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ABSTRACT

Phylloesilicate-rich rocks which commonly occur within fault zones cause seismic velocity
anisotropy. However, anisotropy is not always taken into account in seismic imaging and the
extent of the anisotropy is often unknown. Laboratory measurements of the velocity
anisotropy of fault zone rocks and gouge from the Carboneras fault zone in SE Spain indicate
10-15% velocity anisotropy in the gouge and 35-50% anisotropy in the mica-schist protolith.
Greater differences in velocity are observed between the fast and slow directions in the mica-
schist rock than between the gouge and the slow direction of the rock. This implies that the
orientation of the anisotropy with respect to the fault is key in imaging the fault seismically.
For example, for fault-parallel anisotropy, a significantly greater velocity contrast between
fault gouge and rock will occur along the fault than across it, highlighting the importance of

considering the foliation orientation in design of seismic experiments.

INTRODUCTION

Identifying faults is an important step towards understanding fault mechanics and is crucial in
accurately and reliably assessing seismic hazard. Seismic hazard was re-evaluated after the
discovery of the Greendale fault, New Zealand following the 2010 Darfield earthquake (e.g.
Quigley et al. 2012) and in Haiti following the M7.0 earthquake on the previously unmapped
Léogane fault (e.g. Calais et al. 2010).

Seismic investigations are often conducted in order to understand the fault structure at depth.
Sub-horizontal and dipping faults have been observed as major reflectors in seismic reflection
images of the crust and an increase in velocity with depth in the crust allows reflections of
near-vertical faults to be detected in surface seismic surveys (e.g. Hole et al. 1996). Faults
are also identified in seismic refraction surveys from vertical offsets in velocity profiles and

distinctive features in the seismic arrivals caused by low velocities, velocity contrasts across
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the fault and fault zone head-waves (e.g. Yan et al. 2005). Tomographic studies can image
the area around a fault zone (e.g. Thurber et al. 2006) and may indicate the extent of
fracturing and damage (e.g. Lin and Shearer 2009). However, narrow structures such as
individual fault strands may not be resolved. The imaging resolution may be improved by
adding travel-time information of phases that spend much of their travel path along the fault
zone structure (e.g. Ben-Zion et al. 1992).

The detailed structure of faults has been investigated through fault zone guided waves.
Guided waves result from coherent multiple reflections at the boundaries between a low-
velocity fault zone and higher-velocity surrounding rock. These waves can probe the internal
structure and continuity of the fault zone at depth (Ben-Zion 1998, Peng et al. 2003). Guided
waves have been used to resolve fault zone widths of tens to several hundreds of meters (e.g.
Li et al. 1990). Observations of guided waves rely on a significant velocity contrast,
provided by a low-velocity damage zone relative to the protolith, or contrasts between the
fault core and damage zone.

Seismic anisotropy is frequently observed in fault zones and has been studied extensively
using seismological techniques including shear wave splitting observations (e.g. Cochran et
al, 2003) and anisotropy tomography (Zhang et al. 2007, Lin et al. 2014). Where shear wave
splitting 1s observed in fault zones, fast directions are often determined to be between the
regional maximum compressive stress direction and fault parallel, and may change as the
strike of the fault changes (e.g. Cochran et al. 2003, Liu et al. 2004, Cochran and Kroll,
2015). In Chi-Chi, Taiwan and Hector Mine, California, the anisotropic area around the fault
zone is-observed to be of the order of 1 km wide (Cochran et al. 2003) and is often inferred to
extend no more than a few kilometers in depth (e.g. Savage et al. 1990). Anisotropy in fault

zones is often inferred to result from a preferred fracture orientation due to the surrounding
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stress field (e.g. Evans 1984). Foliation or aligned minerals can also contribute to anisotropy
within a region (Aster & Shearer 1992).

Many faults occur within phyllosilicate-rich rocks e.g. the San Andreas Fault in California,
Alpine fault in New Zealand and Median Tectonic Line in Japan (e.g. Moore and Rymer
2007, Christensen and Okaya 2007, Jefferies et al. 2006). Phyllosilicate-rich rocks by their
very nature display a pervasive anisotropic fabric. This fabric can cause velocity anisotropy
(e.g- Dempsey et al. 2011). However, strong anisotropy is often unaccounted for in seismic
imaging. The presence of anisotropy can cause serious artifacts in tomography if isotropy is
assumed (e.g. Chapman & Pratt 1992). Modelling of guided wave observations has so far
been based on relatively simple layered structures and although numerical studies of guided
waves have considered some of the effects of complex fault geometries (e.g. Igel et al. 2002),
greater consideration should be given to the effects of strong seismic anisotropy (e.g. Gulley
etal. 2017).

We use laboratory measurements on the Carboneras Fault Zone, a major regional left-lateral
fault in SE Spain, to consider the potential effect of anisotropy on seismic imaging. The
onshore portion of the fault zone has been mapped extensively (Faulkner et al. 2003, Rutter et
al. 2012). The region is experiencing active uplift; the fault has been exhumed from depth of
1.5 -4 km during the past 10 Ma. The climate is now semi-arid, and as a result, the fault is
well exposed and the fault rocks are extremely well preserved (Faulkner et al. 2003). The
fault rocks exposed at the surface today are primarily derived from the metamorphic
basement, dominated by mica-schist of the Nevado Filabride complex which becomes the
primary protolith at depth (Faulkner et al. 2003).

In this paper ultrasonic velocity measurements through gouge from the Carboneras fault and
the phyllosilicate-rich mica-schist from intact country rock which surrounds the fault zone are

presented. This allows quantification of the extent of velocity anisotropy present in this
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phyllosilicate-rich fault due to the rock fabric. It is postulated that the orientation of a
seismic experiment with respect to anisotropic geological fabric may be key in successfully
imaging a fault zone. Where a fault is imaged successfully with a guided wave experiment it
may not necessarily be imaged successfully with reflection or refraction experiments (or vice-

Versa).

METHODOLOGY

Ultrasonic velocities are measured at a range of effective pressures across samples of fault
gouge and mica-schist rock of the Nevado-Filabride complex of SE Spain from which it is
derived. The mica-schist rock is transversely isotropic with one strong foliation and isotropy
within the plane of the foliation. Rock samples were drilled perpendicular and parallel to the
foliation of the mica-schist in the laboratory (see Figure 1). The fault gouge displays internal
structuring showing P/R; foliation, where P foliation is defined by the preferred alignment of
phyllosilicates in a plane oblique to the direction of shear and R; shears by a sense of
obliquity opposite to that of the P foliation (Rutter et al. 1986). Gouge samples were collected
by hammering a copper tube into the fault gouge (e.g. Faulkner and Rutter 1998). Three
perpendicular orientations were sampled; perpendicular to the fault plane, in the transport
direction of the fault and the direction perpendicular to this within the fault plane. Further
details of sample characterization, sample preparation and experimental set-up and procedure
can be found in supplementary material. No pore fluids were introduced and both
compressional and shear wave velocities were measured.

Two different types of experiment are carried out on the mica-schist rock. Firstly, velocities
are measured at confining pressures up to 80 MPa with no axial load applied. This allows
changes in velocity and velocity anisotropy with increasing depth to be established.

Assuming a pressure gradient of approximately 25 MPa/km, these confining pressures
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represent approximately the upper 3 km of the crust. Secondly, cyclic loading experiments
were carried out. In these, a sample is held at a fixed confining pressure of 25 MPa
(corresponding to a depth of approximately 1 km) and axial loading is applied. A sample is
taken to 40% of its expected failure stress and on increasing cycles the sample is taken closer
to the failure stress, and then unloaded after failure (e.g. Heap and Faulkner 2008). With each
cycle, the higher stress is expected to induce microcrack damage. This technique allows
separation of the effects of loading conditions and microcrack damage on the measured
velocity, as measurements can be made at similar loading conditions on each cycle. Itis well
established that fracture density increases with decreasing distance to the fault core (e.g.
Mitchell and Faulkner 2009). Therefore, each sequential loading cycle essentially simulates
the stress state that the damage zone experiences from intact (undamaged) country rock to
highly damaged rock as the fault core is approached. Velocities are measured through the
fault gouge at confining pressures up to 60 MPa, allowing velocity changes with increasing
depth to be established.

It is noted that frequencies used in the laboratory experiments presented are of the order of 1
MHz, whereas frequencies used in seismic investigations are generally less than or around
100 Hz. However, the observed fabric responsible for the anisotropy is pervasive throughout
the protolith and so can also be expected to cause velocity anisotropy at seismic frequencies.
It is well recognized that anisotropy of small-scale features can exert an important influence
at seismic wavelengths (e.g. Crampin 1978, Kaarsberg 1959) and measurements have been

successfully compared across different wavelengths (e.g. Crampin 1994).
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RESULTS

Throughout the experiments, the foliation in the mica-schist is observed to have a strong
effect on the measured velocities. In the hydrostatic experiments, in the sample cored parallel
to the foliation, compressional wave velocities are observed to increase from 5200 ms™ to
5600 ms™ and shear wave velocities from 3400 ms™ to 3700 ms™ with increasing confining
pressure (See Figure 2). This can be interpreted as crack closure with increasing pressure. In
the sample cored perpendicular to the foliation, compressional wave velocities increase from
3000 to 3900 ms™ and shear wave velocities from 2300 ms™ to 2600 ms™ with increasing
confining pressure (see Figure 2). Up to confining pressures of at least 80 MPa, significant
differences are observed in the velocities measured in different sample orientations. The

measured velocities correspond to compressional wave anisotropy of 40-50% and shear wave

anisotropy of 35%, with percentage anisotropy defined as: 100 (—max V‘;mi“ V)_

Gouge velocities are slower than those through the mica-schist rock samples (Figure 3). The
measured compressional wave velocities in the gouge are 40-50% less than those measured
through the rock samples parallel to the foliation or 5-20% less than those through the
perpendicular rock samples. Shear wave velocities in the gouge are 30-40% less than those
measured through the rock samples parallel to the foliation or 5-20% less than those through
the perpendicular rock samples. Anisotropy of 10-15% is apparent in the compressional
wave and shear wave velocities measured through the fault gouge. This anisotropy most
likely represents the internal structure of the fault gouge (Rutter et al. 1986). Anisotropy has
also previously been observed in permeability measurements of this fault gouge (Faulkner
and Rutter, 1998).

Velocity changes measured in the mica-schist rock due to cyclic loading are less than 5% of
the original velocity and suggest that limited velocity reduction occurs within the fault

damage zone in these types of rocks (Figure 4). Larger-scale observations at the Alpine
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Fault, New Zealand also do not show an increase in the density of fault damage zone
structures within the phyllosilicate rocks close to the fault core (Williams et al. 2016). These
observations contrasts with the large changes in elastic properties measured in crystalline
rocks such as granite and basalt using similar methods as presented here (e.g. Heap &
Faulkner 2008).

There may be greater velocity changes within the damage zone at larger length scales. In
comparing velocity measurements between laboratory, sonic log and seismic scales for the
San Andreas Fault, Jeppson and Tobin (2015) found that although velocities were relatively
consistent across the length scales for both gouge and undamaged country rock, laboratory
estimates of damage zone rocks were 9 to 41 % higher than sonic log measurements. They
attributed this to the effects of macroscale deformation features and a necessary bias in
laboratory sampling requiring intact rock. Velocity measurements by Taylor et al. (2015)
through Carboneras fault gouge indicate similar velocities at a separate locality, indicating
that the results here are generally applicable for this fault. Their measurements through
graphitic mica-schist also indicate a similar degree of anisotropy at similar pressures and
confirm that strong anisotropy persists within the mica-schist to greater pressures (27%
anisotropy at 200 MPa). Measurements of fault rock permeability from numerous localities
along the Carboneras Fault have shown a remarkable degree of consistency, implying
homogeneity of the fault rock in this region (Faulkner and Rutter 1998, 2000, 2001).
Velocities measured in the laboratory for the Carboneras fault zone have also previously been
compared to those measured in field seismic surveys by Taylor et al. (2015), with good

agreement at pressures of about 2MPa (corresponding to depths of approximately 80 m).
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DISCUSSION

Using the dataset collected, an image of the likely velocity structure at shallow depths around
faults in foliated schistose terranes can be constructed (Figure 5). Strong velocity anisotropy,
as measured in this study, will have significant influence on seismic imaging of faults.
Relatively small velocity changes are measured due to cyclic loading of samples, suggesting
relatively small changes of velocity in the fault damage zone compared with the intact
country rock. Velocities through the fault gouge are slower than through the mica-schist
rock. Based on laboratory velocities, strands of fault gouge will form low velocity structures,
as has been seen in faults of similar composition e.g. Parkfield area of the San Andreas Fault.
Sample ultrasonic measurements were made on dry samples, but fault zones in the subsurface
are generally expected to be saturated. Any differences in velocity due to saturation are
likely to be less than 10% (Ghorbani et al. 2009) and are not expected to alter our main
conclusions.

A key observation is that greater differences in velocity are observed between the fast and
slow directions in the mica-schist rock, than between the gouge and the slow direction of the
rock. Therefore, the orientation of the foliation with respect to the fault, and the geometry of
a seismic experiment can have important effects on the successful imaging of the fault (see
Figure 5).

When foliation is oriented parallel to a fault, a guided wave will be sensitive to the large
velocity contrast between the fault gouge and the fast direction of the rock. However, in the
same circumstances, waves travelling along a ray path travelling perpendicular to the fault
will sample the much smaller velocity contrast between gouge and the slow direction in the
rock (see Figure 5).

If the orientation of the foliation changes along the strike of the fault, as it is reported along

the Carboneras fault (Rutter et al. 2012), then the velocity contrast and reflection coefficient
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may also change. This may lead to energy leakage for a guided wave travelling along the
fault zone.

Relatively large changes in the orientation of the foliation over short distances, e.g. due to
folding, will also influence seismic images. For a seismic profile across the fault, if foliations
are vertical near a fault strand and shallow laterally away from the fault due to folding, then
the greatest velocity contrast could potentially be due to the change in orientation of the
foliation, rather than the strand of fault gouge within the rock. In this case the fault strand
may not appear and areas of reduced velocity may be caused by large changes in foliation
orientation over short distances. This emphasizes the importance of considering geological
observations where available.

Strong velocity anisotropy due to rock fabric is not unique to the Carboneras fault zone and
there are many examples of faults in anisotropic rock. Christensen and Okaya (2007) report
velocity measurements from a range of rock types from the South Island, New Zealand.
Measurements indicate high velocity anisotropy across many rock types (typically 30-40%
anisotropy, but up to 70% anisotropy). They conclude that seismic anisotropy is a pervasive
feature throughout much of the South Island crust, where many faults exist. This strong
anisotropy may explain, for example, why guided wave studies of the Alpine Fault have
indicated a 10-40% velocity reduction, whereas refraction studies have implied a much
smaller velocity reduction of 4-16% and the fault has been imaged as a weak reflector (Eccles
et al. 2015, Davey 2010, Eberhart-Philips & Bannister 2002).

Other faults occurring within phyllosilicate-rich rocks may exhibit similar characteristics.
Using teleseismic receiver functions Audet (2015) observe strong, layered anisotropy (>30%
in the upper 5-10 km) surrounding the San Andreas Fault near Parkfield, interpreted as
foliation and fluid-filled microcracks. Strong anisotropy may also occur in fault zones where

phyllosilicate material is not a major component. Stress-induced anisotropy is often observed
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in fault zones (e.g. Liu et al. 2004, Cochran and Kroll 2015). If the extent of stress-induced
anisotropy is significant, then this may also affect seismic imaging of faults in a similar way.
If attempting to image a fault in anisotropic rocks, the success of a seismic experiment can be
maximized by establishing the orientation of any strong geological fabric (e.g. foliation) with
respect to the fault, and how this orientation changes along the strike of the fault and at
distances away from the fault. Laboratory measurements, such as those presented, may help
to establish the extent of velocity anisotropy contributed by a geological fabric. How this
geological fabric may affect the identification of regional faults can then be considered. If
there is a consistently oriented strong fabric then it may be relatively simple to establish the
best geometry for a seismic experiment. In order to image successfully the fault, the greatest
velocity contrast should be sampled e.g. a guided wave experiment for fast direction parallel
to the fault.

It is also important to consider if anisotropy changes with depth e.g. from detailed structural
mapping,.cores from drilling, or previous geophysical surveys. Suspected changes in
anisotropy orientation with depth (e.g. Audet 2015) may require numerical modelling in order
to establish the best geometry for a successful seismic survey. Similarly, if there is more than
one source of anisotropy (e.g. anisotropy due to fractures parallel to the fault as well as
foliation), then further investigation may be warranted prior to embarking on a seismic survey
and numerical modelling may be carried out to determine the optimum geometry in which to
image any faults.

Throughout these experiments, the strong influence of anisotropic fabric on velocities
measured has been shown. The effects that significant anisotropy will have on seismic
images will depend on the geometry of the seismic investigation. The influences of

anisotropy on seismic investigations need to be determined for specific source-receiver
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geometries and the local geological fabric as strong anisotropy may lead to poorly-imaged

fault structures.
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Figure 1. Samples cored a) parallel and b) perpendicular to the foliation are shown
schematically, with foliation indicated. Ultrasonic velocity measurements are made axially

across samples. In all experiments presented, confining pressure (P.) is applied.
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Figure 2. Characterizing the protolith velocities. a) Compressional wave and b) shear wave

velocities measured with increasing confining pressure through samples cored parallel to the

foliation (black line, ) and perpendicular to the foliation (grey line, ). Dashed line represents

measurements at 25 MPa, used in Figures 4 and 5.
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Figure 3. Fault gouge velocity anisotropy measurements. a) Compressional wave and b) shear
wave velocities through the gouge are measured in three perpendicular directions:
perpendicular to the fault plane (dashed line), in the transport direction of the fault (dotted

line) and in the fault plane, perpendicular to the transport direction of the fault (solid line).
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Summary of measurements to characterize the effect of cyclic loading on measured

velocities. For a confining pressure of 25MPa and differential stress of 80MPa, a)

compressional wave and b) shear wave velocities measured on increasing cycles are shown.

Increasing cycles are expected to increase damage and may act as a proxy to moving towards

the fault core. Fault gouge velocities are also shown. For further information, see

Supplementary Figure 2.
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Figure 5. For a single fault strand surrounded by damaged country rock, as shown
schematically in a), the b) compressional and c) shear wave velocities measured in the
laboratory at confining pressure of 25 MPa (corresponding to a depth of approximately 1 km)
are summarized. Dotted lines indicate how the velocities presented correspond to the fault
core (measurements through fault gouge, Figure 3), fracture damage zone (measurements
made in cyclic loading experiments, Figure 4) and intact rock (measurements through the
protolith-at confining pressure, Figure 2). In b) and c) the solid red line represents
measurements made in the micashist parallel to the foliation, indicated as a raypath along the
fault for fault-parallel anisotropy. The dashed blue line represents velocity measurements
made-perpendicular to the foliation, indicated as a raypath across the fault for fault-parallel

anisotropy.
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