on rock
properties. Such a situation may occur when uncertainty in source
receiver orientation and location as well as focal mechanisms leads
to significant uncertainty in to the frequency dependent energy of
the generated FZTW.

The anisotropic investigations have shown that the F; and
Fr FZTW properties are dominated by the fault-parallel S-wave
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Figure 9. The top row shows the dispersion curve produced by setting the anisotropy parameters y = 0.15 in the country-rock while y = 0.3 is the maximum
value in the fault zone. The three different curve sets all have maximum SH-wave velocities in the waveguide parallel direction of 2 km s~!, the top curve set
has a minimum S-wave velocity in the waveguide parallel direction of 1.67 km s~! and the middle and bottom curve sets have 1.33 km s~! and 1 km s~
respectively. More information on the velocity models can be seen in Fig. 2. The bottom row shows the percentual difference between the group velocity when
approximating the anisotropic velocity model with an isotropic model that has the same velocities in the fault-parallel direction.

velocities. These fault-parallel velocities are different for F; and
Fr. In many cases when modelling FZTWs, isotropic approxima-
tions may be made despite the knowledge that there is actually
transverse-isotropy. When this is done the S-wave velocity for F;
and Fr should be considered to be independent.

This study suggests that a good way to estimate the degree of
transverse anisotropy in a fault zone is from the travel time differ-
ence between the F; and Fr waves. This is in a similar fashion to
how anisotropy is estimated in surface waves (e.g. Montagner 1985;
Hadiouche et al. 1989; Gaherty 2004) and the travel time difference
is almost entirely caused by anisotropy. The only other influences
on this travel time difference is likely to be caused by refraction of
FZTWs in a 3-D velocity model (Wu & Hole 2011) or more general
anisotropy. In the case of high anisotropy, one type of FZTW will
have a significantly lower amplitude and may not be clearly observ-
able in the wave-train over the S-wave noise. However, the loss of
one type of FZTW could also occur due to source mechanisms.

6 CONCLUSIONS

Analysis of synthetic dispersion curves and amplitude responses
for F; and Fy type FZTWs in different transversally isotropic 1-
D elastic models explored the potential effects of more realistic
fault-zone structures. In particular, a smooth exponentially decay-
ing velocity model has a qualitatively different dispersion curve to
a three-layer model, the main differences being that there is no Airy
phase and that the FZTW train is shorter with a smaller amplitude.
Because of this difference in FZTW travel time, we would expect
FZTW inversions that approximate a gradational velocity model
with three-layers to under estimate the fault-zone velocity. In addi-

tion to this, analysis of the waveguide trapped modes shows that the
radial component of the F, is smaller than the transverse component
for most realistic fault-zone velocity models and that moving the
source or receiver away from the fault has an effect similar to attenu-
ation, in that higher frequencies are lost first. Analysis of transverse
anisotropy has shown that fault-aligned fractures and bedding in the
fault zone will cause an increase in the F amplitude and wave-train
length compared to 7. On the other hand, transverse-isotropy in the
country-rock reduces the F amplitude and wave-train length com-
pared to F;. We also investigated how well a transversely isotropic
model can be approximated by a fully isotropic velocity model. It
was found that in the case of a low velocity contrast, a transversally
isotropic fault zone can be approximated by an isotropic velocity
model where the isotropic velocities are equal to the anisotropic
velocities in the direction parallel to the fault. It is important to note
that the isotropic approximation is different for F; and F mode
guided waves in the same transversely isotropic waveguide.
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