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Abstract Determining the rates and distributions of microseismicity near major faults at different points
in the seismic cycle is a crucial step toward understanding plate boundary seismogenesis. We analyze data
from temporary seismic arrays spanning the central section of the Alpine Fault, New Zealand, using double-
difference seismic tomography. This portion of the fault last ruptured in a large earthquake in 1717 AD and
is now late in its typical 330 year cycle of Mw�8 earthquakes. Seismicity varies systematically with distance
from the Alpine Fault: (1) directly beneath the fault trace, earthquakes are sparse and largely confined to
the footwall at depths of 4–11 km; (2) at distances of 0–9 km southeast of the trace, seismicity is similarly
sparse and shallower than 8 km; (3) at distances of 9–20 km southeast of the fault trace, earthquakes are
much more prevalent and shallower than 7 km. Hypocenter lineations here are subparallel to faults mapped
near the Main Divide of the Southern Alps, confirming that those faults are active. The region of enhanced
seismicity is associated with the highest topography and a high-velocity tongue doming at 3–5 km depth.
The low-seismicity zone adjacent to the Alpine Fault trace is associated with Vp and Vs values at midcrustal
depths about 8 and 6% lower than further southeast. We interpret lateral variations in seismicity rate to
reflect patterns of horizontal strain rate superimposed on heterogeneous crustal structure, and the varia-
tions in seismicity cutoff depth to be controlled by temperature and permeability structure variations.

1. Introduction

The 300–500 km long central portion of the Alpine Fault, New Zealand (Figure 1) last ruptured in a large
earthquake (Mw�8) in approximately 1717 AD [Sutherland et al., 2006, 2007]. Ruptures of the southern sec-
tion of the Alpine Fault (>150 km south of this study) have a return period of about 329 6 68 years [Berry-
man et al., 2012], suggesting that the fault may be reaching the end of the typical interseismic period.

Here we derive microearthquake locations and crustal seismic properties (Vp, Vs, and the Vp/Vs ratio) in the
central section of the Alpine Fault between Harihari and Ross. This segment of the Alpine Fault is located
about 25 km north of the township of Whataroa and the site of the Deep Fault Drilling Project (DFDP)
[Townend et al., 2009], a scientific drilling project addressing the structure and ambient conditions of the
central Alpine Fault [Sutherland et al., 2012; Townend et al., 2013]. The Harihari to Ross segment of the Alpine
Fault is noteworthy on account of the higher level of seismicity compared to the region immediately south-
west (Figure 1) [Anderson and Webb, 1994; Boese et al., 2012; Eberhart-Phillips, 1995; Leitner et al., 2001], per-
mitting a detailed comparison of the locations of microearthquakes with tomographic images of crustal
structure. The seismicity and tomographic results provide insight into the rheology of the plate boundary
zone and, in particular, factors controlling the depth and geometry of the seismic-aseismic transition late in
the average long-term seismic cycle of the Alpine Fault.

1.1. Tectonic Setting and Previous Studies
The Alpine Fault is a �600 km long continental transform linking two subduction zones of opposite polarity
in the north and south of the South Island. The central portion of the fault strikes at 055�, 10–15� counter-
clockwise of the present-day Australia-Pacific relative plate motion direction [Beavan et al., 2002; Cande and
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Stock, 2004; DeMets et al., 1994] and at approximately 60� to the regional axis of maximum horizontal com-
pressive stress [Boese et al., 2012; Townend et al., 2012]. Deformation along the central Alpine Fault is there-
fore transpressive, with components of interplate motion of 35–39 mm/yr parallel and 6–10 mm/yr
perpendicular to the Alpine Fault [Beavan et al., 2002; Cande and Stock, 2004; DeMets et al., 1994; Norris and
Cooper, 2007; Walcott, 1998].

Dextral movement on the Alpine Fault has offset terranes on either the side of the fault by 440–470 km
[e.g., Sutherland, 1999], juxtaposing Paleozoic-Mesozoic rocks originating from the break-up of Gondwana
in the west with schistose metasedimentary terranes formed by accretion onto the Gondwana margin in
the east [Mortimer, 2004].

The Alpine Fault has a highly linear trace overall, but 50–150 km southeast of this study area the fault is seri-
ally partitioned at shallow depths and on length scales of 1–10 km into easterly strike-slip segments con-
nected by more northerly-striking oblique thrust segments [Norris and Cooper, 1997, 2007]. At shallow
depth (<600 m) and on length scales of 1–1000 m, the fault is parallel-partitioned into asymmetric 200–
600 m wide flower structures in the hanging wall, bounded by dextral-normal and dextral-thrust faults root-
ing into a planar, moderately southeast-dipping, dextral-reverse fault plane [Barth et al., 2012]. In the pres-
ent study area, by contrast, the fault trace is essentially straight but thrusts have locally developed in the
footwall [Norris and Cooper, 2007]. Further north, the Alpine Fault changes character again as slip is progres-
sively distributed onto ENE-striking faults comprising the Marlborough fault system and correspondingly
lower amounts of slip are accommodated on the Alpine Fault [Langridge et al., 2010].
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Figure 1. Map of the central South Island showing the position of the Alpine Fault, magnitude 41 earthquakes recorded since 1900
(http://www.geonet.org.nz) and topographic relief. The square delimits the region of this study (Figure 2). Mount Cook is shown as a trian-
gle. Small squares indicate townships. Abbreviation KR indicates the location of the Karangarua River mouth. The thick black arrow
denotes the Australia-Pacific relative plate motion [DeMets et al., 1994]. AUS and PAC denote the Australian and Pacific plates. Numbered
red circles indicate historical earthquakes: (1) the 1929 MW 7.0 Arthur’s Pass earthquake, (2) the 1984 MW 6.1 Godley earthquake, (3) the
1994 MW 6.7 Arthur’s Pass earthquake, (4) the 1995 MW 6.2 Cass earthquake, (5) the 2010 September MW 7.2 Darfield earthquake, and (6)
the 2011 February MW 6.2 Christchurch earthquake. The top left insert shows New Zealand and this map location.
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Paleoseismic data yield Late Quaternary strike-slip and dip-slip rates of 27 6 5 and 6–12 mm/yr, respectively,
on the central Alpine Fault, accounting for 70–75% of the fault-parallel interplate motion and a variable pro-
portion of �70% of the fault-perpendicular motion [Norris and Cooper, 2001]. Shear strain rates indicate that
the bulk of the remainder, about 10 mm/yr, is accommodated southeast of the Alpine Fault [Beavan et al.,
2007] on faults distributed through the Southern Alps and in the eastern foothills [Beavan et al., 2010; Cox
et al., 2012; Wallace et al., 2006]. Historical earthquakes, such as the 1994 MW 6.7 Arthur’s Pass earthquake
and aftershocks [Bannister et al., 2006] (Figure 1), represent present-day coseismic strain release 25–40 km
southeast of the Alpine Fault.

The Alpine Fault has been interpreted to form a southeast-dipping ramp along which the Alpine Schist
is uplifted [e.g., Grapes, 1995; Little et al., 2002]. The hanging wall assemblage is of amphibolite facies
near the fault and of prehnite-pumpellyite facies further than �20 km southeast of the surface trace of
the Alpine Fault to near the Main Divide [e.g., Cox and Sutherland, 2007]. The seismic anisotropy of the
Alpine Schist increases with metamorphic grade toward the fault [Okaya et al., 1995]. Maximum P and S
wave anisotropy of 20 and 26% have been measured on samples of schist of the highest metamorphic
grade [Christensen and Okaya, 2007]. A 1–2 km thick layer of basal mylonites separates the schists from
the Alpine Fault damage zone [Reed, 1964; Sibson et al., 1979]. The mylonites are inferred to have
formed at depths of 20–30 km under amphibolite facies conditions [Grapes and Watanabe, 1992; Grapes
et al., 1994; Holm et al., 1989].

1.2. Alpine Fault Geometry and Seismological Characteristics
Exposed gouge zones and mylonitic foliations imply that the central Alpine Fault dips at 30–60�SE in the
midcrust [Cooper and Norris, 1994; Little et al., 2002; Norris and Cooper, 2007]. At Harold Creek near Harihari
(Figure 1), mylonite foliations dip 47 6 11� (1r) to the southeast [Little et al., 2013]. Information on the
deeper Alpine Fault structure and deformation processes occurring within the Southern Alps crustal root is
provided by two geophysical northwest-southeast transects, SIGHT T1 and T2, collected in 1996 and 1998
across the South Island [Okaya et al., 2007]. The northern transect T1 passed through the Whataroa River
Valley about 25 km southwest of this study. The southern transect T2 ran about 80 km southwest of this
study, south of the township of Fox Glacier.

Seismic data collected along SIGHT transect T1 [Okaya et al., 2007] along the Whataroa Valley reveal a weak
reflector at about 1 s two-way time (�2 km depth) with an apparent dip of �25� to the southeast, which
would project to the surface west of the Alpine Fault trace, but no clear reflection of the Alpine Fault thrust
[Davey, 2010]. Davey [2010] interpreted the reflector as either a fault lying in the Alpine Fault footwall or as
an abandoned section of the Alpine Fault thrust dipping obliquely to the seismic profile.

Along SIGHT transect T2 [Scherwath et al., 2003], seismic data reveal a zone of high reflectivity dipping
60�SE at 15 km depth and flattening to a near-horizontal dip at �30 km depth [Stern et al., 2007]. Stern et al.
[2007] proposed that the strong reflectivity is produced by pockets of fluid released by metamorphic dehy-
dration along the Alpine Fault. At similar depths, seismic tomography reveals a region of high P wave
attenuation (Qp< 100) dipping to the southeast and interpreted to represent the presence of fluids in the
lower crust associated with the downdip extension of the Alpine Fault [Eberhart-Phillips et al., 2008].

Further north, along SIGHT transect T1 [Van Avendonk et al., 2004], the presence of fluids is also supported
by magnetotelluric data which reveal a near-vertical low-resistivity region at 5–10 km depth dipping 50–
60�SE within the 15–30 km depth range that is indicative of interconnected metamorphic fluids in the mid
to lower crust [Wannamaker et al., 2002]. The 20–30 km deep low-frequency earthquakes [Chamberlain
et al., 2014] and >30 km deep seismic tremor [Wech et al., 2012, 2013] occurring about 100 km south of this
study appear to be associated with the high-attenuation zone and, hence, the zone of enhanced pore fluid
pressure [Wech et al., 2012]. Low-effective stresses resulting from high fluid pressures have been hypothe-
sized to facilitate tremor activity [Audet et al., 2009; Wech et al., 2012].

Along and above the 30 km deep zone of reflectivity, modeling of wide-angle P wave travel times along
SIGHT transect T2 [Scherwath et al., 2003; Stern et al., 2001] reveals a 6–10% reduction of P wave speeds also
consistent with the presence of high fluid pressure in the crustal root [Stern et al., 2001]. A similar wave
speed reduction was imaged along SIGHT transect T1 [Van Avendonk et al., 2004] closer to our study area.
Recent analysis shows that metamorphic dehydration during rapid, near-isothermal exhumation of the
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Alpine Schists is likely to be the largest contribution to the fluids in the midcrust rather than prograde meta-
morphism [Vry et al., 2010].

Previous microseismicity studies [Boese et al., 2012; Eberhart-Phillips, 1995; Leitner et al., 2001; O’Keefe, 2008;
Reyners, 1988] focused on the region 40–100 km southwest of the present study area have demonstrated
that rates of present-day seismicity decrease with proximity to the Alpine Fault and that a triangular region
�30 km south of this study is nearly aseismic. These studies revealed maximum seismogenic cutoff depths
of �8 km [Leitner et al., 2001] and 8 6 2 km [Boese et al., 2012] within 20 km southeast of the Alpine Fault,
increasing to 15 6 2 km further to the southeast [Boese et al., 2012]. Dislocation modeling of vertical veloc-
ities [Beavan et al., 2010] across the central Alpine Fault indicates that coupling on the Alpine Fault dimin-
ishes below 7–13 km depth and falls to zero in the 13–18 km depth range. Observations of seismic tremor
[Wech et al., 2012, 2013] and low-frequency earthquakes [Chamberlain et al., 2014] approximately 100 km
south of this study area suggest that there the transition from stick slip to stable sliding on the fault occurs
below 25 km depth.

There is a large gradient in horizontal and vertical velocities within 10 km southeast of the Alpine Fault [Bea-
van et al., 1999, 2010; Lamb and Smith, 2013]. Computed shear strain rates [Beavan and Haines, 2001] reach
a maximum of 5 3 1027 year21 within a �20 km wide zone adjacent to the Alpine Fault. Strain rates of the
order of 10212 to 10211 s21 (�8 3 1025 year21) [Norris and Cooper, 2003; Toy et al., 2013] have been
inferred from Alpine Fault mylonites that form at 20–30 km depth, indicating locally very high strain rates at
those depths. Numerical models developed to interpret the GPS velocities also suggest strain rates of 10212

s21 localized along the Alpine Fault ductile shear zone downdip of the locked portion of the fault, i.e., from
5 to 10 km distance southeast of the fault trace [Ellis et al., 2006].

1.3. Vertical Uplift and Thermal Structure
Maximum uplift rates of 4–10 mm/yr [Beavan et al., 2007, 2010; Wellman, 1979] are measured near Franz
Josef and Fox Glaciers, 50–70 km south of this study area. The faster uplift rates in that region are thought
to be promoted by steepening of the Alpine Fault’s dip from �30 to �60� [Little et al., 2005]. At that loca-
tion, the Southern Alps are interpreted to have reached a steady state [Adams, 1981; Allis and Shi, 1995; Batt
and Braun, 1999; Koons, 1989, 1995] in which erosional flux, topography, thermal structure, and exhumation
are stationary [e.g., Willett and Brandon, 2002].

Recent temperature measurements in the DFDP-1B borehole at Gaunt Creek, near Whataroa, yield a hang-
ing wall geothermal gradient of 62.6 6 2.1�C/km [Sutherland et al., 2012], substantially higher than the near-
est estimate of the footwall geotherm of 37 6 8�C/km [Townend, 1999]. The DFDP-1B measurements
reinforce the hypothesis that uplift and exhumation east the Alpine Fault have raised isotherms, weakening
the crust and focusing deformation along the fault [Koons, 1987].

A high geothermal gradient is also implied by young fission tracks and other thermochronological ages
[Adams, 1981; Batt and Braun, 1999; Chamberlain et al., 1995; Hawkes, 1991; Little et al., 2005; Tippett and
Kamp, 1993] and by fluid inclusion analyses, which indicate temperatures of 300–350�C at 5–8 km depth
assuming a hydrostatic fluid pressure regime [Craw, 1997; Jenkin et al., 1994; Toy et al., 2010]. Thermometry
of veins and biotite minerals from Alpine Fault mylonites [Toy et al., 2010] indicates that the geothermal gra-
dient in Alpine Fault mylonites is similar to that in the immediately adjacent hanging wall Alpine Schist, sug-
gesting that isotherms may be flatter than suggested by previous thermal modeling [Koons, 1987; Shi et al.,
1996]. The high geothermal gradient resulting from uplift and erosion of the Southern Alps is likely the key
reason why the brittle-ductile transition and the locking depth of the Alpine Fault are observed to be rela-
tively shallow [Boese et al., 2012].

2. Analysis

2.1. Seismicity Data Set
We analyze continuous seismic waveform data recorded with two temporary seismic arrays, ALFA08 and
ALFA09, which were deployed consecutively between Harihari and inland-Hokitika (Figure 2) between 2008
and 2010. The ALFA08 array consisted of eight sensors spaced 10–50 km apart and operated from October
2008 to October 2009 (blue triangles in Figure 2). The second deployment, ALFA09 (red triangles in Figure 2)
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focused on a 30 by 30 km area within the ALFA08 perimeter. The ALFA09 array comprised 10 short-period
instruments and recorded from October 2009 to October 2010, with�5 km station spacing.

The available station spacing and the relatively high rates of seismicity in the study area allow for precise
hypocenter locations and high-resolution analysis of seismic properties within the array; we detected about
1380 earthquakes within and around the array for the October 2009 to May 2010 period of ALFA09 alone
(dark gray circles in Figure 3). The larger station spacing of ALFA08 allows for deeper sampling of the crust,
at the expense of the event detection threshold. Therefore, for the time period spanned by the ALFA08
array we examine only those earthquakes recorded by the New Zealand National Seismic Network, oper-
ated by GeoNet (http://www.geonet.org.nz; light gray circles in Figure 3). Initial hypocenter locations of
both data sets were refined by manually repicking all P and S arrivals, and relocating earthquakes with a 1-
D model based on results from the nearby SIGHT Transect 1 [Van Avendonk et al., 2004], before subsequent
relocation using the 3-D New Zealand velocity model described below.

For more detailed tomographic analysis, we selected 252 ALFA08 and 1048 ALFA09 earthquakes, excluding
those with fewer than 10 associated phase picks or with epicenters greater than 20 km from the nearest
seismometer. In addition, we included data for 158 aftershocks of the 1994 Arthur’s Pass earthquake
[Bannister et al., 2006; Robinson and McGinty, 2000] and 129 earthquakes recorded in 1995–1996 during
SAPSE (the Southern Alps Passive Seismic Experiment) [Leitner et al., 2001], which provided denser ray cov-
erage to the northeast and the southwest of our study region, respectively. The final data set for seismic
tomography analysis consisted of 1648 earthquakes.
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Figure 2. Region of study and coordinate axes (in km) of the inversion grid. Blue and red triangles represent the ALFA08 (2008–2009) and
ALFA09 (2009–2010) weak-motion sensor temporary deployments, respectively. Red triangles with thick outlines mark seismographs
recording during both deployments. The black triangle in the west represents GeoNet permanent station WVZ in the Waitaha river valley.
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et al., 2002].
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2.2. Velocity Tomography Method
We use the seismic tomography method tomoDDSP [Zhang and Thurber, 2003; Zhang et al., 2009] to jointly
invert for hypocenters and seismic properties Vp, Vs, and Vp/Vs. The algorithm incorporates the double-
difference method [Waldhauser, 2001], which uses event pair differential times to constrain the relative loca-
tions of hypocenters. Differential times assist with the resolution of fine structure of seismic properties near
the earthquakes.

Catalog-derived differential times were calculated for all pairs of events separated by less than 20 km,
resulting in an average 7 km offset between event pairs and 681608 P, 292149 S, and 280029 S-P differential
times, in addition to the 18010 P, 10165 S, and 9946 S-P absolute times. These were supplemented with
waveform-based differential times computed using BCSEIS, developed by Du et al. [2004]. The BCSEIS
approach computes cross-correlation delay times in both the second-order spectral domain and the third-
order (bispectrum) domain [Nikias and Pan, 1988; Nikias and Raghuveer, 1987]. Thus, by checking the consis-
tency between cross-correlation delay times derived in the two spectral domains from both raw and filtered
data, BCSEIS ensures delay time measurements are not contaminated by either Gaussian noise sources or
cycle skipping [Du et al., 2004].
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Geochemistry, Geophysics, Geosystems 10.1002/2014GC005702

BOURGUIGNON ET AL. VC 2015. American Geophysical Union. All Rights Reserved. 1022



The initial starting velocity model used for the tomoDDSP inversion is the current New Zealand-wide 3-D
velocity model [Eberhart-Phillips et al., 2010], which we interpolated onto a nonuniform 3-D inversion grid.
The Y axis of this grid is oriented at N55�E, parallel to the average strike of the Alpine Fault, and the X axis is
oriented perpendicular to the strike of the fault at N145�E (Figure 2). The initial Vs model is derived from
the ratio of the New Zealand-wide Vp and Vp/Vs models.

We derived the final Vp, Vs, and Vp/Vs models using gradational inversions with increasingly fine spacing of
the inversion nodes, an approach which has been found in other tomography studies to provide a reliable
solution [Eberhart-Phillips and Michael, 1993]. The first and third inversion runs used lateral (vertical) node
spacings of 10 km (4 km) and 3 km (2 km) within the ALFA09 array, respectively, with coarser spacing out-
side the array. The input velocity models for the second and third inversion sets were derived by averaging
the Vp, Vs, and Vp/Vs solutions from inversions on staggered grids following the approach of Haberland
et al. [2009] to ensure that poorly resolved nodes, that might become unstable in successive inversions, did
not deviate significantly from the starting model. Finally, the Vp, Vs, and Vp/Vs solutions from the third
inversion set were averaged and interpolated onto a new grid with minimum lateral and vertical node spac-
ings of 2 km. In each of the second and third inversions, the starting Vs model used was that derived in the
previous inversion set.

Each inversion involves first resolving the coarse velocity structure by assigning large weights to absolute
travel times in the initial iterations and then refining the solution in subsequent iterations by gradually
increasing the weights of differential times relative to those of absolute travel times.

The improvement to the velocity models is apparent in the overall decrease in P and S travel time residuals
and the more symmetrical distributions of the final residuals compared to the initial residuals (supporting
information Figure S2). The final P and S catalog time residuals have normal distributions with standard
deviations of 0.06 and 0.07 s, respectively.

2.3. Hypocenter Relocation and Focal Mechanism Estimation
We relocated 1380 ALFA08 and ALFA09 earthquakes using the final 3-D Vp, Vs, and Vp/Vs models, using
both absolute and differential times. After relocation, 148 focal mechanisms for a subset of well-resolved
hypocenters were computed using the HASH algorithm of Hardebeck and Shearer [2002] applied to first-
motion polarities (Tables 1, 2, and S1). In this approach, first-motion polarities are predicted for various
double-couple focal mechanisms assuming a range of hypocenters consistent with the location uncertain-
ties and the corresponding takeoff angles computed with user-defined input velocity models and com-
pared with the observed first-motion polarities. The HASH solution and uncertainty are determined from
the subset of strike, dip, and rake combinations whose predicted polarities fit a user-defined minimum frac-
tion of observations [Hardebeck and Shearer, 2002].

2.4. Resolution Analysis
We have investigated the reliability of our tomographic images via a synthetic recovery test [e.g., Eberhart-
Phillips and Reyners, 2012]. The recovered solution is an indication of how much of the initial velocity
anomalies’ shapes and amplitudes can be recovered by the tomographic inversion. Hence, such tests are
used to highlight regions of the solution where resolution is low and seismic anomalies are smeared. The
recovered synthetic anomalies may however not accurately map the resolved areas as raypaths will deviate

Table 1. Hypocenter Parameters and Magnitudes of Earthquakes in the Footwall of the Alpine Faulta

evid yyyy mm dd hh min sec Latitude (�) Longitude (�) z (km) ML

1 2009 1 8 2 43 39 243.12043 170.68429 6.4 2.7
2 2009 2 24 22 50 40 243.06268 170.76906 5.6 2.7
3 2010 2 27 8 6 15 243.06650 170.78874 10.5 3.1
4 2010 2 28 10 18 35 243.06609 170.78870 10.5 3.0
5 2010 3 25 4 49 48 243.05708 170.80146 7.7 2.8
6 2010 3 28 10 46 8 243.06754 170.81413 7.0 2.4
7 2010 3 30 1 39 10 243.05719 170.80272 7.7 1.9
8 2010 4 30 16 16 21 243.06566 170.79774 4.9 2.0

aHypocenter parameters and estimated local magnitudes of earthquakes referred to as events 1–8 in Figure 12 in the footwall of the
Alpine Fault for which focal mechanisms have been determined (Table 2).
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from the real case due to the velocity model being different from reality. The synthetic recovery test (sup-
porting information Figure S3) used the solutions from subsequent inversions on staggered grids with mini-
mum horizontal node spacings of 5 and 3 km.

As expected, the test indicates that the resolving power of our inversion is highest within the central part of
the ALFA09 array, coinciding closely to areas in which the derivative-weighted-sum (DWS) values exceed
100. The DWS [Scales, 1989; Toomey and Foulger, 1989] is an average relative measure of the density of seis-
mic rays near a given node, but is independent of the angular distribution of seismic raypaths. Within this
central region (X-grid distances of 22 to 25 km, Y-grid distances of 210 to 25 km, and depths of 1–10 km),
up to 90% of the synthetic Vp and Vs anomalies are recovered. Vp/Vs anomalies are less well resolved due
to the larger error associated with the synthetic tS-tP times, and the need for both the P and S wave arrivals
to be present for a particular earthquake-station pair. Up to 40–80% of Vp/Vs anomalies are recovered
above 6 km depth but resolution decreases below that depth. Outside of this central region, however,
large-scale longer wavelength structures have already been resolved as part of the work undertaken to
develop the New Zealand-wide 3-D model [Eberhart-Phillips and Bannister, 2002; Eberhart-Phillips et al.,
2010], as well as by the previous set of inversions on the coarser grid with 10 km node-spacing. In this
regard, lower DWS values in the final high-resolution grid do not fully reflect the resolution obtained with
the iterative, staggered-grid inversion approach.

We have also performed a ray density tensor analysis [Kissling, 1988] to determine regions of the solution
likely to be biased, smeared or poorly resolved due to uneven angular distributions of rays or to low ray
density. Our analysis (Figures 4 and 5) shows that beneath each station of the array, rays down to �2 km
depth are predominantly subvertical. At Y-grid distances of 25 to 5 km and X-grid distances up to 10 km,
the P and S rays predominantly plunge southeast (Figure 5) and trend perpendicular to the strike of the
Alpine Fault (Figure 4). Finally, around 5 km depth in the Vp model and down to about 15 km depth in the
Vs and Vp/Vs models, seismic rays are predominantly subhorizontal (Figure 5).

3. Results

3.1. Seismic Tomography Results
The long-wavelength features of the Vp, Vs, and Vp/Vs solutions (Figure 6) are broadly similar to those of
the New Zealand-wide 3-D velocity model [Eberhart-Phillips et al., 2010], but generally strike more parallel
to the Alpine Fault. At 3 km depth, the Vp and Vs solutions (Figure 6) exhibit faster wave speeds in the north
of the model and slower wave speeds in the southwest and southeast within 10–20 km of the Alpine Fault
trace. The Vp/Vs solution shows lower Vp/Vs values northwest of an X-grid distance of �10 km and higher
values to the southeast. These variations result in a locally more pronounced and elongated low Vp/Vs
anomaly than in the initial model. At 6 km depth, both Vp and Vs solutions are faster overall than the initial
model, while the Vp/Vs solution shows variations from the initial model similar to those at 3 km depth.

Table 2. Focal Mechanism Parameters for Table 1 List of Eventsa

evid

Nodal Plane 1 Nodal Plane 2

str (�) dip (�) rake (�) str (�) dip (�) rake (�) r1 r 2 nppl mfrac qual stdr

1 43 49 2177 311 88 241 16 27 11 0.1 A 0.39
2 239 55 113 23 41 61 22 22 10 0.1 A 0.38
3 172 71 79 22 21 119 23 33 11 0.0 B 0.65
4 39 20 117 191 72 81 13 14 13 0.0 A 0.62
5 98 14 180 188 90 76 6 11 13 0.0 A 0.59
6 189 73 62 70 32 147 16 23 11 0.0 A 0.58
7 158 84 55 60 36 170 13 27 11 0.0 A 0.58
8 1 85 267 103 23 2167 13 16 11 0.0 A 0.48

aFocal mechanisms were determined from first motion polarities and the HASH software [Hardebeck and Shearer, 2002]. Columns
contain the event number and HASH output parameters including the strike, dip, and rake of the two focal planes; r1 and r2: angular
uncertainties of the normals to the focal planes; nppl: the number of first motion polarities; mfrac: the weighted fraction misfit of first
motions; qual: the HASH-rated quality on a scale of A to F; stdr: the station distribution ratio (0–1, where stdr< 0.5 indicates that a rela-
tively large number of data lie near nodal planes). Further description of these parameters can be found in the HASH software manual
[Hardebeck and Shearer, 2002]. Both the mfrac and stdr parameters are defined as in the FPFIT software [Reasenberg and Oppenheimer,
1985]. We used two input 1-D velocity models to represent the range of values of our Vp solution (Figure 6). Based on these input mod-
els, HASH estimates a range of trial takeoff angles from which to compute focal mechanisms.
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Figure 4. Ellipses representing the projection of (left) P, (middle) S, and (right) S-P ray density tensors [Kissling, 1988] at (top) 3 km, (middle) 6 km, and (bottom) 9 km depths onto the cor-
responding depth slices of the Vp, Vs, and Vp/Vs solutions, respectively. Ellipses are centered about nodes of the final inversion grid with 3 km horizontal node spacing. Solid and dashed
white contours represent the ray DWS (derivative weighted sum) contours of 10 and 100. Red, blue, and black triangles represent the ALFA08, ALFA09, and the Geonet WVZ recording
stations. The black square to the left denotes the township of Harihari.
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Figure 6. Horizontal slices through the (left) Vp, (middle) Vs, and (right) Vp/Vs models at 3 km, 6 km and 9 km depths and their deviations from the initial model. The black squares from north to
south denote the positions of Hokitika, Ross, and Harihari. Blue, red, black, and gray triangles represent ALFA08, ALFA09, GeoNet WVZ, and the 1994 SAPSE and Arthur’s Pass aftershock recording
stations. Note that the westernmost and easternmost red triangles correspond to stations occupied in both ALFA08 and ALFA09 experiments. Solid and dashed white contours represent ray DWS
(derivative weighted sum) values of 100 and 10, respectively. Gray lines represent the Alpine Fault and major faults in the area.
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Below, we describe the main features of the tomographic results in horizontal slices (Figure 6) and a vertical
slice (Figure 7) through the center of the final solution model at a Y-grid distance of 5 km (Figure 2). Other
cross sections through the final model are provided in supporting information Figure S5.

The most pronounced feature of the tomographic results is a �10 km wide tongue of high-Vp and high-Vs
doming at 3–5 km depth below the highest topography (X 5 10–20 km; Figure 7), perhaps representing
uplifted material. The Vs anomaly extends �5 km further west than the Vp anomaly, toward the trace of the
Alpine Fault, suggesting a relationship to a dipping structure. The high-velocity tongue is bordered in the
west by a zone (X-grid of 25 to 10 and 5–15 km depth) in which Vp and Vs contours are �5 km deeper
than to the southeast (X � 40 km). The transition from the zone of low Vp and low Vs to the high-velocity
tongue results in a sharp lateral gradient.

At 5 km depth, for example, the Vp values increase by �8% from 5.7 km/s (northwest of the X-grid 10 km)
to 6.2 km/s (southeast of X 5 10 km), and Vs values increase by 6%, from 3.4 to 3.6 km/s. Laboratory meas-
urements on rock samples [Christensen and Okaya, 2007] suggest that this lateral increase in Vp and Vs can
be reasonably explained by a transition in lithology from Alpine Fault mylonites and garnet or biotite schist
to Torlesse greywacke. However, as the mylonite zone is only of the order of 1 km in width, it is unlikely
that its effects can be detected using the methods employed here. Moreover, geological cross sections [Cox
and Barrell, 2007] indicate schist at �5 km depth extending as far as 20 km southeast of the Alpine Fault

Figure 6. (Continued)
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and mylonite next to the dipping Alpine Fault.
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(Figure 7d). An alternative cause of the apparent lateral gradients may be the strong P and S seismic anisot-
ropy of up to 20 and 26% reported for the Alpine Schist [Christensen and Okaya, 2007]. Seismic anisotropy
could account for the 8% Vp variation described above if there were a change in the schist foliation from
dipping to horizontal �10 km southeast of the Alpine Fault, given that the majority of raypaths are horizon-
tal in this region (Figure 5). Finally, the presence of fluid-filled pores in the midcrust inferred from magneto-
telluric data [Wannamaker et al., 2002] �25 km south of this study could substantially decrease both Vp and
Vs [e.g., O’Connell and Budiansky, 1974; Takei, 2002].

West of the high-velocity tongue lies a �20 km wide 0–15 km deep zone of low Vp/Vs (1.60–1.65), adjacent
to and southeast of the Alpine Fault trace. The extent of this feature to the southwest of the ALFA09 array
cannot be determined. Vp/Vs ratios of 1.60–1.65 are atypically low for the garnet and biotite schists (mean
Vp/Vs� 1.69 measured on dry samples [Christensen and Okaya, 2007]) expected here [Cox and Barrell, 2007].
In contrast, southeast of an X-grid distance of 20 km, Vp/Vs ratios in the range 1.68–1.75 are characteristic
of the schist and Torlesse greywacke [Christensen and Okaya, 2007].

Within the zone of low Vp/Vs ratios, there is a small zone with even lower Vp/Vs values of 1.55–1.60 (X 5 0–
10 km, Y 5 210 to 10 km at <7 km depth; Figures 6 and 7c). This zone dips southeast from the surface trace
of the Alpine Fault at approximately 45� . The raypath density analysis (Figures 4 and 5) suggests that Vp/Vs
values in this zone are likely biased by the uneven ray distribution, as the wave propagation directions here
are predominantly inclined to the southeast and mostly perpendicular to the Alpine Fault. Seismic wave-
forms at stations in the ALFA09 array consistently show two distinct S arrivals of similar amplitudes sepa-
rated by up to 0.7 s (Figures 8, 9, and S6), which we attribute to seismic anisotropy in the schist. As the
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Figure 8. Horizontal (EH1 and EH2) and vertical (EHZ) recordings of earthquakes at the ALFA09 station COTY located 11 km southeast of the Alpine Fault. Parameters R and BAZ to the
left of the figure indicate event hypocentral distances and back azimuths. Horizontal components are rotated to 55� (EH1) and 145� (EH2) parallel and perpendicular to the Alpine Fault,
respectively. Time is in seconds after the P arrival. The red dashed lines show the expected S-P travel times for an assumed P wave speed of 4.5 km/s and Vp/Vs ratios of 1.60 and 1.75.
Note shear wave delay times of �0.7 s at the hypocentral distance of �12 km and back azimuths of �52� . Top: map showing the COTY station as a red triangle and selected earthquake
epicenters as black dots.
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picking methodology we employ identifies the first and therefore faster S arrival, S wave anisotropy is likely
to bias the Vs solution toward higher values, and the Vp/Vs model toward lower values. In the region where
Vp/Vs values are in the range 1.55–1.60, the predominant ray orientation is likely to be the reason for the
very low Vp/Vs values. Accordingly, the low Vp/Vs values cannot be interpreted unambiguously to be due
to the presence of a fluid or gas phase. In the same region, the Vs solution shows an inclined zone with
high values that may result from the uneven ray distribution.
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Figure 9. Horizontal (EH1 and EH2) and vertical (EHZ) recordings of earthquakes at the ALFA09 station TUKE located 6 km southeast of the Alpine Fault. Parameters R and BAZ to the left
of the figure indicate event hypocentral distances and back azimuths. Horizontal components are rotated to 55� (EH1) and 145� (EH2) parallel and perpendicular to the Alpine Fault,
respectively. Time is in seconds after the P arrival. The left columns indicate the hypocentral distance R and the station-event back azimuth. The red dashed lines show the expected S-P
travel times for an assumed P wave speed of 4.5 km/s and Vp/Vs ratios of 1.60 and 1.75. Note shear wave delay times of �0.5 s at hypocentral distances of 9–10 km and back azimuths
of �211� . Top: map showing the TUKE station as a red triangle and selected earthquake epicenters as black dots.
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The zone of Vp/Vs 5 1.70–1.75 centered on X 5 20 km, Y 5 0 km, and a depth of �3 km (Figure 7c) is con-
fined directly beneath a seismometer station and hence is likely biased by the predominantly vertical ray
orientation directly beneath that station (Figure 5).

3.2. Seismicity Distribution
The completeness magnitude we obtain within the region spanned by the ALFA09 array during the record-
ing period of the ALFA08 and ALFA09 arrays is �1.5 (Figure 3). This is about one magnitude unit lower than
the GeoNet earthquake catalog completeness magnitude for this region, of �2.7 [O’Keefe, 2008], due pri-
marily to the dense station spacing of the ALFA09 array, which results in enhanced detection and location.
A similar completeness magnitude to ours was achieved for the SAMBA array with a station spacing of
approximately 8 km [Boese et al., 2012, Figure 8].

Hypocenter depth errors are estimated to be �0.6 km (see supporting information S1), giving us confidence
that differences >1 km in the depth of the seismic-aseismic transition are real.

Overall, little seismicity is observed within 9 km of the Alpine Fault (Figures 3 and 7), with the exception
of a cluster of earthquakes that occurred in late 2008 and included a magnitude ML � 3.6. This cluster
was located 2–3 km northwest of the Alpine Fault trace (Figure 3) and is likely in the Hohonu Batholith
[Waight et al., 1997]. We analyze the variations in seismicity density with proximity to the Alpine Fault
trace in more detail below.

3.2.1. Within 2 km West of the Alpine Fault Trace
Within the 6 month period of the ALFA09 array, 25 earthquakes occurred within 2 km west of the Alpine
Fault, at depths of 4–11 km depth (Figures 10 and 11). This depth range is similar to that determined by
Boese et al. [2012] using data from the SAMBA array 40–100 km southwest of our study area. Seven of these
earthquakes occurred directly north of the Waitaha River (near GeoNet seismometer station WVZ in Figure
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3) and had estimated local magnitudes of between 1.9 and 3.1. Focused activity in this area was also appa-
rent in the earlier microseismicity study of O’Keefe [2008].

The focal mechanisms of earthquakes occurring near the trace of the Alpine Fault are not particularly well
constrained (angular uncertainty of the normal to the nodal plane 1r� 33�), but the mechanisms for three
of the largest and highest-quality (‘‘A’’) earthquakes (focal mechanisms 4–6 in Figure 12 and Tables 1 and 2)
consistently indicate reverse slip on either a steeply northwest-dipping plane (strike/dip/rake of 188–191�/
72–90�/73–81�) or a less well-constrained shallow southeast-dipping plane (39–98�/14–32�/117–180�). This
contrasts with the focal mechanisms for the region to the southeast, which are dominantly strike slip (Figure
12 and supporting information Table S1).

3.2.2. Within 0–9 km Southeast of the Alpine Fault Trace
Seismicity is sparse between 0 and 9 km from the Alpine Fault trace on the hanging wall side (Figure 10). All
the earthquakes in this area are shallower than 8 km depth within 2 km and shallower than 7 km depth
within 2–9 km southeast of the Alpine Fault trace, respectively (Figure 10), and thus markedly shallower
than the earthquakes occurring directly west of the trace. In particular, 56% of the earthquakes are shal-
lower than 6 km depth. The change in the distribution of hypocenter depths appears to be abrupt, taking
place within 1 km of the Alpine Fault (Figure 10) and exceeds the 0.6 km standard deviation in hypocenter
depth errors (see supporting information S1).
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Boese et al. [2012] commented on the low rates of seismicity associated with hanging wall schists of textural
zones III and IV [Cox and Barrell, 2007; Turnbull et al., 2001] southeast of Franz Josef (Figure 13). A similar
association is exhibited by seismicity in the Harihari-Ross segment with little seismicity within 9 km of the
Alpine Fault and most seismicity occurring further than �9 km from the fault trace in biotite greenschist or
chlorite greenschist hanging wall rocks of textural zones IIB and IIA (Figure 13). Directly south of this study
area between Harihari and Franz Josef, however, the 20–30 km wide region of low-seismicity spans the
schist textural zones II to IV. Hence, there is no discernible correlation between the surface geology and seis-
micity along the central Alpine Fault with the exception of perhaps a slight widening of the textural zone IV
(Figure 13).

3.2.3. Nine to Twenty Kilometers Southeast of the Alpine Fault Trace
The number of earthquakes increases dramatically beyond 9 km southeast of the Alpine Fault trace (Figure
10). More than 80% of the earthquakes recorded by the ALFA09 array occurred within a band between 9
and 20 km from the Alpine Fault. Of these, 99 and 50% are shallower than 7 and 4 km depth, respectively,
with a frequency peak between 3 and 4 km depth (Figure 11). The distribution suggests that the seismic-
aseismic transition in this region is 7 km deep. This depth is, within uncertainty, the same as the maximum
seismogenic depths of about 8 km inferred in previous studies [Boese et al., 2012; Leitner et al., 2001; Reyners,
1988], even though those results pertained to the region 40–100 km southwest of the ALFA09 array where
surface elevations and exhumation rates are higher [e.g., Little et al., 2005]. The previous studies all
employed approximate 1-D velocity models for hypocenter calculations, in contrast to the 3-D models used
here, and with the exception of the study by Boese et al. [2012], had station spacings substantially larger
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nisms 1–8 along the Alpine Fault are listed in Table 2. Blue focal mechanisms show earthquakes occurring between 2003 and 2013 for
which GeoNet determined a moment tensor solution [Ristau, 2008]. The bow-tie represents the regional maximum horizontal compressive
stress orientation of 115 6 10� (80% confidence level) determined by Boese et al. [2012].
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than those provided by the ALFA09 array. Thus, it appears that the depth of the seismic-aseismic transition
is largely uniform for �200 km along the central Alpine Fault, despite large changes along-strike in the max-
imum surface elevation, exhumation rates, and by inference the thermal regime. As noted also by Boese
et al. [2012], maximum hypocenter depths appear to increase south-eastward beyond 20 km from the
Alpine Fault trace, although hypocenters at such distances from the fault are less well constrained than
those within the respective networks (supporting information Figure S1).

The relocated earthquake epicenters and hypocenters clearly show clusters of seismicity 9–20 km southeast
of the Alpine Fault (Figures 3 and 10). These clusters appear associated with the leading edge of the high-
Vp, high-Vs structure and to coincide closely with the projections (Figure 7d) of previously mapped surface
faults [Cox and Barrell, 2007]. In particular, some of the clusters have an apparent NW dip (Figure 7d) and
appear to be associated with faults of the Main Divide Fault Zone [Cox and Findlay, 1995] that strike
obliquely to the Alpine Fault. We infer that these earthquakes confirm present-day seismic activity on the
deep extensions of structures previously suspected to be active [Cox et al., 2012]. Faults in this region,
beneath the Southern Alps and east of the Alpine Fault, have been suggested to accommodate some of the
remainder (10–15%) of the relative plate motion not already accommodated by coseismic slip on the Alpine
Fault [Wallace et al., 2006].

Focal mechanisms determined for our best-recorded events with hypocenters close to mapped surface
faults indicate predominantly strike-slip movement (Figure 12) consistent with the interpretation that they
represent slip on previously recognized faults. Boese et al. [2012] also observed a preponderance of strike-

Figure 13. ALFA and SAMBA relocated seismicity and geological map of the central Alpine Fault area. Red dots represent ALFA08 (2008–
2009) and ALFA09 (2009–2010) epicenters with Y-grid coordinate greater than 213 km. Blue dots represent SAMBA (2008–2010) [Boese
et al., 2012] epicenters with Y-grid coordinate less than 213 km. Shown hypocenters have vertical uncertainty of less than 2 km. Yellow
and orange triangles indicate ALFA08/09 and SAMBA seismographs, respectively. The inverted black triangle denotes GeoNet permanent
station WVZ. The background geological map is after [Simon et al., 2002; Cox and Barrell, 2007]. The map outlines the mylonites (purple),
the Alpine Schist textural zones II (semischist), III and IV (light to dark green), and the greywacke (light blue) located southeast of the Alpine
Fault and batholiths (lilac) located northwest of the Alpine Fault. Red hashed shapes show elevations of 2000 m and above.
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slip mechanisms at comparable distances from the Alpine Fault trace in the region �100 km south and
determined a homogeneous strike-slip stress field for the central Southern Alps with a maximum horizontal
compressive stress orientation of 115 6 10�, similar to that observed across much of the South Island [Town-
end et al., 2012].

4. Discussion

As described in the previous section, the distribution of seismicity in the vertical cross section perpendicular
to the strike of the Alpine Fault at Y 5 5 km (Figure 7) illustrates several distinct features:

1. Sparse, relatively deep seismicity (4–11 km) directly west of the fault trace (X 5 22 to 0 km), associated
with Vp � 5.5–5.9 km/s, Vs � 3.2–3.5 km/s, and Vp/Vs< 1.65.

2. Sparse, shallower seismicity (3–8 km) within 9 km of the trace on the southeastern side of the fault
(X 5 0–9 km), associated with Vp � 5.7 km/s, Vs � 3.4 km/s, and Vp/Vs � 1.60.

3. Abundant shallow seismicity (2–7 km) further than 9 km southeastward of the fault trace (X 5 9–20 km),
associated with Vp � 6 km/s, Vs � 3.5 km/s, and Vp/Vs � 1.62–1.75.

We consider here how the lateral (i.e., fault-perpendicular) variations in the rate of seismicity and the seis-
mogenic thickness may be related to lithologic, structural, or environmental conditions.

4.1. Relationships Between Seismogenic Thickness, Thermal Structure, and Deformation Rates
Similarities between earthquake depth frequency distributions and predicted yield strength envelopes have
been interpreted for several decades to indicate that the seismic-aseismic transition is governed by the gradual
onset of temperature and strain rate-dependent ductile deformation mechanisms of rocks [e.g., Chen and Mol-
nar, 1983; Meissner and Strehlau, 1982; Scholz, 1988; Sibson, 1982; Strehlau, 1986]. In this model, earthquake
nucleation and stress drop peak close to the bottom of the brittle unstable domain. In the quartzofeldspathic
crust, the brittle-ductile transition is bounded by isotherms corresponding to the onset of ductile behavior in
quartz and feldspar occurring at about 300 and 450�C, respectively [Tullis and Yund, 1977; White, 1975].

A number of authors [e.g., Burov, 2010; Chen et al., 2012; Deverchere et al., 2001] have questioned a direct
comparison between the brittle-ductile transition and the long-term properties of the crust extrapolated
from rock laboratory experiments with temperature, spatial scale, and strain rates orders of magnitude dif-
ferent from those in nature [e.g., Burov, 2010; Chen et al., 2012; Deverchere et al., 2001]. Moreover, few stud-
ies have examined what effect the assumed strain rate has on computed brittle-ductile transition depths
and the implied strength of the crust as a whole [cf. Zoback and Townend, 2001; Zoback et al., 2002]. Thus, it
can be difficult to draw conclusions regarding bulk rheology from an earthquake depth distribution alone
[Deverchere et al., 2001] especially when the period of seismological observation is substantially shorter
than a seismic cycle [e.g., Burov, 2010; Chen et al., 2012; Deverchere et al., 2001]. As a corollary, while the
presence of seismicity does indicate that the crust is sufficiently weak with respect to the ambient stresses
to deform brittlely, the absence of seismicity within the observation period may mean one of several things:
among other explanations, either the strain rates were too low to produce discernible seismicity, irrespec-
tive of the prevailing stresses, or the failure criterion has not been met.

4.2. Lateral and Vertical Variations in Seismicity
Our tomographic results and relocated seismicity data set enable us to examine how lateral and vertical var-
iations in seismicity observed adjacent to the Alpine Fault relate to structural features inferred from tomog-
raphy, which may relate to rock properties and rheology, and to variations in thermal structure, strain rate,
and fluid pressure documented in previous studies.

4.2.1. Seismicity Immediately West of the Alpine Fault Trace
The earthquakes at 4–11 km depth within a kilometer of the Alpine Fault (Figure 10) indicate local deepen-
ing of the seismic-aseismic transition, probably associated with the transition into the relatively cool foot-
wall [Townend, 1999]. Our estimates of the depth of the seismic-aseismic transition and that in the Alpine
Fault hanging wall suggest that a large to great Alpine Fault earthquake could reach a depth of 7–11 km in
our region of study, although strain rate-dependent shift of brittle behavior into the ductile domain could
enable the rupture to propagate a few kilometers deeper [e.g., Hobbs, 1986; Rolandone et al., 2004]. In
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comparison, on a time scale of 10 years, dislocation modeling of geodetic vertical rates [Beavan et al., 2010]
across the central Alpine Fault suggests that coupling on the Alpine Fault diminishes below 7–13 km depth.

4.2.2. Sparse Hanging-Wall Seismicity Within 9 km of the Alpine Fault Trace
Within the bounds of the ALFA09 array we observe a �9 km wide strip with low levels of seismicity, imme-
diately southeast of the Alpine Fault trace between X 5 0 and X 5 9 km (Figures 10 and 13), precluding a
reliable estimate of the depth of the seismic-aseismic transition. Few of the earthquake hypocenters in this
strip have depths exceeding 7 km, suggesting that the depth to the seismic-aseismic transition (and into
the semibrittle domain) is not significantly different from the region further to the southeast.

The high geothermal gradient in the vicinity of the Alpine Fault [Sutherland et al., 2012] and the inferred
presence of a fluid phase in the midcrust suggested by low Vp and Vs values (Figures 6 and 7), consistent
with observations made in previous geophysical and geological studies [Craw, 1997; Eberhart-Phillips et al.,
2008; Holm et al., 1989; Stern et al., 2001; Sutherland et al., 2012; Vry et al., 2010; Wannamaker et al., 2002],
are likely factors contributing to the shallow seismic-aseismic transition.

A similar interpretation was made by Boese et al. [2012] for the region southwest of our study area, where
the zone of low seismicity has similar width but surface elevations are higher (Figure 13). This region is asso-
ciated with the lowest thermochronometric ages near the fault and hence, with maximum uplift and exhu-
mation rates [e.g., Little et al., 2005]. Between the two studies, Harihari in the north and Franz Josef in the
south, the zone of low seismicity widens into the 20–30 km wide low-seismicity triangle [Boese et al., 2012;
Eberhart-Phillips, 1995; Leitner et al., 2001; O’Keefe, 2008]. This coincides with a slightly wider metamorphic
textural zone IV relative to the regions north and south (Figure 13). The southern transition into the wider
textural zone is thought to result from a northward 15–20� decrease in the steepness of the Alpine Fault
[Little et al., 2005].

Overall, the extent of low seismicity along-strike of the Alpine Fault appears to coincide with low thermo-
chronometric ages [e.g., Batt et al., 2000; Herman et al., 2009; Little et al., 2005]. Indeed, thermochronology
shows persistently low zircon fission track and K-Ar ages �6 Ma and Ar-Ar ages �10 Ma close to the Alpine
Fault between the Hokitika and Karangarua rivers (KR in Figure 1) [e.g., Batt et al., 2000; Herman et al., 2009;
Little et al., 2005], located, respectively, north of this study and south of the region of maximum elevations.
Minimum ages are reached along the ‘‘low-seismicity triangle’’ between the Whataroa River and Fox Glacier,
where zircon and apatite fission track ages are about ��10 Ma as far as �15 and 20–30 km southeast of
the Alpine Fault, respectively [e.g., Batt et al., 2000; Herman et al., 2009]. The low apparent ages imply gener-
ally comparable depths and rates of exhumation and shallowing of isotherms along the entire Hokitika-
Karangarua segment, further suggesting that temperature is likely to be the key factor responsible for the
shallow seismic-aseismic transition.

4.2.3. Enhanced Hanging-Wall Seismicity Further Than 9 km From the Alpine Fault Trace
The onset of higher rates of seismicity observed 9–20 km southeast from the Alpine Fault is abrupt and
approximately coincides with both a strong lateral gradient in seismic velocities and with an increase in hor-
izontal strain rates. Specifically, a tongue of high Vp and high Vs doming at 3–5 km depth (Figure 7) reveals
stiffer material that may be acting to concentrate deformation along its margins. In addition, geodetic
measurements reveal a pronounced peak in horizontal strain rates approximately 10 km southeast of the
Alpine Fault trace, interpreted to reflect the distribution of present-day slip on the deeper portion of the
Alpine Fault [Beavan and Haines, 2001; Beavan et al., 1999, 2010; Ellis et al., 2006; Lamb and Smith, 2013] and
on faults of the Main Divide Fault Zone [Wallace et al., 2006]. This peak appears to coincide with the south-
eastward onset of seismicity, suggesting that lateral variations in strain rate may be the primary factor con-
trolling the elevated rate of hanging wall seismicity further than 9 km from the fault and that the
abruptness of this transition is controlled by structural heterogeneity.

The observed 7 km deep seismic-aseismic transition suggests a shallow onset of ductile behavior in quartz.
In the Waitangitaona River valley, next to the Whataroa Valley �25 km south of this study, a geothermal
gradient of 62.6 6 2.1�C/km was determined from downhole temperature measurements in the DFDP-1B
borehole within 100 m of the Alpine Fault trace at Gaunt Creek [Sutherland et al., 2012], suggesting temper-
atures of 350�C at 5–6 km depth assuming a linear geothermal gradient. To the southeast of the Alpine
Fault trace, thermal models of the Southern Alps predict either a slightly shallower [Koons, 1987] or slightly
deeper [Shi et al., 1996; Toy et al., 2010] brittle-ductile transition, with temperatures of 350–400 and 200–
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250�C doming at 5–6 km depth, with the doming occurring at 9–20 km [Koons, 1987] or 5–10 km [Shi et al.,
1996] southeast of the Alpine Fault trace, or temperatures of 300–350�C at 5–7 km depth at a 9–20 km dis-
tance [Toy et al., 2010]. These estimates, and the predicted doming, suggest that in the region of the
observed enhanced seismicity, 9–20 km southeast of the Alpine Fault, temperature is likely to be a primary
factor contributing to the shallow, �7 km deep, seismic-aseismic transition.

The elevated rate of seismicity suggests that pervasive brittle fracturing in this region enhances permeabil-
ity and thus limits pore pressures to hydrostatic levels [cf. Townend and Zoback, 2000]. In the midcrust, in
contrast, low P wave speeds [Scherwath et al., 2003; Stern et al., 2001], high attenuation [Eberhart-Phillips
et al., 2008], and high electrical conductivity [Wannamaker et al., 2002] have been interpreted as indicative
of high pore fluid pressures. The transition to a high pore fluid pressure in the midcrust is likely to further
contribute to a shallow seismic-aseismic transition. Conversely, closer to the Alpine Fault, the relative lack of
seismicity may be insufficient to maintain permeability and relieve fluid overpressures, thereby contributing
to lower effective normal stresses, a lower yield strength and consequently, a slightly deeper seismic-
aseismic transition within the low-seismicity region compared to that of enhanced seismicity.

To summarize, we interpret the lateral variations in hanging wall seismicity rates, and particularly the abrupt
onset of seismicity 9 km from the Alpine Fault trace, to be governed by horizontal strain rate gradients,
superimposed upon heterogeneous rheological structure; we interpret the lateral variations in seismicity
cutoff depths to reflect different thermal regimes. Seismicity depths may also be controlled by lateral varia-
tions in permeability that are themselves related to the variations in rates of seismicity and fracturing.

5. Conclusions

Understanding how intrinsic properties of the fault zone such as lithology and structure interact with extrin-
sic, possibly time-varying factors such as strain rate, temperature, and fluid pressure is crucial for under-
standing seismogenesis in active plate boundaries. We have used a combination of seismic tomography,
waveform-correlation earthquake relocation, and focal mechanism analysis to characterize in detail the
structure of the midcrust adjacent to a section of the central Alpine Fault, which is late in its typical cycle of
large (M8) earthquakes.

More than 1300 earthquakes were detected between Harihari and Ross within �50 km of the central Alpine
Fault trace using two temporary seismic arrays deployed consecutively between 2008 and 2010. The dense
station spacing of the ALFA seismic arrays yielded well resolved earthquake locations with hypocenter
depth errors smaller than 0.6 km.

Distinct variations in the rate of seismicity are observed with distance from the Alpine Fault trace: (1) limited
seismicity in the Alpine Fault footwall occurring at 4–11 km depths within 2 km west of the fault trace and
exhibiting reverse focal mechanisms (ML� 3.1); (2) a 9 km wide strip southeast of the Alpine Fault contain-
ing sparse seismicity at depths of 3–8 km; (3) enhanced seismicity in the region between 9 and 20 km
southeast of the Alpine Fault, with a seismic-aseismic transition at 7 km depth.

The step in the seismic-aseismic transition across the Alpine Fault is associated with an increase in geother-
mal gradient from the footwall into the hanging wall. We thus conclude that temperature is the primary fac-
tor contributing to the shallow seismic-aseismic transition and to lateral variations in this transition depth.
Elevated pore pressures in the midcrust inferred from previous studies also likely contribute to the shallow
seismic-aseismic transition southeast of the Alpine Fault, and a feedback process may exist between rates
of earthquake-related fracturing, bulk permeability, and ambient fluid pressures. Within the low-seismicity
region, the presence of a fluid phase is suggested by low Vp and Vs values at 5–10 km depth that are 8 and
6% lower than to the southeast.

Clusters of earthquakes in the region of enhanced seismicity suggest present-day seismic activity on the
deep extensions of faults outcropping in the Southern Alps, or on subparallel structures at depth, which are
thought to accommodate some of the remainder (10–15%) of the relative plate motion not accommodated
by coseismic slip on the Alpine Fault. To the southeast of this region, the seismicity cutoff depth deepens
beneath the foothills where large M61 earthquakes such as 1994 Arthur’s Pass earthquake [Robinson and
McGinty, 2000] occur. The region of enhanced seismicity is associated with doming of Vp and Vs contours
to 3–5 km depth that may represent uplifted material perhaps locally causing higher levels of differential
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stress. The onset of enhanced seismicity �9 km southeast of the Alpine Fault coincides with a peak in hori-
zontal strain rates interpreted to reflect slip on the deeper Alpine Fault and crustal faults above, suggesting
a direct link between the high strain rates and the elevated rate of seismicity. The abruptness of the change
in seismicity rates is interpreted to reflect the effects of the strong lateral gradients in seismic velocity within
the hanging wall, on which the strain rate variations are superimposed.
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