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Abstract Fault Zone Guided Waves (FZGWs) have been observed for the ﬁrst time within New Zealand’s
transpressional continental plate boundary, the Alpine Fault, which is late in its typical seismic cycle. Ongoing
study of these phases provides the opportunity to monitor interseismic conditions in the fault zone.
Distinctive dispersive seismic codas (~7–35 Hz) have been recorded on shallow borehole seismometers
installed within 20 m of the principal slip zone. Near the central Alpine Fault, known for low background
seismicity, FZGW-generating microseismic events are located beyond the catchment-scale partitioning
of the fault indicating lateral connectivity of the low-velocity zone immediately below the near-surface
segmentation. Initial modeling of the low-velocity zone indicates a waveguide width of 60–200 m with a
10–40% reduction in S wave velocity, similar to that inferred for the fault core of other mature plate
boundary faults such as the San Andreas and North Anatolian Faults.
1. Introduction
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The ~850 km long Alpine Fault, New Zealand, is a transpressional continental plate boundary structure
accommodating most of the relative motion between the Australian and Paciﬁc plates [Norris and
Cooper, 2001]. It has accumulated total dextral offset of 440–470 km [Sutherland, 1999] with a current rate
of 27 ± 5 mm/yr strike slip [Norris and Cooper, 2001; Sutherland, 1999]. Uplift, currently 10 mm/yr, has
exhumed hanging wall mylonites from ~20 km depth [Cooper and Norris, 1994]. The fault dips 45–60°SE
[Sibson et al., 1981], and while appearing linear from the air, closer mapping reveals thrust and strike-slip
partitioning on a catchment (<5 km) scale thought to be associated with large along-strike variations in
topography and hence stress [Norris and Cooper, 1995; Barth et al., 2012].
The Alpine Fault has not ruptured historically; however, paleoseismicity on the southern portion of the Alpine
Fault reveals a pattern of 24 large events with an average recurrence time of 329 ± 68 years [Berryman et al.,
2012]. The last large (> M8) earthquake on the central Alpine Fault occurred in 1717 A.D. [Wells et al., 1999],
and hence, the Alpine Fault is considered to be late in its seismic cycle.
The central Alpine Fault is a region of anomalously low background microseismicity [Boese et al., 2012;
Bourguignon et al., 2015]. The spatial variations in current seismicity observed in the central Southern Alps
and localized seismic tremor and low-frequency earthquakes are indicative of variable ﬂuid and stress
conditions near the fault [Boese et al., 2012; Wech et al., 2012; Boese et al., 2014; Chamberlain et al., 2014].
Mature faults, such as the San Andreas Fault, North Anatolian Fault, and Dead Sea Transform, exhibit Fault
Zone Guided Wave (FZGW) phases within the seismic coda [Ben-Zion et al., 2003; Haberland et al., 2003; Li
and Malin, 2008; Ellsworth and Malin, 2011]. These phases are also observed in recently ruptured low slip rate
fault systems such as Canterbury [Li et al., 2014] and have been attributed to a low-velocity zone (LVZ)
waveguide caused by damage within the fault zone [Wu et al., 2008; Lewis and Ben-Zion, 2010; Ellsworth
and Malin, 2011]. Fault Zone Head Waves may also be associated with a biomaterial interface across a fault
[Bulut et al., 2012]. The trapped waves are characterized by dispersive coda, variously of trapped P-SV types
(denoted by FR) and trapped SH (FL) phases that follow the S wave arrival [Malin et al., 1996]. Less commonly
observed are leaky-P-SV phases (FΦ), appearing between the P and S wave arrivals [Ellsworth and Malin, 2011].

©2015. American Geophysical Union.
All Rights Reserved.

ECCLES ET AL.

Dispersion of FZGWs is a consequence of the angle of internal reﬂection for each frequency; the trapped
high frequencies reﬂect at steeper angles, have longer raypaths, and hence travel at slower phase velocities
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Figure 1. Map of South Westland. The Alpine Fault is shown by the black line with the location of DFDP-1 drilling at Gaunt
Creek indicated by the red diamond. Green symbols represent seismometers in operation for the time period discussed
(diamonds: GeoNet stations [Petersen et al., 2011]; ﬁlled squares: SAMBA [Boese et al., 2012]). Microseismic events identiﬁed
to have produced FZGW are plotted as dots with the size indicative of magnitude as indicated in the legend; triangles
represent located FZGW-generating events without calculated magnitudes. Location uncertainty is event dependent as
discussed in Boese et al. [2012] and shown in Table S1. Black plus symbols represent microearthquake swarms [Boese et al.,
2014], pink cross symbols represent tremor located at 10–65 km depth [Wech et al., 2012], and open red stars represent
low-frequency earthquakes located at 18–28 km depth [Chamberlain et al., 2014]. Labels A–D refer to events illustrated in
later ﬁgures. Inset: location of main map within New Zealand with the plate boundary and relative motion shown.

[Ben-Zion, 1998]. While the exact range of possible source locations relative to the waveguide remains subject
to debate [Li and Malin, 2008; Wu et al., 2008], the observed FZGWs are strongest when source and receiver
are at, close to, or beneath the waveguide. Patterns of FZGW generation and observation can be used to
interpret the connectivity of the fault with depth [Jahnke et al., 2002]. Modeling of these phases can be used
to infer the velocity and geometry of the damage zone [Ben-Zion, 1998; Li and Malin, 2008], yielding to
insights about rupture processes [Kuwahara and Ito, 2002].
The Deep Fault Drilling Project (DFDP) is an initiative to explore the in situ properties of the late interseismic,
crustal-scale Alpine Fault where rapid uplift rates facilitate drilling of the seismogenic zone [Townend et al.,
2009; Sutherland et al., 2012]. The ﬁrst phase of shallow drilling, DFDP-1, occurred at Gaunt Creek (Figure 1)
with two wells intersecting the principal slip zone (PSZ) [Sutherland et al., 2012; Townend et al., 2013]. The
boreholes were cored and geophysical well logs, including full-waveform sonic and density logs, collected
[Sutherland et al., 2012; Townend et al., 2013; Toy et al., 2015].
The DFDP-1 borehole observatory [Sutherland et al., 2012] included gimbaled three-component 2 Hz borehole
sondes. These were installed 10 m above and 10 m below the shallowest principal slip zone identiﬁed; at 81 m in
DFDP-1A and 139 m DFDP-1B, ~100 m apart. These borehole seismometers are well suited to recording FZGW
phases as they are located beneath the highly attenuating low-velocity alluvial gravels. Such overburden units
are known to disrupt the waveguide and inhibit or complicate the recording of FZGWs on surface stations
[Li and Vidale, 1996].
In this paper we analyze data, sampled at 200 Hz, collected over 125 days between February and July 2011
to identify and interpret potential FZGWs. In July 2011, a lightning strike disabled the seismometers and
while the shallower DFDP-1A instrument was replaced with an identical unit, the cemented-in DFDP-1B
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Figure 2. Seismograms recorded in the DFDP-1A borehole for Events A–C (Figure 1), illustrating FZGW phases. Events A–C
occurred on 16 February, 4 April, and 20 April 2011 respectively. Seismograms are aligned on the P wave arrival. Seismogram
amplitudes have been normalized with the vertical axis showing the frequencies of the spectrogram. The horizontal components
have been rotated to the north and east using blasts from the nearby Whataroa quarry.

seismometer could not be replaced. The New Zealand national network, GeoNet [Petersen et al., 2011],
provides ongoing telemetry of the DFDP-1A borehole seismometer.

2. Observations
The DFDP-1 seismometers produced high-quality waveforms from both local and regional seismic events.
Installation of instruments took place 11 days before the disastrous 22 February 2011 Mw6.2 Christchurch
earthquake occurred ~200 km away [Kaiser et al., 2012]. During the 125 days of operation, 1179 earthquakes,
dominated by Christchurch aftershocks, were observed on the Gaunt Creek seismometers with S-P times
exceeding 10 s. More locally, 604 events were observed with S-P times of 1–10 s and 140 with S-P times of
less than 1 s.
The shallower DFDP-1A seismometer, sanded in 10 m above the PSZ, typically had a higher signal-to-noise
ratio than the one cemented in beneath the PSZ in DFDP-1B. We hypothesize that this unexpected effect
reﬂects a bias of event locations in the hanging wall [Boese et al., 2012] and signal attenuation/scattering
across the fault zone. Drilling revealed progressive fracturing and alteration extending > 100 m into the
hanging wall, although both sensors were located within clay-cemented cataclasites [Sutherland et al.,
2012; Townend et al., 2013; Toy et al., 2015]. Another explanation may be differential interaction with the
free-surface ghost [Schuster et al., 2004].
Nearby earthquakes were located using stations from GeoNet and the short-period Southern Alps
Microearthquake Borehole Array (SAMBA) [Boese et al., 2012] using the approach of Boese et al. [2012].
These locations are shown in Figure 1 and detailed in Table S1 in the supporting information. Seventy-six
FZGW events with S-P times of up to 4.5 s were located. There were also many potential low-amplitude, short
S-P time FZGW-generating events observed at DFDP-1 that were unable to be located.
FZGW examples are shown in Figure 2. These high signal-to-noise ratio events, located at points A–C in
Figure 1 near the interpreted fault plane, are characterized by distinct P and S wave arrivals followed by
dispersive arrivals that typically have amplitudes in excess of those of the body waves. Surface waves
also show dispersion, but for earthquakes of these magnitudes and source-receiver geometries discernable
surface wave amplitudes would not be expected [Aki and Richards, 2002]. Moreover, surface waves for these
events are not observed on nearby surface and borehole sensors such as those of the SAMBA array. Rotation
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of the FZGW arrivals into radial and
transverse components reveals that
many of the dispersed signals have partitioning that can be ascribed to FR
modes [Malin et al., 1996]. The deeper
Event C is anomalous of the events
observed with more FL waves and a
delay time less than that observed for
shallower events at a similar hypocentral distance.

Figure 3. Full elastic forward modeling of FZGWs for the event on
16 February 2011 (location A, Figure 1). (a) Schematic of the three-layer
model used, including the assumed and modeled physical properties.
(b) The observed coda of the FZGWs (black) is matched by the modeled
waveforms (red). Note that data have been rotated into radial and
transverse (P-SV and SH) components. (c) Zoom of boxed portion in
Figure 3b showing the FZGW coda.

Microearthquake swarms have been previously reported within the region [Boese
et al., 2014]. Within the February–July
2011 catalogue of FZGW events, two
swarms were observed, including an
early April swarm of 16 events in 9 days
(Figure S1). The normalized maximum
cross-correlation coefﬁcients, occurring
within the picking uncertainty of aligned
P wave arrivals, have a mean value of
0.78 and standard deviation of 0.10. The
amplitude of the largest phase (FZGW)
within the coda of different events within
this swarm varies by a factor of 40. Events
with sufﬁcient signal-to-noise ratio on
the array to enable extensive picking
were located 7–13 km deep beneath
Purcell Creek, Location D in Figure 1, with
a local magnitude of 1.7–2.5.

3. Modeling

The Alpine Fault FZGW events contain
energy at frequencies of 1–60 Hz with
clear dispersion 7–35 Hz. There is signiﬁcant loss of higher frequencies through attenuation with increasing source
to receiver distance [e.g., Ellsworth and Malin, 2011]. The frequencies observed within FZGWs are controlled by the
waveguide properties [Wu et al., 2008] and location of the source and receiver relative to the waveguide [Jahnke
et al., 2002]. The lower frequency limit may be inﬂuenced by the response of the short-period (2 Hz) borehole
seismometer; however, little energy is observed at frequencies lower than 5–8 Hz, meaning this appears to
have little impact on the coda. This is in contrast to some surface recordings from the San Andreas Fault in which
low-pass ﬁltering has been performed prior to waveform modeling (<4 Hz [Li et al., 1997]; < 5 and 8 Hz [Li and
Malin, 2008]). In the case of the Calico Fault, California, modeling of FZGWs at frequencies lower than 2 Hz was
performed to match the 1.5 km wide damage zone modeled using geodetic data [Cochran et al., 2009].
We performed elastic modeling of selected FZGWs using the Green’s functions for a point source [Aki and
Richards, 2002]. The fault zone was modeled as three layers, a low-velocity fault “damage zone” sandwiched
between uniform wall rocks as shown in Figure 3a. The latter represents the footwall and hanging wall whose
velocities were constrained by (1) laboratory measurements [Christensen and Okaya, 2007], (2) active source
studies of the region [van Avendonk et al., 2004], and (3) regional earthquake seismology [Eberhart-Phillips and
Bannister, 2002]. Little is known about properties of the fault zone itself at depth, so the starting model was
informed by the DFDP-1 well logs [Townend et al., 2013] and Vp /Vs ratios observed in similar faults elsewhere
[Li et al., 2004; Hung et al., 2009].
Figures 3b and 3c show the modeled ﬁt of the Event A shown in Figure 2 using a model with a 140 m wide
LVZ and an S wave velocity reduction of ~20%. The normalized model-to-data cross correlation is 0.7. Events
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B and C are ﬁtted similarly (Figures S2 and S3) with 100 m and 125 m widths and 25% and 15% velocity
reductions, respectively. A predominantly strike slip source mechanism, consistent with what could be
expected on the Alpine Fault, was found to account for observed FL and FR waves. A LVZ of such dimensions
is consistent with those seen in the mature, continental plate boundaries of the San Andreas and North
Anatolian Faults [Li and Malin, 2008; Ben-Zion et al., 2003].
The dispersion of FZGW-generating events with hypocentral distance uncertainties less than 2.5 km were also
modeled using windowed Fourier transforms following the approach of Wu and Hole [2011]. These models,
tabulated in Table S1, indicate that the low-velocity zone of the Alpine Fault has a width of 60–200 m and S wave
velocity contrast compared to the hanging wall of 10–40%. As width and velocity contrast trade off, a narrow
fault width corresponds to greater velocity contrast. The ﬁtting criterion is to be within 50% of the amplitude
of the peak frequency of the windowed Fourier transform. This approximately corresponds to ±3 Hz.

4. Discussion
The relationship of a “low-velocity” damage zone inferred from FZGW observations has not been deﬁnitively
or generically tied to geology at depth. The ~200 m wide San Andreas Fault zone intersected in San Andreas
Fault Observatory at Depth drilling and, consistent with that modeled with FZGW data [Ellsworth and Malin,
2011], was deﬁned on the basis of P wave, S wave, and resistivity well logs with the margins of this zone also
corresponding to lithological boundaries and deﬁned faults which could be expected to focus deformation
[Zoback et al., 2011]. At the lower offset Calico Fault, California, which has not ruptured historically, the
geodetically and FZGW-modeled damage zone is 1.5 km wide, an order of magnitude wider than that
commonly observed on more recently ruptured faults [Cochran et al., 2009]. The broader damage zone
observed could be a consequence of the maturity or geometry of the fault (e.g., branching) or simply a wide,
lower intensity, damage zone that would be seen around the more intensive zone of deformation of a more
recently ruptured fault [Cochran et al., 2009].
The extent and character of even the shallow damage zone of the Alpine Fault is unknown as surface
outcrops and the section drilled and logged in DFDP-1 are limited [Townend et al., 2013; Toy et al., 2015].
DFDP-1 drilling beneath the gravel overburden was entirely within the fractured damage zone; well logs
and laboratory measurements captured only small-scale velocity and density anomalies associated with
the principal slip zone such as the low-velocity and low-density fault gouge and fractures and higher-velocity
and higher-density clay-cemented cataclasites [Townend et al., 2013]. At Gaunt Creek competent rock at the
surface is only found at signiﬁcant distance from the principal slip zone [Cooper and Norris, 1994]. The highly
fractured hanging wall mylonites seen near the fault core would be hypothesized to have lower velocity and
density than their unfractured equivalent further from the fault as seen at the San Andreas Fault [Zoback et al.,
2011]. The surface deformation/fracturing could be expected to be wider than the low-velocity waveguide at
depth due to conﬁning pressure, weathering, brittle deformation duration with uplift [e.g., Lund Snee et al.,
2014], and the potential development of ﬂower structures [Finzi et al., 2009]. Little is known of the brittle
deformation of the Alpine Fault footwall; only ~12 m was logged during DFDP-1 adjacent to the principal slip
zone [Townend et al., 2013]. Although rare surface outcrops do exist [e.g., Lund Snee et al., 2014], spatial
separation of these from the Alpine Fault hinder interpretation of the character of the LVZ in the footwall.
The Alpine Fault zone at depth is thought to occur between hard rocks; predominantly quartzo-feldspathic
protolith derived mylonitic sequences in the hanging wall [Cooper and Norris, 1994] and the largely plutonic
and gneissic rocks of the footwall [Cox and Barrell, 2007]. The Alpine Fault shows evidence for multiple or
migrating shallow PSZs [Sutherland et al., 2012] and for the entrainment of footwall material into the fault
zone at different depths [e.g., Toy et al., 2015]. The nature of the seismically deﬁned LVZ at depth, whether
a sharply bounded zone between splays of the fault or a fractured, and potentially altered, zone deﬁned
by a critical density of connected fractures is thus unclear [Leary, 1991; Finzi et al., 2009]. Another possibility
to be explored for the Alpine Fault setting is the potential role of the seismic anisotropy associated with the
metamorphic fabric [Christensen and Okaya, 2007]. This property may extend beyond the brittle deformation
itself, although at great depth shear wave splitting shows anisotropy is broadly distributed [Karalliyadda and
Savage, 2013].
Healing of the damage zone, restoring its elastic properties, would be expected as fractures opened coseismically
close. The last known rupture of the central Alpine Fault occurred in 1717 A.D. [Wells et al., 1999], yet a LVZ
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capable of propagating FZGWs has been retained until today, late in the interseismic cycle. The Landers Fault
showed ~2.5% recovery of seismic P and S wave velocities within the damage zone in the decade following
the 1992 Landers earthquake [Vidale and Li, 2003]. The San Andreas Fault at Parkﬁeld recovered ~1% of an
estimated coseismic 2.5% velocity drop in 3 months [Li et al., 2006]. Such ﬁndings are in contrast to FZGW
and geodetically modeled damage zones in California with velocities 10–50% lower than the surrounding
country rock [Cochran et al., 2009; Ellsworth and Malin, 2011; Li and Malin, 2008]. Hence, the damage
associated with, and able to be healed with, individual seismic cycles is minor compared to permanent
damage occurring close to the fault core in the mature faults studied. The efﬁciency of healing is thought
to relate to the fault segmentation with unsegmented faults demonstrating well developed, enduring
damage zones and fault rocks [Finzi et al., 2011].
The FZGW-inducing events observed are largely located between Harihari in the north and Fox Glacier in the
south, i.e., within 20 km of Gaunt Creek, with depths ranging between 1 and 12 km. Segmentation of the
Alpine Fault is observed at the catchment-scale along strike (1–5 km) and has been hypothesized to extend
to 1–2 km depth [Norris and Cooper, 1995; Barth et al., 2012]. Initial results indicate that FZGWs are observed
from earthquakes as large as ML3 located across the segment boundary in the Whataroa Valley 8 km
northeast of Gaunt Creek. This may indicate that the seismic waveguide is continuous below the near-surface
segmentation. However, hypocentral distance versus S wave to FZGW delay time analysis shows that events
deeper than ~8 km (e.g., Event C) have shorter delays than shallower events, possibly indicating that they
occur below a LVZ of ﬁnite depth extent [Lewis et al., 2005; Wu et al., 2008]. The near lack of small (< ML1),
shallow events beyond the single Alpine Fault segment in the local catchment may indicate that the
deformation zone in the shallow Alpine Fault is discontinuous in the near surface to as much as 4 km depth
but could also be an artifact of attenuation.
Earthquake swarms, tectonic tremor, and low-frequency earthquakes have recently been observed in the
Southern Alps/Alpine Fault region [Wech et al., 2012; Boese et al., 2014; Chamberlain et al., 2014] and are
thought to be associated with (1) the movement of ﬂuids [Vidale and Shearer, 2006], (2) aseismic creep
[Roland and McGuire, 2009], or (3) slow slip [Wech et al., 2012]. These events are concentrated southwest of
and at greater depths than the DFDP-1 FZGW events that cluster 5 km SW of Gaunt Creek (Figure 1). While
not showing the intensity of microseismicity observed farther south [Boese et al., 2014], this FZGW-generating
patch can be more conﬁdently attributed to activity on/ very near or beneath [Li and Vidale, 1996; Ben-Zion
et al., 2003; Li and Malin, 2008; Wu et al., 2008] the damage zone of the Alpine Fault itself. On the North
Anatolian Fault, Ben-Zion et al. [2003] observed FZGWs generated from a large number of off-fault events
at depth. This is modeled to be the effect of a shallow waveguide and is also a possibility for the dipping
Alpine Fault, although it has low rates of footwall seismicity [Boese et al., 2012].
The DFDP-1A borehole seismometer in the Alpine Fault zone is ideally positioned to record seismicity until
(and ideally beyond) rupture. This provides an opportunity to monitor seismicity through time and investigate
foreshock and aftershock activity. Seismicity rates in Japan have been observed to accelerate in an inverse
Omari’s law [Peng et al., 2007] prior to earthquakes, and the additional monitoring of FZGW on a structure
due to rupture will allow rates and waveform characteristics indicative of changing fault zone properties to
be investigated in more detail on an ongoing basis [Peng and Ben-Zion, 2006; Calderoni et al., 2015].

5. Conclusions
The ﬁrst observations of Fault Zone Guided Waves on the Alpine Fault of New Zealand have been made.
Three-layer modeling yields a low-velocity waveguide with a thickness of approximately 60–200 m and
~10–40% reduction in S wave velocity within the brittle crust that is consistent with those seen at other
mature, continental plate boundary faults. Outcrop and borehole studies on the Alpine Fault are consistent
with this waveguide corresponding to the fractured damage zone of the fault.
The propagation of FZGW indicates that the fault is continuous at depth between shallow (<8 km) hypocenter
locations and the DFDP-1 boreholes in a region with evidence for catchment-scale (1–5 km) segmentation at
the surface. However, events > 8 km show shorter FZGW delays indicative of a waveguide with limited depth.
The location of FZGW-generating microseismicity, including swarms, is consistent with hypothesized location
of the southeastward dipping fault plane and indicative of seismicity on, near, or below the fault zone. The
presence of FZGW provides the opportunity to perform more detailed modeling of the fault zone properties,
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and longer-period catalogues will enable enhanced spatiotemporal analysis of seismicity on the fault. As the
Alpine Fault is late in its seismic cycle, ongoing monitoring of near-fault seismicity could provide insight into
changing fault zone properties and behavior before the next earthquake and, should the installation survive,
during and following rupture.
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