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Abstract We use crustal seismic anisotropy measurements in the North Island, New Zealand, to
examine structures and stress within the Taupō Volcanic Zone, the Taranaki Volcanic Lineament, the
subducting Hikurangi slab, and the Hikurangi forearc. Results in the Taranaki region are consistent with
NW-SE oriented extension yet suggest that the Taranaki volcanic lineament may be controlled by a
deep-rooted, inherited crustal structure. In the central Taupō Volcanic Zone anisotropy fast orientations
are predominantly controlled by continental rifting. However at Taupō and Okataina volcanoes, fast
orientations are highly variable and radial to the calderas suggesting the influence of magma reservoirs in
the seismogenic crust (≤15 km depth). The subducting Hikurangi slab has a predominant trench-parallel
fast orientation, reflecting the pervasive presence of plate-bending faults, yet changing orientations at
depths ≥120 km beneath the central North Island may be relics from previous subduction configurations.
Finally, results from the southern Hikurangi forearc show that the orientation of stresses there is
consistent with those in the underlying subducting slab. In contrast, the northern Hikurangi forearc is
pervasively fractured and is undergoing E-W compression, oblique to the stress field in the subducting slab.
The north-south variation in fore-arc stress is likely related to differing subduction-interface coupling.
Across the varying tectonic regimes of the North Island our study highlights that large-scale tectonic forces
tend to dictate the orientation of stress and structures within the crust, although more localized features
(plate coupling, magma reservoirs, and inherited crustal structures) can strongly influence surface
magmatism and the crustal stress field.

1. Introduction
1.1. Tectonic Setting
The North Island of New Zealand is situated in a complex tectonic setting, largely controlled by the changing
dynamics of the Pacific-Australian plate boundary over the past ∼25 Myr (Figure 1). Through studying the
seismic anisotropy in both the Pacific and Australian crust we can understand the orientation of the stress
field and major crustal structures. In this study we utilize data from the GeoNet seismic network (Petersen
et al., 2011), coupled with data from several temporary seismic deployments (Bannister, 2009; Ebinger, 2017;
Reyners & Stuart, 2002), in order to create the largest catalog of crustal seismic anisotropy measurements in
the North Island to date. This data set is used here to map the orientation and magnitude of crustal stresses
beneath the volcanically active Taupō Volcanic Zone (TVZ) and Taranaki regions, the complex Hikurangi
subduction zone forearc, and within the subducting Pacific plate itself.

The dynamic form (shape, vertical elevation, deformation patterns, faulting, and volcanism) of New
Zealand's North Island is closely linked to the westward subduction of the Pacific plate beneath the Aus-
tralian plate. The island is positioned between ocean-ocean subduction in the Tonga-Kermadec subduction
system to the north and continental transpression in the South Island (Figure 1). The portion of the Pacific
plate which is subducting beneath the North Island is the Hikurangi Plateau, an Early Cretaceous (120 Ma)
oceanic plateau, thought to have formed as part of the Ontong Java Plateau (Mortimer & Parkinson, 1996;
Taylor, 2006). Geophysical imaging of the Hikurangi Plateau through gravitational modeling and active
source seismic imaging has revealed it to consist of 10–15 km thick crust (Davy & Wood, 1994; Wood &
Davy, 1994; Tozer et al., 2017), although it has also been proposed that the crust is in fact up to 35 km thick
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Figure 1. Selected geological features of the North Island of New Zealand. Thin black lines denote major mapped
surface faults. CVZ = Coromandel volcanic zone. T-R Line = Taranaki-Ruapehu line. Outline for the young (≤350 ka)
Taupō Volcanic Zone after Wilson et al. (1995) and Villamor and Berryman (2006a). Arrow shows the velocity of the
Pacific plate relative to the Australian plate (DeMets et al., 2010).

(Reyners et al., 2011). The Hikurangi subduction zone has existed for approximately 23 Ma, but the trench
has changed orientation during this time (King, 2000; Seebeck, Nicol, Giba, et al., 2014; Schellart et al.,
2006; Seebeck, Nicol, Villamor, et al., 2014) and is currently characterized by westward, oblique subduction
of the Pacific plate at a southwards decreasing rate of 5–6 to 2–3 cm/yr (Wallace et al., 2004). The Hiku-
rangi subduction zone is thought to be capable of producing large (≥7 Mw) earthquakes, particularly in the
south (Smith et al., 1989; Reyners, 1998), where currently the plate interface is largely locked. In contrast,
the northern part of the subduction zone has been documented in recent years as hosting slow-slip events
with moment releases of Mw=6.3–6.8 and recurrence intervals of 18–24 months (Shaddox & Schwartz, 2019;
Wallace et al., 2012). This north-south contrast in megascopic slip behavior is attributed to a change in the
coupling coefficient of the plate interface from coupled in the south to uncoupled in the north (Wallace
et al., 2004).

In the eastern North Island, the oblique component of subduction of the Hikurangi Plateau is accommodated
through dextral shear in the North Island dextral shear belt. Faults within the North Island dextral shear belt
are predominantly westward dipping thrust faults with a lesser component of right-lateral strike-slip defor-
mation (Nicol et al., 2007) and are capable of hosting large (≤8 Mw) earthquakes (Little et al., 2010; Rodgers
& Little, 2006; Van Dissen & Berryman, 1996). To the northwest of the North Island dextral shear belt lies
the volcanically active Taupō Volcanic Zone. The TVZ has been volcanically active for approximately 2 Ma,
and since 1.85 Ma it has been dominated by rhyolite volcanism (Chambefort et al., 2014; Eastwood et al.,
2013). Wilson et al. (1995) divide the TVZ into three distinct sections along its length. The southern and
northern TVZ sectors are typical of subduction-related arcs worldwide, with dominantly andesitic volcanism
building large composite volcanoes such as Ruapehu, Tongariro, and White Island (Whakaari). In contrast
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Figure 2. The seismic stations used in our study to calculate seismic anisotropy from local earthquakes. This combined
seismic network of 156 stations comprises the permanent GeoNet network (Petersen et al., 2011), plus stations from the
central North Island passive seismic experiment (Reyners & Stuart, 2002), Hotter and Deeper (Bannister, 2009), and
back-arc rifting in New Zealand deployments (Ebinger, 2017). The inset shows the Taupō Volcanic Zone, where our
station density is highest.

the central TVZ is characterized by anomalously high surface heat flow (Bibby et al., 1995) and exception-
ally voluminous rhyolite volcanism (Wilson et al., 2009), particularly over the last 50–60 kyr at Taupō and
Okataina volcanoes. The TVZ is the southernmost extension of the Tonga-Kermadec arc and also hosts the
Taupō continental rift, with extension induced by the oblique subduction of the Pacific plate (Cole, 1990).
Present-day rates of extension across the TVZ increase from ≤5 mm/yr at Ruapehu, to 13–19 mm/yr at the
Bay of Plenty coastline and increasing into the offshore Whakatane graben (Lamarche et al., 2006; Wallace
et al., 2004). The orientation of extension, relative to the rift, varies from orthogonal in the south to oblique
in the north (Seebeck, Nicol, Villamor, et al., 2014).

Running east-west between Ruapehu and Taranaki volcanoes lies the crustal feature known as the
Taranaki-Ruapehu Line. This line marks the boundary between 25-km thick crust to the north and ∼32-km
thick crust to the south, over a transition which is interpreted to represent an abrupt step in the Moho
(Dimech et al., 2017; Salmon et al., 2011). It has been proposed that the Taranaki-Ruapehu Line is a result of
delamination of the lower crust and mantle lithosphere to the north (Dimech et al., 2017; Stern et al., 2013).
At the western end of the Taranaki-Ruapehu Line lies Taranaki (Figure 1), an andesitic volcano which last
erupted in ∼1755 AD (Druce, 1966). Taranaki is the youngest of four andesite volcanoes which form a lin-
ear chain, known as the Taranaki lineament, oriented NNW-SSE (Price et al., 1999; Zernack et al., 2011).
Taranaki volcano lies at the southern end of the offshore Taranaki basin, in which andesite volcanism has
migrated from north to south over the last ∼16 Ma (Giba et al., 2010). The Taranaki basin is characterized
by NE-SW oriented normal faulting, thought to be induced by back-arc rifting, and the region is further
complicated by a complex tectonic history including the Taranaki fault, a subduction back thrust (Stagpoole
& Nicol, 2008). The exact origin for volcanism at Taranaki is not clear as it lies ∼180 km west of the TVZ;
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Figure 3. All of the earthquakes that yielded high-quality seismic anisotropy measurements. The left panel shows
earthquake locations and raypaths for all events that occurred at ≤40 km depth. These measurements are used to
interpret seismic anisotropy in the Australian plate and Hikurangi forearc. The right panel shows a cross section
through the mantle below the North Island with all events with depths greater than 100 km projected onto a vertical
plane aligned along the black line in the inset panel. These measurements are used to interpret seismic anisotropy
in the subducting Hikurangi slab. The black line in the main panel denotes the top surface of the subducting Hikurangi
slab (Williams et al., 2013).

Figure 4. Results from the Taranaki region. Seismic fast orientation results at individual seismic stations plotted as
rose diagrams (circular histograms). If the standard error of fast orientations at an individual station is less than
10◦, then the rose diagram is colored by the mean orientation, otherwise it is gray. Colored bars show SHmax
orientations calculated from focal mechanisms, revealing the orientation of the stress field at specific depths (Townend
et al., 2012). Thick dashed line denotes the Taranaki lineament. The surface projection of the trace of the
eastward-dipping Taranaki reverse fault is shown by the thick black line (Stagpoole & Nicol, 2008). Thin black lines
denote active faults (http://data.gns.cri.nz/af/).
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Figure 5. (a) Geological features of the TVZ. Black lines denote active faults from the New Zealand active fault
database (http://data.gns.cri.nz/af/); red outlines denote rhyolite calderas (Wilson et al., 2009); and orange triangles
denote andesite volcanic centers Tongariro and Ruapehu. Colored bars show SHmax orientations calculated from focal
mechanisms, revealing the orientation of the stress field at specific depths (Townend et al., 2012). (b) Fast orientation
results at individual seismic stations plotted as rose diagrams (circular histograms). If the standard error of fast
orientations at an individual station is less than 10◦ then the rose diagram is colored by the mean direction, otherwise
it is gray. TVZ = Taupō Volcanic Zone.

therefore, Stern et al. (2013) have proposed that lithospheric delamination drives the production of mantle
melts.

1.2. Seismic Anisotropy in the Crust
Seismic anisotropy, the directional dependence of seismic wave speed, is an intrinsic property of the Earth's
crust and can be measured by the detection of shear-wave splitting (Illsley-Kemp et al., 2017; Johnson et al.,
2011; Li & Peng, 2017; Savage, 1999). Numerous studies have suggested that seismic anisotropy is caused by
structural features such as faults (Boness & Zoback, 2006; Zinke & Zoback, 2000) and/or aligned melt pockets
(Ando & Ishikawa, 1982; Bastow et al., 2010; Dunn et al., 2005; Keir et al., 2011), where the shear-wave fast

ILLSLEY-KEMP ET AL. 5



Geochemistry, Geophysics, Geosystems 10.1029/2019GC008529

Figure 6. Spatial averaging of fast orientations throughout the TVZ. (a) Ray-path coverage and gridding distribution.
Gray boxes denote regions that were not resolved. White triangles are seismic stations; red lines are straight raypaths
between earthquake and station. (b) Well-resolved fast orientations across the TVZ, colored for orientation.
(c) Projection of fast orientations along the TVZ. The red region shows the approximate orientation of the Taupo rift
(40–55◦ ). TVZ = Taupō Volcanic Zone.

orientation is parallel to the trend of structural features. It has also been increasingly inferred that seismic
anisotropy in the crust can be controlled by aligned, fluid-filled microcracks (Crampin & Peacock, 2008, and
references therein). Microcracks exist between grains and can be assumed to have a simple, penny-shaped
geometry (Crampin, 1994, 1999; Hudson, 1981). It is thought that these microcracks are randomly oriented
in the crust and do not intrinsically induce seismic anisotropy. However, when a horizontal stress is applied
to the crust, microcracks that are aligned with the direction of maximum (𝜎1) horizontal compressive stress
will selectively open, and those perpendicular to 𝜎1 will close. These open, aligned, fluid-filled microcracks
will then induce seismic anisotropy through a mechanism described as extensive dilatancy anisotropy, such
that the fast orientation is parallel to the maximum horizontal compression (SHmax) (Crampin, 1984, 1987).
The variation in orientations of individual, open microcracks can vary by ∼30◦–40◦ (Crampin & Zatsepin,
1997). However, because the wavelengths of seismic waves are much longer than the dimensions of the
microcracks, the average crack orientation is effectively sampled. The magnitude of seismic anisotropy (i.e.,
the delay time between shear waves) has been shown to be controlled by the aspect ratio (ratio between
width and length) of the microcracks (Crampin, 1999). The microcrack's aspect ratio correlates with the
horizontal stress; hence, the magnitude of seismic anisotropy can be directly related to the magnitude of
maximum horizontal stress. Therefore, seismic anisotropy can be used to directly measure the orientation
and magnitude of the horizontal stress field throughout the sampled volume of crust in the areas of interest.

ILLSLEY-KEMP ET AL. 6
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Figure 7. (a) Geological features of the Hikurangi fore-arc region. The North Island dextral shear belt accommodates
the oblique subduction of the Hikurangi plate (Nicol et al., 2007). Colored bars show SHmax orientations calculated
from focal mechanisms, revealing the orientation of the stress field at specific depths (Townend et al., 2012). Black
lines denote active surface faults (http://data.gns.cri.nz/af/). (b) Fast orientation results at individual seismic stations
plotted as rose diagrams (circular histograms). If the standard error of fast orientations at an individual station is less
than 10◦ then the rose diagram is colored by the mean orientation, otherwise it is gray.
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Figure 8. (a) Surface of the coupling coefficient of the subduction zone interface (Wallace et al., 2004). (b) Surface of
the average shear-wave splitting delay time (seconds) at each station.

2. Data Sources & Method
Our catalog of seismic anisotropy measurements is compiled by combining several seismic data sets
(Figure 2). The largest is from the GeoNet seismic network from which we collate all earthquakes which
have manually picked S-wave arrivals and available waveforms up to July 2018 (Petersen et al., 2011). This
data set is then supplemented by manually picked S-wave arrival times from three temporary seismic deploy-
ments; the central North Island passive seismic experiment (Reyners & Stuart, 2002), the Hotter and Deeper
array (Bannister, 2009), and the back-arc rifting in New Zealand array (Ebinger, 2017). We then applied the
Multiple Filter Automatic Splitting Technique (MFAST) (Savage et al., 2010) on all of the associated wave-
forms. MFAST develops upon previous work (Silver & Chan, 1991; Teanby et al., 2004) to measure seismic
anisotropy by finding the minimum of the smallest eigenvalue of the horizontal particle motion by perform-
ing a grid search over a range of fast orientation (-90◦ – 90◦) and delay times (0–0.8 s). It then performs
a rigorous cluster analysis which provides an estimate of the "quality" of each measurement. By applying
this technique to our compiled data we produce a total of 96,350 high-quality (signal-to-noise ratio ≥3, fast
orientation standard error ≤ 25◦, and incidence angle ≤ 35◦) measurements of seismic anisotropy at 156
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Figure 9. Spatial averaging of fast orientation throughout the Hikurangi forearc. (a) Raypath coverage and gridding
distribution. White triangles are seismic stations, and red lines are straight raypaths between earthquake and station.
(b) Well-resolved fast orientations across the Hikurangi forearc, colored for orientation. (c) Projection of fast
orientations along the forearc. The yellow region shows the approximate trend of the Hikurangi trench.

seismic stations (Figure 3). At each station we calculate the mean fast orientation by adding unit vectors,
given by the measured fast orientation, and dividing by the number of measurements (Savage et al., 2010).
This also requires consideration of the 180◦ ambiguity in orientation. The length of the resultant vector gives
an indication of the standard error, which we consider when interpreting our results.

Such a large volume of shear-wave splitting measurements can be difficult to interpret and often exhibit
an azimuthal dependency in anisotropy measurements. To gain insight into the spatial distribution of
anisotropy orientations we use the 2-D splitting tomography code (TESSA) of Johnson et al. (2011). This
computes average fast orientations in 2-D grids using circular statistics, but does not take depth variations
into account. We plot results from grids that feature at least 10 crossing rays and have a standard deviation
in fast orientation of less than 30◦ and standard mean error of less than 10◦ .

ILLSLEY-KEMP ET AL. 9
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Figure 10. Seismic anisotropy fast orientations in the subducting Hikurangi slab. The slab is divided into 11 cross-sections and anisotropy measurements with a
subduction-parallel raypath are plotted as a function of orientation (◦) and depth (km). Individual measurements are plotted as black points. Mean fast
orientation is calculated at 10 km intervals and plotted as red circles and ±standard error is plotted as dashed red line. Contours of depth to the top surface of
the slab are plotted in map view (Williams et al., 2013).

3. Results
Here we consider our results within four separate geographical/geological regions, each of which have
distinct volcanic and/or tectonic characteristics.

3.1. Taranaki Region
In the Taranaki region we have measured 2,622 high-quality seismic anisotropy measurements across 10
seismic stations, spanning data from 2005 to July 2018 (Figure 4). We observe a large amount of variation
in average station orientations. On the western and northwestern flanks of Taranaki volcano the fast orien-
tation is oriented NW-SE, aligned with the Taranaki lineament. In contrast, to the southeast and northeast
of Taranaki, the fast orientation is oriented NE-SW. Further to the northeast of the Taranaki region, the fast
orientation is N-S, and in the Whanganui region is ENE-WSW.

3.2. Taupō Volcanic Zone
In the TVZ we have derived 42,644 high-quality measurements of seismic anisotropy, distributed across 99
seismic stations, with data spanning the period from 2001 to May 2019. Many of the individual stations show
self-consistent fast orientations, with standard errors of ≤ 10◦ (Figure 5). However, there is a large amount
of variation in average fast orientation throughout the TVZ, and several stations show a bimodal distribution
of fast orientations which is not captured by a simple standard error. The earthquake-receiver distribution
of our combined network provides excellent ray coverage for spatial averaging of fast orientations. For the
splitting tomography we constrain the minimum grid size to be 3 × 3 km, and each box must have a mini-
mum of 10 crossing rays (Johnson et al., 2011). This enables us to retrieve well-constrained, low-variability
estimates of fast orientations throughout the entire TVZ (Figure 6). In order to better examine how fast ori-
entations change in the TVZ, we also plot the fast orientation as a function of distance along the TVZ axis
(Figure 6c).

ILLSLEY-KEMP ET AL. 10
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The most notable feature of our results is the consistency of the fast orientation in the central TVZ, between
Taupō and Okataina (100–180 km along projection, Figure 6c). The fast orientation here is between 30◦ and
60◦ , with relatively little variability. In contrast at either end of this region, at Taupō and Okataina, the fast
orientation shows no predominant trend and has a large amount of variation. At Okataina, the rift-aligned
anisotropy in the central TVZ appears to intersect with a region of NW-SE fast orientations which extend
through Rotorua caldera. In addition, there are several measurements of E-W fast orientations within the
Okataina caldera. The fast orientations around Taupō caldera vary greatly. Many measurements are radial to
the caldera, particularly those close to the caldera rim. However, this radial pattern does not persist further
outside the caldera, in particular fast orientations to the south and southeast of the caldera are ∼E-W and
rotate to a N-S orientation to the east of the caldera.

In the southern TVZ, the distribution of fast orientations is highly complex. Between Tongariro volcano and
the southern end of Lake Taupō, the fast orientation is consistently N-S. However, this alters dramatically
at Tongariro volcano where the fast orientation is E-W, a pattern which extends to the west. At Ruapehu
volcano, the fast orientation is N-S to NE-SW, but this again changes to E-W south of Ruapehu. To the east
of the volcanoes, the fast orientation is ∼NE-SW. In the northern TVZ the fast orientations are dominated
by two orientations, E-W and NNW-SSE (∼-30◦). The NNW-SSE orientation is predominantly located at the
coastline and in the offshore Whakatane graben, whereas, the E-W fast orientation is located to the west of
the northern TVZ.

3.3. Hikurangi Fore-Arc
In the Hikurangi fore-arc region we make 45,349 high-quality measurements across 53 seismic stations, with
data spanning 2005 to July 2018. Average fast orientations at individual stations show low variation, with
all but three stations showing a consistent average fast orientation (Figure 7b). Across the region, there is a
fairly consistent NE-SW fast orientation. We also calculate the average shear-wave splitting delay time (sec-
onds), which gives an indication of the magnitude of seismic anisotropy. We observe that there is a tendency
for delay time to increase towards the Hikurangi margin (Figure 8b). The distribution of earthquakes and
seismometers provides almost complete ray coverage in the fore-arc regions for the splitting tomography.
We constrain the minimum grid size to be 6×6 km (Figure 9a) and again plot fast orientation as a function
of distance along the Hikurangi forearc.

The fast orientation in the Hikurangi forearc is dominated by a NE-SW, trench-parallel orientation (30◦−60◦)
(Figure 9b). This orientation is particularly characteristic of the region extending from the Wairarapa basin
to central Hawkes Bay. In the northeastern forearc, the NE-SW fast orientation is not so prevalent, and the
region is characterized by a ENE-WSW (60◦−90◦) fast orientation, but with larger amounts of variation. A
significant departure from a trench-parallel fast orientation is observed ∼200 km along the North Island
dextral shear belt, where the fast orientation is NW-SE (–60◦−–30◦) (Figures 7b and 9b).

3.4. Subducting Hikurangi Slab
In order to investigate variations in seismic anisotropy in the subducting Hikurangi slab we selected earth-
quakes that had a station–earthquake raypath that was approximately parallel to the dip of the subducting
slab (∼300◦). By doing this, the anisotropy measurements will originate from earthquake raypaths that sam-
ple large portions of the downgoing slab, as the fast internal velocities of the slab will act as a waveguide
(Eakin et al., 2016). We confirm this behavior by comparing the S-wave frequencies of these deep earth-
quakes at stations in the Hikurangi arc and in the NW of the North Island (Supporting information Figure
S1). We then produce multiple "cross-sections" of slab anisotropy along the length of the subduction zone
(Figure 10), to produce a database that consists of 5,735 high-quality seismic anisotropy measurements. The
depth extent of our measurements increases from ∼250 km in the south of the subduction zone, to ∼400 km
in the north. This pattern of northward increasing earthquake depth generally reflects the earthquake activ-
ity (Eberhart-Phillips et al., 2013). We then calculate average fast orientation using circular statistics (Savage
et al., 2010) over 20 km "bin" widths at 10 km intervals (red circles in Figure 10). For each of these bins
we calculate the standard error in mean and plot this as an upper and lower error bar (dashed red line in
Figure 10).

Seismic fast orientation within the downgoing slab varies both with depth and with distance along the Hiku-
rangi margin (Figure 10). Profile a, in the northern Hikurangi margin, shows a predominant NE-SW fast
orientation (30◦ − 60◦) but with deviations to a NNW-SSE orientation at depth of 220–230 and 260–270 km.
Profile b has a predominant NE-SW orientation at all depths. Profile c shows a sharp change from depths
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of 100–190 km, where fast orientations are ENE-WSW before changing to a NE-SW orientation at depths
≥200 km. Profile d shows a smaller amount of variation, with the majority of fast orientations being NE-SW,
however there is a deviation to a N-S orientation at 160–170 km. Profile e shows fairly consistent N-S fast
orientations throughout the slab and profile f shows an equally consistent NE-SW orientation. Profiles g–k
generally have fewer measurements of anisotropy, so errors in the calculation of mean fast orientation tend
to be larger; however, profiles i and k also show consistent NE-SW fast orientation throughout the slab.

4. Discussion
4.1. Taranaki Region
Much of the anisotropy in the Taranaki region has a NE-SW fast orientation, which is aligned with previous
estimations of SHmax (Sherburn & White, 2006; Townend et al., 2012) as well as mapped faults (Figure 4).
These observations suggest that the region is undergoing a similar, though not as rapid, NW-SE oriented
extension as that observed in the TVZ, and that this is controlling the anisotropy. Approximately, 30% of the
earthquakes which yield anisotropy measurements occur in the lower-crust/upper-mantle (≥20 km depth).
At these depths we may expect to observe seismic anisotropy that is influenced by the proposed mantle
delamination (Dimech et al., 2017); however, there is no discernible change in fast orientations with increas-
ing depth. We therefore suggest that the NW-SE oriented extension observed in the upper crust also extends
to lower-crustal depths, or that any shear-wave splitting from deep structures is masked by subsequent
splitting at shallow levels.

Fast orientations to the northeast of Taranaki show N-S orientations, which may be influenced by struc-
tures associated with the N-S trending Taranaki Fault (Figure 4). However, fast orientations on the Taranaki
volcanic edifice deviate significantly from this NE-SW orientation and are oriented NW-SE. Volcanism in
the Taranaki region is confined to the NNW-SSE trending Taranaki lineament, and the locus of active vol-
canism here has generally migrated SE through time (Neall et al., 1986; Price et al., 1999). The underlying
reason for this NNW-SSE trend has not been established. In extensional environments volcanic fields will
typically follow trends that are perpendicular to the direction of extension (e.g., Mazzarini et al., 2016).
Significant deviations from this require the influence of either local perturbations to the stress field or
inherited crustal structures (Wadge et al., 2016). Proposed examples of volcanic lineaments which follow
inherited crustal structures include the Nabro range, Ethiopia/Eritrea (Wiart & Oppenheimer, 2005), and
the Jemez volcanic field, USA (Self et al., 1986). As noted previously, the mapped faults in the region strike
NE-SW to N-S (Figure 4) and provide no evidence for recently active NNW-SSE oriented structures. It has
been suggested the along-axis segmentation in the TVZ may be controlled by the presence of deep-rooted,
cross-cutting NNW-SSE trending structures (Rowland & Sibson, 2001). Perhaps, similar basement struc-
tures are the underlying cause for the Taranaki lineation and it is these crustal structures that are inducing
the NW-SE fast orientation that we observe. A more detailed geophysical investigation into the underlying
cause for the Taranaki lineation could shed further light on the deeper roots of this volcanic system.

4.2. Taupō Volcanic Zone
In the central TVZ, between Taupō and Okataina, the fast orientation is aligned parallel to the rift (Figures 5b
and 6b,c), in agreement with the previous study of Audoine et al. (2004). This alignment is parallel to
the rift-related faults in this region (Figure 5a), and it could be that these aligned structures are induc-
ing the NE-SW fast orientation (e.g., Li et al., 2014). However, the central TVZ also hosts many caldera
structures that are not preferentially aligned with the rift (Figure 5a). We see no evidence that the seismic
fast orientation is aligning with these caldera structures in the central TVZ; thus, we suggest that shallow,
caldera-related crustal structures are not the dominant control on seismic anisotropy in this region. The ori-
entation of extension in the TVZ (Seebeck et al., 2014; Villamor & Berryman, 2001; Wallace et al., 2012),
along with earthquake focal mechanisms (Townend et al., 2012), suggests that the direction of maximum
horizontal compression (SHmax) is oriented NE-SW, parallel to the fast orientation. We therefore propose
that the anisotropy in the central TVZ is controlled by rift-related extensional stress and that this is dominant
throughout the thickness of the seismogenic crust (∼15 km), consistent with the conclusions of Townend
et al. (2012). This observation has also been made on a smaller scale in the Rotokawa and Ngatamariki
geothermal field (Mroczek et al., 2019). Major geothermal systems have been imaged by magnetotelluric
surveys at ≤10-km depth in the central TVZ (Bertrand et al., 2012; Heise et al., 2010), yet the relevant crustal
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resisitivity anomalies have no observable influence on anisotropy. This may mean that the geothermal sys-
tems are also heavily influenced by continental rifting and fluids occupy voids or fractures, that on the local
scale of each system, are preferentially aligned along rift-related structures.

In contrast to the rift-aligned fast orientation in the middle portion of the central TVZ, we observe varied
anisotropy patterns at its northern and southern limits around Taupō and Okataina volcanoes. In these
regions the fast orientation is not oriented with the rift and does not show a clear, dominant orientation
(Figure 6b,c). Both of these volcanoes have hosted the most recent (≤61 ka) large-volume rhyolite eruptions
in the TVZ (Wilson et al., 2009) and host major caldera collapse structures with associated negative gravity
anomalies (Davy & Caldwell, 1998; Seebeck et al., 2010). The formation of these calderas would be accompa-
nied by similarly orientated collapse structures in the surrounding crust, and one may expect that these could
control the anisotropy. However, this would result in fast orientations that are approximately arcuate around
the two calderas. This is not what we observe, and we must invoke an alternative explanation. Petrological
studies of recent (post-25 ka) eruptive products from Taupō suggest that a large (≥200 km3) silicic magma
reservoir (mush: dominantly crystals with subordinate amounts of melt) currently exists beneath the Taupō
caldera at ∼4–12 km depth (Barker et al., 2015; Liu et al., 2006). Similarly, petrological and magnetotelluric
studies of Okataina caldera suggest a large, silicic mush magma reservoir also exists beneath Okataina at
∼8–15 km depth (Cole et al., 2014; Heise et al., 2010). The presence of such large magma systems in these
regions will cause a significant reduction in crustal viscosity and have been proposed to influence rifting
in the TVZ (Ellis et al., 2014). It may be that large, silicic magma chambers beneath Okataina and Taupō
alter the bulk crustal rheology such that the extensional stress-field cannot induce anisotropy through the
preferential opening of microcracks. Alternatively, localized large stresses or changes in anisotropy within
large magma chambers may be altering the observed anisotropy (Maher & Kendall, 2018). Many of the fast
orientations on the margins of the Taupō caldera are oriented radially to the caldera (Figure 6b). This pat-
tern of radial SHmax has been observed at several volcanoes worldwide and is thought to be caused by either
inflating magma chambers (Illsley-Kemp et al., 2018; Savage et al., 2015) or gravitational loading (Araragi
et al., 2015). Gravitational loading is not a viable explanation for the radial fast orientations at Taupō, as
the caldera produces a negative gravity anomaly (Davy & Caldwell, 1998). If the magma reservoir beneath
Taupō were inflating at the present day, it would induce ground deformation, which is not observed. How-
ever, ground deformation related to inflation may be obscured by the influence of caldera-bounding faults
beneath Lake Taupō (Ellis et al., 2007). Future geophysical studies of the present state of the Taupō magmatic
system will enable the detailed modeling of potential deformation-related stresses and associated anisotropy.
Thus, our results provide further geophysical evidence to suggest that Taupō and Okataina currently host
significant magma chambers. As we have shown that rift-induced seismic anisotropy is present through-
out the seismogenic crust between Taupō and Okataina, we can extend our hypothesis further to suggest
that middle to upper crustal magma reservoirs, of a similar scale to Taupō and Okataina, do not presently
exist in this region. It may be that the high surface heat flow in this region (Bibby et al., 1995) is sourced
from lower-crustal/mantle magma storage regions, as suggested by Stern and Benson (2011). Throughout
the central TVZ we observe very little variation in fast orientation with time, suggesting that anisotropy has
remained relatively constant for at least the previous decade. Seismic anisotropy has been proposed as a tool
for detecting volcanic unrest (Gerst & Savage, 2004), whereby pressure changes in the magmatic system alter
the observed fast orientation. The lack of time-varying anisotropy in the central TVZ therefore suggests that
either the region has been in a period of magmatic quiescence for the last ∼10 years or the resolution of our
data is not sufficient to detect unrest.

In the southern segment of the TVZ, in the region of Tongariro and Ruapehu, the fast orientation is pre-
dominantly either N-S or E-W (Figure 6b), as also observed by Johnson et al. (2011) and Johnson and Savage
(2012). These studies infer that the perpendicular orientations are both induced by stress-aligned microc-
racks. Extension rates related to the Taupō rift decrease southward and are minimal in the Ruapehu region
(Wallace et al., 2004), and it is therefore not surprising that a rift-related fast orientation does not characterize
this region. The southern TVZ hosts perpendicular N-S and E-W normal fault sets, and we suggest that these
are parallel to the smaller-scale structural features controlling the observed perpendicular fast orientations
(Figure 5a). (Villamor & Berryman, 2006a, 2006b) studied the surface expression of these faults in detail,
but could not measure fault orientations at depth. We can use our anisotropy measurements to suggest the
dominant fault orientation throughout the seismogenic crust in different areas. We therefore suggest that
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E-W faulting dominates to the north, south, and west of Ruapehu, but that N-S faulting dominates beneath
and to the east of the Ruapehu edifice during our study period.

In the northern segment of the TVZ, anisotropy in the Whakatane graben region needs to be interpreted
with caution, as our data provide little variation in azimuth direction (Figure 6a). The fast orientation in
this region is highly oblique/perpendicular (−40◦) to the trend of the Taupō rift. The Whakatane graben
is structurally complex and hosts oblique rifting (Lamarche et al., 2006) which has been shown to feature
NE-SW oriented strike-slip faulting (Richardson, 1989). It is also the region where the Taupō rift intersects
with the North Island dextral shear belt (Figure 7a), which is thought to induce a significant amount of
dextral slip in the Whakatane graben (Lamarche et al., 2006; Mouslopoulou et al., 2007, 2008). Anisotropic
fast orientations in dextral fault systems have been shown to be highly oblique to the fault strike, aligning
with SHmax (Boness & Zoback, 2006). Therefore, it may be that the stress field in the offshore Whakatane
graben is characteristic of an oblique-slip fault system.

4.3. Hikurangi Fore-Arc
For interpretations in the Hikurangi forearc, we can compare our anisotropy results to the orientation of
tectonic stresses observed by Townend et al. (2012) (Figure 7a). They find that the forearc can be subdivided
based on stress-orientation into two regions, northern and southern, with the transition between the two
occurring near southern Hawkes Bay. In the north they find that SHmax is oriented NE-SW, parallel to the
Hikurangi trench in a strike-slip stress regime. The NE-SW orientation of SHmax in this area is also observed
by Warren-Smith et al. (2019), though they observe a normal faulting stress regime in the subducting plate.
In contrast, in the southern forearc Townend et al. (2012) find that SHmax is oriented ENE-WSW, sub-parallel
to the Hikurangi plate motion in a normal stress regime. The results of Townend et al. (2012) from the north-
ern forearc contrast with our fast orientations: We observe predominantly plate-motion parallel (E-W) fast
orientations in the northern forearc (Figure 9). We suggest that this is due to a sampling of different crustal
depths between the two studies. Townend et al. (2012) use earthquake focal mechanisms to invert for the
stress regime; thus, they are sampling the stress field at the average earthquake epicentral depth (46–68 km
depth in the northern forearc). In contrast, seismic anisotropy is accrued between the earthquake epicen-
ter and the seismometer at the surface; hence, we will be predominantly sampling the crust at shallower
depths (0–40 km) than Townend et al. (2012). In the forearc, the surface of the Hikurangi slab is between
15–30 km depth (Williams et al., 2013) (Figure 10). We therefore propose that Townend et al. (2012) are mea-
suring stress orientations within the subducting Hikurangi plate, whereas our anisotropy measurements are
sampling the overlying Australian plate/forearc (Evanzia et al., 2017).

Fast orientations that are oriented NE-SW are best explained by aligned microcracks in a strike-slip stress
field with SHmax aligned parallel to the strike of the Hikurangi slab. South of Hawkes Bay, this stress field
appears to dominate in both the underlying Hikurangi slab and the overlying forearc, and this is also
observed in the study of Eberhart-Phillips and Reyners (2009). The Hikurangi forearc is dominated by
NE-SW aligned faults (Figure 7), and it may be that these crustal structures are also contributing to the
observed NE-SW fast orientation, as observed in the central Andean margin (Reiss et al., 2018). Conversely,
regions where the fast orientation is aligned E-W, for example, northern Hawkes Bay and 100–150 km
along the forearc (Figure 9), may represent areas where the stress field is inducing anisotropy in the forearc
and is compressional in nature. This suggests that, particularly north of Hawkes Bay, the forearc is under
a compressional stress regime, whereas the underlying Hikurangi slab is undergoing strike-slip deforma-
tion. It is interesting to compare our results to a similar study from southern California (Li & Peng, 2017).
Seismic anisotropy patterns from California appear to be predominantly controlled by crustal structures,
such as faults. In contrast, we observe that seismic anisotropy in the Hikurangi forearc is controlled by the
stress field. It may be that crustal structures in Southern California are more pervasive and/or have a more
consistent alignment, at least on a local scale, than the Hikurangi forearc.

Several lines of evidence suggest the Hikurangi subduction zone exhibits different slip-behavior and fore-
arc properties along its length. Wallace et al. (2004) show that in the southern forearc, the Hikurangi plate
interface is locked with a coupling coefficient of ∼1, whereas the northern forearc is not coupled and hosts
frequent, shallow slow-slip events (Figure 8a) (Todd et al., 2018; Wallace et al., 2012). This low degree of
plate coupling in the northern Hikurangi subduction zone may explain why we observe a significant differ-
ence between the stress fields of the Hikurangi slab and the overlying forearc there. In contrast, the strong
plate-coupling in the south promotes a consistent stress field throughout. The consistent stress field in the
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southern forearc was also observed by Evanzia et al. (2017), though they find variations in the stress field of
the Wairarapa basin that are not observed in this study.

In addition to a change in plate coupling, marine seismic surveys and water samples show that the north-
ern Hikurangi margin is characterized by a high fluid flux into pervasively fractured rock and mudstone
(Barnes et al., 2019; Bassett et al., 2014). We have already shown that the stress field in the overlying fore-
arc changes from south to north. Using our data, we investigate whether there is any spatial pattern in
shear-wave splitting delay time (Figure 8b). We find that there is a consistent pattern, throughout the fore-
arc, of an increase in average delay time towards the Hikurangi trench. This finding is consistent with an
increase in horizontal stresses and/or an increase in the crack density towards the plate boundary. We also
observe that there is a clear difference in delay-time distribution in the northern and southern forearc. Delay
times measured inland are consistently higher north of Hawke's Bay than in the south, and delay times in
the north increase more gradually towards the plate boundary. Our data lend support to the suggestions of
Bassett et al. (2014), that high-fluid content and pervasive fractures in the northern forearc would increase
the observed shear-wave splitting delay time in comparison to the southern forearc.

4.4. Subducting Hikurangi Slab
For many regions in the downgoing Hikurangi slab, the dominant fast orientation is approximately trench
parallel (30◦–60◦) (Figure 10). This anisotropy was observed in previous shear-wave splitting studies
(Audoine et al., 2004; Gledhill & Stuart, 1996; Morley et al., 2006), but, in contrast, the study of Greve and
Savage (2009) proposes an isotropic slab. The observed trench-parallel fast orientation is near perpendicu-
lar to the SHmax orientation obtained by Townend et al. (2012), and thus we cannot explain our anisotropy
results with the stress field. Seward et al. (2009) and Eberhart-Phillips and Reyners (2009) observe strong
trench-parallel P-wave anisotropy within the subducting slab, with Eberhart-Phillips and Reyners (2009)
observing this to depths of at least 185 km. They suggest that this anisotropic fabric is imprinted into the
plate in the shallow subduction zone, where plate-bending stresses induce trench-parallel faulting (Craig
et al., 2014). This observation has also been made in the Nazca subduction zone, Peru (Eakin et al., 2016),
and global observations of trench-parallel teleseismic anisotropy are thought to be caused by plate-bending
related faults (Faccenda et al., 2008). This hypothesis can also explain our observations of trench-parallel
shear-wave splitting in the downgoing slab. However, our large catalog of measurements reveals that
anisotropy is not consistently oriented through the entire subducting plate. In particular, anisotropy from
earthquakes at ∼120–200 km depth beneath the central North Island (Figure 10, profiles c, d, and e), shows
a N-S to NW-SE fast orientation. If we continue with the hypothesis that anisotropy in the subducting slab is
induced by trench-parallel structures that are formed in the shallow subduction zone, then we must consider
the complex Hikurangi subduction history. While the E-W convergence direction has remained relatively
constant over the last ∼25 Ma, the orientation of the trench has varied (Schellart et al., 2006; Seebeck et al.,
2014) and the Kermadec arc to the north underwent major reorganization as recently as 4.4 Ma (Timm
et al., 2019). It may be that the differing fast orientations we see at great depths are caused by slab-bending
structures formed when the subduction zone was oriented differently to the present day.

5. Conclusions
We have compiled the largest database of crustal seismic anisotropy measurements in New Zealand's North
Island utilizing permanent and temporary seismic deployments. This has enabled us to map the distribution
and orientation of stress and structures within the overlying Australian plate and subducting Pacific plate
(specifically the Hikurangi Plateau) in great detail. We have found that

1. The majority of anisotropy in the Taranaki region is controlled by NW-SE oriented extension in the region.
Fast orientations proximal to the Taranaki volcanic edifice aligns with the Taranaki lineament, suggesting
that there is a lower-crustal structural control on the distribution of Taranaki volcanism.

2. At Okataina and Taupō volcanoes, the lack of a consistent fast orientation suggests the presence of large
magma reservoirs beneath these two volcanoes.

3. In the central TVZ, between Okataina and Taupō, anisotropy throughout the seismogenic crust is con-
trolled by the regional extension. This suggests that this area does not presently host magma reservoirs in
the middle to the upper crust that are of comparable size to Taupō or Okataina.

4. Fast orientations in the northern TVZ are highly oblique to both the rift and the regional faults, potentially
indicating that the area is characterized by an oblique-slip stress field.
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5. The southern Hikurangi forearc (south of Hawke's Bay) is characterized by a strike-slip stress field with
SHmax oriented sub-parallel to the strike of the subduction zone. Comparison to previous studies suggests
that the stress field is continuous in its orientation throughout the slab and forearc in this region.

6. The northern Hikurangi forearc has anisotropic properties which suggest an E-W compressional stress
regime, parallel to the direction of subduction. This reveals that in this region the stress regime in the
forearc is different to that in the subducting slab. This is inferred to be a consequence of the low degree of
plate coupling on the subduction interface. The northern Hikurangi forearc also has consistently higher
shear-wave splitting delay times than its southern counterpart, suggesting pervasive fracturing of the
forearc in this region.

7. The subducting Hikurangi slab has a predominant trench-parallel fast orientation, potentially caused by
plate-bending faulting in the shallow subduction system. Changes to an oblique fast orientation at depth
may be a relic of past subduction configurations.
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