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Abstract Quantifying the amount and alignment of microfractures is important to understand the
geomechanics, fluid flow, and seismic imaging of fault zones. At the Alpine Fault, New Zealand, the
preferred alignment of minerals, foliation, and fractures results in elastic wave anisotropy. We have
designed a unique laser-ultrasonic laboratory setup to study Alpine Fault rock samples at upper crustal
conditions. Combined with differential effective medium modeling, we distinguish microfracture porosity
and orientation from mineral alignment, as a function of distance to the principal slip zone (PSZ). Nearest
to the PSZ, the cataclasite has the lowest P wave anisotropy with the most (randomly oriented) fractures.
Next, the ultramylonite exhibits the greatest P wave anisotropy (∼45%) with 40% of its fractures aligned
with foliation. Further from the PSZ, P wave anisotropy is 14–19% on average, due to 20–30% of the
fractures being oriented in the same direction as mineral alignment.

Plain Language Summary The movement on faults causes fractures and alignment of minerals
in the adjacent rocks. This causes seismic waves to travel fastest parallel to these features, a phenomenon
known as anisotropy. Quantifying the amount and orientation of the fractures that contribute to this
anisotropy is important for understanding fault zones and the processes which could influence the nature
of earthquakes. However, this requires a method that can separate the effects of the fractures from those
of the minerals. We have designed a system that uses laser ultrasonics to measure the speed of waves
through rocks under pressure at spatially dense locations. We combine these measurements with
numerical modeling, allowing us to accurately quantify the amount and orientation of fractures in rocks
from the Alpine Fault, New Zealand. We find that the total amount of fractures increases toward the fault.
Additionally, the amount of fractures aligned with the fault plane (up to 40%) increases toward the fault
until the fractures become almost completely randomly oriented for the cataclasite in the core of the fault.

1. Introduction
Microfractures and macrofractures control rock strength (Scholz, 1968; Walsh & Brace, 1964) and fluid flow
(Mitchell & Faulkner, 2012; Walsh, 1981) and influence geophysical imaging of fault zones (Ben-Zion, 1998;
Li et al., 1990; Mooney & Ginzburg, 1986). Characterizing their orientation, porosity, and effect on elastic
wave anisotropy is vital to understand fault evolution and to develop subsurface fault models. The orienta-
tion of microfractures can be related to the distribution of the local stress field and the fault damage zone
(Barton et al., 1995; Williams et al., 2018). The orientation and porosity of open microfractures affect perme-
ability and movement of fluids in the subsurface (Barton et al., 1995). This is particularly important around
fault zones where the presence of fluids and mineral precipitation are key factors in estimating fault strength
(Hubbert & Rubey, 1959; Warr & Cox, 2001).

As fault displacement increases, so does the thickness of the damaged fault zone (Faulkner et al., 2003; Li
et al., 1990; Savage & Brodsky, 2011; Shipton et al., 2006). Most of these studies visually identify macrofrac-
tures on core or outcrop. The combination of macrofractures and microfractures is extrapolated at depth
by identifying seismic low-velocity zones using fault-zone guided waves (FZGWs; Ben-Zion, 1998; Cochran
et al., 2009; Li et al., 1990, 2004). However, estimating fracture orientation and porosity near the fault
is challenging from FZGWs. In addition, rocks formed within fault shear zones develop strong intrinsic
elastic anisotropy from the alignment of platy minerals (such as mica) and foliation (Christensen, 1965;
Jones & Nur, 1982; Shea & Kronenberg, 1993). The combined effects of seismic anisotropy and mechanical
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Figure 1. The Alpine Fault traverses the South Island of New Zealand. The NE-SW trending fault trace is shown in red
(data from the GNS Science Active Faults Database; Langridge et al., 2016), and the symbols indicate the locations
where rock samples were collected.

damage result in nonunique solutions when attempting to constrain the fault structure and physical
properties from seismic waves (Dempsey et al., 2011; Gulley et al., 2017; Kelly et al., 2017).

We have designed experiments to unravel microfractures from mineral alignment in fault rocks, with a
combination of dense ultrasonic velocity measurements and effective medium modeling that is based on
estimates of mineral phase distribution and orientation. Estimates of wave speeds are acquired as a func-
tion of angle and effective pressures representing shallow crustal depths (<1,000 m) with a newly developed
laser ultrasonics system (Simpson et al., 2019). Samples are from five hanging-wall lithologies with increas-
ing distance from the principal slip zone (PSZ) of the Alpine Fault. In these samples we are able to establish
the elastic wave anisotropy symmetry and quantitatively distinguish the effects of microfracture porosity,
shape, and orientation from the contribution of anisotropic minerals to the total wave speed anisotropy.

The Alpine Fault is a major plate boundary transform fault and geomorphological structure in the South
Island of New Zealand. The fault extends for 600 km on land, accommodating slip between the Pacific and
Australian plates (Figure 1; Norris & Cooper, 2001; Wellman, 1955). Motion on the fault is predominantly
dextral strike slip with a component of reverse faulting toward the northwest, resulting in the uplift of the
Southern Alps to the east of the fault (Norris et al., 1990). The fault slips at an average rate of 27±5 mm/year,
generating earthquakes of up to magnitude MW8.0 at an average recurrence interval of ∼300 years, with the
last such event occurring in 1717 CE (Cochran et al., 2017; Wells et al., 1999). In recent years, the Alpine
Fault has been the focus of international multidisciplinary studies aiming to understand the characteristics
and processes of a globally significant plate boundary fault late in its interseismic cycle (e.g., Allen et al.,
2017; Boulton et al., 2014; Carpenter et al., 2014; Sutherland et al., 2017; Townend et al., 2009; Toy et al.,
2013, 2015; Williams et al., 2016, 2018). Three boreholes have been drilled into the Alpine Fault between
2011 and 2014 as part of the Deep Fault Drilling Project (DFDP), with the primary aim of understanding
the in situ geophysical conditions and rock properties of the Alpine Fault (Sutherland et al., 2017; Townend
et al., 2009). Here, we study one sample from a DFDP borehole along with four samples taken from outcrops.

2. Samples and Methods
We investigate five rock samples representative of the different hanging-wall lithologies of the Alpine
Fault (Figure 2). In order of decreasing proximity to the PSZ, these samples are a schist, a protomylonite,
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Figure 2. Photographs of the five rock samples investigated in this study. All samples are taken from surface outcrops
except the cataclasite, which is from the DFDP-1A borehole.

a mylonite, an ultramylonite, and a cataclasite. Perpendicular to the PSZ of the Alpine Fault, cataclasites
and ultramylonites extend up to 150 m (Sutherland et al., 2015), while the other three lithologies extend for
several kilometers from the PSZ. The schist sample comes from a surface outcrop at Smithy Creek and is
part of the Alpine Schist tectonostratigraphic unit. The protomylonite, mylonite, and ultramylonite are from
a surface outcrop at Stony Creek (Figure 1).

Alpine schist commonly has a planar foliation defined by alternating layers of mica and quartz/feldspar.
The protomylonite, mylonite, and ultramylonite units are derived from this quartzo-feldspathic schist, and
all share a similar mineralogy and basal plane orientations with varying accessory minerals (complete min-
eral compositions for these rocks are available in the supporting information). For these rocks, foliation is
overprinted by a mylonitic fabric, most obviously manifesting as submillimeter to centimeter-spaced shear
bands, which form at depth by ductile creep mechanisms (Gillam et al., 2014; Toy et al., 2012, 2015). Based
on observations in the field (Gillam et al., 2014; Norris & Cooper, 1997; Toy et al., 2008, 2017), borehole
sonic image logs (Massiot et al., 2018), and core X-ray tomography (Williams et al., 2018), foliation in the
upper 1 km of the fault is parallel to the shear zone boundary, dipping at 60◦ (Toy et al., 2013). Ultramy-
lonites show fine-grained minerals and less obvious bands. Nonetheless, aligned mica bands and lenses are
visible in microphotographs (see supporting information). Our samples are similar to those described by
Toy et al. (2008, 2012, 2015), differing in the precise modal mineralogy present. Additionally, the porosities
of these four samples at atmospheric conditions are all below 5%. Our cataclasite sample is from the drill
core obtained from the DFDP-1A borehole at a depth of 84.29 m below the surface in the unit 4 upper foli-
ated cataclasite and 6.7 m above the PSZ (Toy et al., 2015). Its semiquantitative mineralogy determined from
X-ray diffraction analysis is 28% quartz, 16% feldspar, 31% micas, 14% chloride, and 10% calcite (Adam et al.,
2017). Some foliation is present among comminuted grains and fragments (<1 cm in size), and the sample
has a porosity of ∼20% at atmospheric conditions.

Samples are prepared for ultrasonic experiments by coring or sculpting 25-mm-diameter cylinders. Visible
foliation in the rocks is approximately aligned with the cylinder axis. We dry the rocks in an oven before
applying a thin brass and epoxy jacket to prevent the confining gas from entering the pore space. We excite
and detect ultrasonic waves with lasers (Blum et al., 2013; Scruby & Drain, 1990; Simpson et al., 2019). A
pulse of an Nd:YAG laser generates ultrasonic waves at the surface of the sample. These waves are recorded
with a laser Doppler vibrometer, discretized at 10 MS/s, and converted to absolute particle displacement.
The source and receiver lasers are aligned on exact opposite sides of the cylindrical rock sample, which is
mounted inside a pressure vessel with optical windows. We record over 90 independent waveforms over a
range of orientations relative to the anisotropic symmetry axis, rotating each sample through ∼160◦. These
rotational scans are repeated for nine effective pressures between 1 and 16 MPa. P wave velocities are esti-
mated from picking the first arrival in each waveform. As an example, recorded wavefields with the P wave
arrival picks for the ultramylonite are presented in the supporting information.
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Figure 3. P wave velocity as a function of angle and pressure for all samples. Other than the cataclasite, all samples
show a transversely isotropic symmetry. The ĀVP for the cataclasite (e) is therefore a measure of rock heterogeneity.
Darker shades indicate higher pressures, and the radial axis has units of m/s. Total average velocity (V̄P), change in
average P wave velocity between 1 and 16 MPa (ΔV̄P), and average P wave anisotropy (ĀVP) are stated for each sample.
P wave anisotropy is calculated as AVP =

(
V𝑓 − Vs

)
∕
[[

V𝑓 + Vs
]
∕2

]
where Vf and Vs are the fast and slow P wave

velocities.
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Figure 4. Comparison of experimental data with DEM models for the ultramylonite sample. The background
mineral-only velocities from EBSD/MTEX modeling are shown for comparison, along with P wave anisotropies (AVP).
The 10 models that best fit the experimental data at both 1 and 16 MPa have 40 ± 2% of their total fractures aligned
with the foliation of the minerals.

3. Results
3.1. Laser Ultrasonics Experiments
Wave speeds as a function of angular orientation and pressure are plotted for all samples in Figure 3. The
total average wave speed V̄P is less in the two samples closest to the fault. All samples except the cataclasite
display elliptical angular variation in P wave speed. For the ultramylonite, the average P wave anisotropy
(ĀVP = 45%) is over twice that of the other samples (ĀVP = 12–20%). All four of these samples show a
decrease in anisotropy with increasing pressure, indicating that the wave speeds in the slow direction are
more sensitive to pressure than those in the fast direction. Angular variation of wave speed in the cataclasite
shows no clearly defined fast and slow directions. As pressure increases, the wave speed in this sample
increases by approximately the same amount in all directions. Finally, the difference between the average
wave speeds at 1 and 16 MPa (ΔV̄P) increases toward the PSZ, indicating that the wave speeds become more
sensitive to pressure closer to the fault. The exception to this trend is the large ΔV̄P of the protomylonite,
but this is mostly driven by anomalously low wave speeds for this sample around the slow direction (180◦)
at pressures of 1–4 MPa (likely caused by a compliant macroscale fracture).

3.2. DEM Modeling
We use electron backscatter diffraction (EBSD) data of thin sections to estimate the mineral composition
and crystal preferred orientations of all samples except the cataclasite. Using these data, we estimate the
elastic stiffness matrices of the mineral background medium using the MTEX code (Mainprice et al., 2015).
The differential effective medium (DEM) theory proposed by Bruner (1976) is then used to model the bulk
elastic properties of the mineral background medium with inclusions (Bruner, 1976; Kim et al., 2019). We
vary the amount, orientation, and aspect ratio of these inclusions (microfractures) until the model velocities
fit the laser-ultrasonic velocity estimates. Details of the EBSD, MTEX, and modeling methodology, along
with complete results, are presented in the supporting information.

Figure 4 shows the 10 best-fitting DEM models for the ultramylonite at both 1 and 16 MPa. Comparison with
the mineral-only velocities demonstrates the large reduction in P wave velocity and increase in anisotropy
caused by the microfractures. For the DEM models in Figure 4, the average percentage of fractures aligned
with the foliation is 40 ± 2%. The total average porosity of the models decreases from 𝜙av = 3.3 ± 1.1% at
1 MPa to 𝜙av = 2.7 ± 1.0% at 16 MPa, and the average aspect ratio of the fractures decreases from 88:88:1 to
72:72:1. The average aspect ratios and total porosity of the ultramylonite are greater than those of the other
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samples. On average, the schist, protomylonite, and mylonite require 16–30% of the fractures to be aligned
with the foliation to satisfactorily model the measured velocities.

4. Discussion
For all rocks, the average measured P wave velocities over all pressures and orientations (3,110–5,030 m/s)
are significantly lower than the average modeled mineral-only velocities (5,830–5,930 m/s). This suggests
that all our samples contain microfractures, reducing their bulk stiffness. DEM modeling indicates that frac-
ture porosity is less than 1.3% in the schist, protomylonite, and mylonite. More than twice as much porosity
(2.7%) is required to fit the ultramylonite wave speeds. These numbers are corroborated by direct estimates of
total porosity of the samples. The average P wave speeds of the schist (5,030 m/s), protomylonite (4,970 m/s),
and mylonite (4,830 m/s) are similar, while those of the ultramylonite (3,110 m/s) and cataclasite (3,160 m/s)
are significantly lower. These measurements of P wave velocity agree with values reported in previous studies
of both Alpine Fault schists and mylonites (4,000–6,000 m/s; Christensen & Okaya, 2007), as well as ultra-
mylonites and cataclasites (3,000–4,000 m/s; Townend et al., 2013) under similar conditions. Similar P wave
speeds among the schist, protomylonite, and mylonite indicate that they have similar fracture porosities,
while the lower velocities in the ultramylonite and cataclasite suggest that these rocks have higher fracture
porosities. Indeed, greater pressure dependence of the laser-ultrasonic wave speeds for the ultramylonite
and cataclasite is consistent with higher fracture porosities, compared to the other samples. The ultramy-
lonite and cataclasite lie within the damage zone of the Alpine Fault, which extends ∼160 m from the PSZ
and has higher fracture densities and lower seismic velocities (Sutherland et al., 2015; Williams et al., 2018).
Eccles et al. (2015) show that this low-velocity damage zone explains observed fault-zone guided waves.

The elliptical angular dependence of wave speed confirms that the schist, mylonite, protomylonite, and
ultramylonite have a transversely isotropic elastic symmetry. This can be due to foliation and aligned micas,
aligned microfractures, or a combination of these. Average P wave anisotropy for the modeled mineral-only
velocities ranges from 13.6% to 16.5% for these samples, lower than the measured average anisotropy values.
Additionally, laser-ultrasonic data for all rocks except the cataclasite exhibit a slow wave speed direc-
tion more sensitive to pressure than the fast direction, which is aligned with the plane of visible foliation
(Figure 3). This means that there is at least a subset of the fracture porosity that is aligned with foliation for
the mylonitic and schist samples. By combining laser-ultrasonic measurements under pressure with DEM
modeling, we are able to separate the effect of mineral foliation from fractures and quantify fracture shape,
porosity, and alignment. We find that 16–40% of planar microfractures must be aligned with foliation to
satisfactorily fit the data. Conversely, the lack of an elliptical angular symmetry in wave speeds for the cat-
aclasite indicates that mineral foliation and microfracture alignment have been disrupted by mechanical
damage and hydrothermal alteration close to the PSZ. Computed tomography images confirm only remnant
foliation and a pore network composed mostly of randomly oriented microfractures and comminuted grain
fragments (figure 5.5 of Simpson, 2019).

Open and mineralized macrofractures (>0.5 mm) have been characterized from X-ray tomography (Williams
et al., 2017) and sonic image logs (Massiot et al., 2018). For the schists and mylonite sequence intersected by
the DFDP-2B borehole, Massiot et al. (2018) point at the existence of a dominant macrofracture set parallel to
foliation. This is in agreement with our observations for all lithologies other than the cataclasite (Figure 5).
Williams et al. (2018) report that macrofractures are mostly randomly distributed in an inner damage zone
less than 160 m from the PSZ, in agreement with our cataclasite observations. While our ultramylonite also
lies within this damage zone, we suggest that under high shear stress with proximity to the PSZ, the ultramy-
lonite's enhanced fine-scale foliation could lead to the preferential development of aligned microfractures.
It is possible that macrofractures, as those observed by Williams et al. (2018), have a different mechanism of
formation. Allen et al. (2017) measure elastic wave anisotropy only at two directions on core samples from
the Alpine Fault and discuss that their wave anisotropy estimates are not well constrained due to the limited
data. Our method shows how, by obtaining spatially dense estimates of wave speed under effective pressure,
anisotropy due to mineral alignment and open microfractures can be separated and quantified.

Our interpretation of microfracture porosity and orientation within the sequence of lithologies extending
from the PSZ of the Alpine Fault is summarized in Figure 5. First, microfracture porosity increases with
proximity to the PSZ of the Alpine Fault. Second, microfractures are more aligned with foliation and elon-
gated in the ultramylonite, possibly due to enhanced fine-scale foliation closer to the PSZ. Third, although
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Figure 5. Model cross section of the shallow crustal portion of the Alpine Fault representing the degree of
microfracture porosity and alignment for effective pressures up to 16 MPa. Rose diagrams represent the orientation
of a long axis for microfractures with their short axis in the plane of the cross section. The thicknesses of the different
lithological units are approximately to scale (Norris & Cooper, 2007).

aligned fractures are present in mylonitic and schist rocks, randomly oriented fractures are present through-
out the Alpine Fault lithologies and contribute to at least 60% of the fracture porosity of the shallow Alpine
Fault. Finally, transversely isotropic symmetry of wave speeds is due to foliation, aligned micas, and aligned
microfractures. However, within tens of meters from the PSZ, this symmetry is disrupted in the cataclasite
due to the geomechanical and geochemical damage close to the PSZ.

5. Conclusions
We have quantified the porosity and alignment of microfractures in five rock samples from the shallow
Alpine Fault in New Zealand. By combining a new laser-ultrasonic technique with differential effective
medium modeling, we could distinguish these microfracture properties from mineral alignment.

We found that the microfracture porosity is generally small (<3%) but increases toward the PSZ. Our analy-
sis identified the percentage of microfractures aligned with the mineral foliation to be 16–30% in schist and
mylonites further away from the PSZ. The ultramylonite has the greatest percentage of its fractures aligned
with the foliation (∼40%) due to stronger shear deformation and greater damage. Within tens of meters
of the PSZ, the alignment of minerals and microfractures in the cataclasite is disrupted by fault dynamics.
These quantitative estimates of porosity and alignment of microfractures—overprinted on foliation—are
important to understand the geomechanics, fluid flow, and seismic imaging of fault zones such as the
Alpine Fault.
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