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A B S T R A C T

We employed shear-wave splitting analysis on both teleseismic SKS and S waves, and S waves from deep
(150–250 km) local earthquakes collected from a dense array with 43 temporary broadband seismic stations and
nine long-term seismic stations centered at Mount Taranaki to characterize the upper-mantle dynamics in the
southwestern North Island of New Zealand, in areas previously unexamined for shear-wave splitting. We
observed predominantly trench-parallel fast polarizations and strikingly large delay times over 3 s from tele-
seismic analysis. In contrast, local S analysis yielded a sharp transition of fast-polarization from trench-parallel in
the northeast to trench-normal in the southwest. Trench-parallel fast-polarization from teleseismic analysis may
be attributed to sub-slab trench-parallel flow or to trench-parallel fractures in the subducting slab. More
importantly, we attribute large delay times to deep upper-mantle (200–400 km depth) deformation, possibly
associated with the dynamic interaction between the downgoing slab and the 410-km discontinuity or with the
lithosphere delamination near the Taranaki-Ruapehu line. In contrast, the trench-parallel anisotropy from the
local S waves in the northeast could be caused by fluid-bearing cracks in the crust of the Taupō Volcanic Zone
and/or by trench-parallel fractures in the subducting slab resulting from outer rise bending. The abrupt change to
trench-normal may be related to stress variations in the downgoing slab at different depths.

1. Introduction

The North Island of New Zealand is located above the Hikurangi
subduction zone, where the Pacific plate has been subducting beneath
the Australian plate with a convergence rate of ~40–45 mm/yr at an
oblique angle to the strike of the plate boundary (DeMets et al., 2010;
Fig. 1). Subduction of the Pacific plate initiated at the Hikurangi margin
at ca. 25 Ma and then rotated clockwise with time (rotation rate ~ 3◦/
Ma; e.g., Walcott, 1987; Wallace et al., 2004; Nicol et al., 2007). Seismic
evidence suggests that the slab reaches a depth of >300 km (Williams
et al., 2013; Fig. 1). The depth contours of the upper boundaries of the
subducting Pacific slab beneath the North Island are mostly smooth

(Williams et al., 2013; Fig. 1). However, the configuration of depth
contours has a bend between the South Island and the Taranaki region
for depths >75 km. Occasionally, small wiggles of the depth contours
are related to the bicubic spline interpolation algorithm. A local change
in the geometry of the subducting slab might lead to stress changes, with
resultant variations in seismic signatures, particularly stress-sensitive
seismic anisotropy. Thus, one of the objectives of this study is to char-
acterize the slab deformation patterns at depth.

The Taupō Volcanic Zone (TVZ) – a NE-trending Quaternary volcanic
arc and Mt. Taranaki are two striking geologic features at the central to
western North Island. The TVZ has been attributed to backarc extension,
which ceased in the Taranaki region in the Pliocene and then transferred
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northeastward (Stern et al., 2006; Giba et al., 2010). A recent study has
emphasized the role of slab-derived fluids in high magma output rates at
Ahi Tupua of the TVZ (Mark et al., 2024). Note that Mt. Taranaki is
about 400 km west of the trench and 150 km west of the TVZ; explaing
its existence within the context of the current subduction system needs
more investigations (Fig. 1) (Reyners et al., 2007; Williams et al., 2013).
Additionally, delamination of the lithosphere through thickening and
convective removal has been postulated for the western North Island in
the Taranaki region (Stern et al., 2006, 2013; Dimech et al., 2017). All
geological and tectonic evidence suggests that the North Island of New
Zealand has undergone an intricate tectonic history. This study aims to
present the upper mantle dynamics in the backarc, which may not
explicitly reveal the genesis of TVZ and Mt. Taranaki but is nevertheless
crucial in comprehending how the upper mantle responds to the sub-
duction of the Pacific plate.

Seismic anisotropy measurements from shear waves of teleseismic
and deep local earthquakes shed light on the present-day mantle flow
pattern and lithospheric deformation (Silver and Chan, 1991). Some
previous anisotropy analyses focus on the eastern, southern, and central
parts of the North Island (e.g., Gledhill and Stuart, 1996; Marson-Pidg-
eon et al., 1999; Marson-Pidgeon and Savage, 2004). One intriguing
observation is that, except in the west and northwest of New Zealand,
consistent fast-wave polarizations subparallel to the trench and delay
times larger than 1.5 s (with the largest up to 4.5 s) were observed from
core-refracted or teleseismic shear wave splitting measurements. The
seismic anisotropy with trench-subparallel fast directions was

interpreted to be caused by anisotropy in the mantle wedge, in the slab
itself, and in the sub-slab mantle (e.g., Gledhill and Stuart, 1996; Mar-
son-Pidgeon et al., 1999; Marson-Pidgeon and Savage, 2004; Audoine
et al., 2004; Greve et al., 2008; Greve and Savage, 2009; Zal, 2020).
These large delay times gave way abruptly to nearly zero delay times in
the region west of the TVZ and north of 37.5◦ S latitude (Greve et al.,
2008; Greve and Savage, 2009; Zal, 2020). Additionally, several studies
carried out shear wave splitting of direct S waves from local shallow to
intermediate subduction events (Brisbourne et al., 1999; Matcham et al.,
2000; Audoine et al., 2000, 2004; Gerst and Savage, 2004; Morley et al.,
2006; Johnson et al., 2011; Illsley-Kemp et al., 2019; Cao et al., 2023),
targeting the local anisotropy structure above the subducting slab. These
fast polarization directions vary considerably from place to place. Little
shear wave splitting work has focused on the deep backarc of south-
western North Island (Taranaki and its adjacent regions). In this study,
we examine data from a dense network of three-component broadband
seismographs operated in Taranaki and investigate the spatial variation
in seismic anisotropic parameters using teleseismic SKS/S waves and S
waves from deep (> 150 km depth) local earthquakes.

2. Data and method

We collected local S and teleseismic S/SKS waveforms generated by
events between December 2001 and September 2002, recorded by 41
three-component, broadband seismographs that belong to the Taranaki
Volcano-Seismic Network (TVSN; Sherburn and White, 2005; Fig. 1 and

Fig. 1. Regional tectonic setting and distribution of events (circles) and stations (triangles) used in this study. (a) Topographic map showing the distribution of 43
TVSN broadband seismic stations (pink triangles), two Geonet long-term broadband seismic stations (yellow triangles), and seven Geonet long-term short-period
seismic stations (blue triangles). The two stations (NMEZ and AOTT) used as examples showing splitting measurements in Fig. S1 are marked. Local events used in the
final analysis are shown as circles, colored according to the depth ranging from 150 to 250 km. Dashed contours of the Pacific plate interface (in km) are from
Williams et al. (2013). Dashed red line denotes the Taranaki Volcanic lineament. The Taranaki-Ruapehu Line (TRL) is marked by the dashed black line. (b) Regional
tectonic setting of North Island of New Zealand. The black arrow shows the convergence rate between the Pacific and Australian plates (DeMets et al., 2010). The red
rectangle shows the location of the study area. (c) Red circles show Mw > 6.0 teleseismic events with epicentral distances ranging from 60◦ to 135◦ used in the final
analysis. The blue triangle shows the location of the central station in the study area. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Table S1). We also collected local S and teleseismic SKSwaveforms from
10-years (2012− 2022) of recordings from two long-operating broad-
band seismic stations (KHET and VRT) and local S waveforms from
seven short-period seismic stations (DREZ, LREZ, MHEZ, NEZ, NMEZ,
PKE, PREZ) operated by GeoNet Aotearoa New Zealand (http://www.
geonet.org.nz).

The event information for all local earthquakes was obtained from
GeoNet (http://www.geonet.org.nz). For the teleseismic earthquakes
we used the earthquake catalog from the US Geological Survey (USGS).
For splitting measurements from local S phases, we examined seismo-
grams generated by events (Mb>3.5) at depths of 150–600 km recorded
at stations within a 35◦ cone (i.e., the so-called “shear wave window”;
Booth and Crampin, 1985), calculated with the approximation of a
straight-line propagation path. We limited our measurements to events
with<5 km depth error and 2 km epicentral location error to reduce bias
in anisotropy measurements due to ray path differences caused by the
event location error. A total of 68 (2001/12/01–2002/9/9) and 118
(2012–2022) local earthquakes were used for the TVSN and GeoNet
stations, respectively. We also selected earthquakes with epicentral
distances from 85◦ to 135◦ for SKS recorded at the TVSN stations (19
earthquakes) and two GeoNet broadband seismometers (289 earth-
quakes). To complement teleseismic SKS splitting measurements for the
TVSN stations, two more earthquakes with epicentral distances ranging
from 60◦ to 80◦ and depths >420 km for teleseismic S for the TVSN
stations were also chosen.

When shear waves propagate through an anisotropic region, they
split into fast and slow propagating waves with perpendicular polari-
zation directions (e.g., Nur and Simmons, 1969). The polarization of the
fast wave, referred to as the fast direction (φ), reflects the orientation of
seismic anisotropy in the region. The delay time between the fast and
slow waves (δt) provides constraints on the strength of anisotropy and/
or the thickness of the anisotropic layer (e.g., Hess, 1964; Silver, 1996;
Savage, 1999; Long and Silver, 2009; Liu and Gao, 2013; Long and
Lynner, 2015). Ray paths from teleseismic and deep earthquakes usually
are longer in the mantle than in the crust, but if they are recorded at the
surface, all parts of the path must be considered. To constrain the rela-
tive contribution of mantle flow above, within and below the subducting
slab, splitting measurements from multiple phases, such as local S,
source-side S, and teleseismic SKS waves, can be combined to consider
the source of observed anisotropy (Long, 2013; Long and Wirth, 2013).
In this study, we combined local S, teleseismic S, and SKS splitting to
discuss the source of observed anisotropy in the following sections.

Following data processing procedures described in the previous
studies by Brisbourne et al. (1999), Audoine et al. (2004) and Greve
et al. (2008), who carefully tested the filters based on the noisy nature in
New Zealand stations, we band-pass filtered the original broadband
waveforms at 0.5–3 Hz for the local S phases and 0.01–0.1 Hz for the
teleseismic SKS and S waves, respectively, to enhance the signal to noise
ratio of the shear wave arrivals. We employed the Multiple Frequency
Automatic Splitting Technique (MFAST) program (Teanby et al., 2004;
Savage et al., 2010; Wessel, 2010) on the local and teleseismic S waves
to constrain the seismic anisotropic parameters φ and δt because it is
particularly suitable when the initial polarization of the S wave is un-
known. The MFAST and the SplitLab toolkit (Wüstefeld et al., 2008)
were used to analyze the SKS wave splitting. We considered two
different delay time ranges: from 0.01 to 1.5 s and from 0.01 to 0.4 s for
local earthquakes. For 1.5 s time windows, the results were either
consistent with the 0.4 s time windows, or unstable, so we used the
second delay time range for the final measurements. We used delay
times ranging from 0.01 to 6.0 s for teleseismic SKS waveforms. In
general, the results are considered to be well constrained if they have the
following characteristics after splitting correction: (1) good correlation
between the fast and slow waveforms, (2) insignificant amplitude on the
perpendicular component of incoming polarization direction for local/
teleseismic S waves or on the transverse component of SKS waves, (3)
good linearization of particle motion, and (4) small 95% confidence

regions (Silver and Chan, 1991; Savage et al., 2010; Wessel, 2010).
Figs. S1 and S2 show representative examples of local S and teleseismic S
wave splitting measurements from MFAST and all SKS-wave splitting
from SplitLab. A null result occurs when the shear wave travels in an
isotropic medium or the initial polarization of S phase (or SKS back-
azimuth) aligns with the fast or slow polarization direction (e.g., Sil-
ver and Chan, 1991; Wüstefeld and Bokelmann, 2007); this information
can place additional constraints on the nonnull splitting measurements
(e.g., Silver and Chan, 1991; Cao et al., 2021), which are presented them
in Fig. S3.

SplitLab provides three different methods: the rotation correlation
method (RC; Bowman and Ando, 1987), the minimum energy method
(SC; Silver and Chan, 1991), and the eigenvalue method (EV; Silver and
Chan, 1991). In contrast, MFAST exclusively uses the EV method. Pre-
vious studies by Wüstefeld and Bokelmann (2007) and Vecsey et al.
(2008) have highlighted that both RC and SC methods can yield poor
results near null directions, while the SC method generally provides
stable estimates across a broad range of back-azimuths, except at null
directions. The RC often requires waveforms with a high signal-to-noise
ratio to perform well. That is to say, SC performs better than RC under
various conditions. Seven out of thirteen SKS splitting measurements
showed aless than 10◦ difference in fast direction between RC and SC,
while the remaining six did not. Given the greater stability of SC, we
used splitting parameters from SC in the final analysis.

3. Results

Based on the selection criterion vriteria, our analysis produced 34
local S splitting measurements from 24 local events recorded at 18
stations, 24 high-quality teleseismic SKS and S-wave splitting mea-
surements from 10 teleseismic events recorded at 16 stations, and 28
null results for teleseismic SKS and S waves from 24 events
(Tables S2–S6; Figs. 2 and 3).

Overall, the local S delay times (average 0.17 ± 0.01 s) are small,
with values<0.4 s, which largely exceed the resolution of measurements
on the order of 0.01 s; the fast polarization varies from trench-parallel
(53.8 ± 0.74◦) in the northeast to trench-oblique (22 ± 6.54◦) in the
center, and finally to trench-normal (− 63.77 ± 7.49◦) in the southwest.

The delay times of SKS phases, averaging 2.70 ± 0.24 s, vary from
1.78 to 3.65 s, and the fast polarizations consistently exhibit trench-
parallel orientation. Results with larger delay times (>2.80 s) are pre-
dominantly (>67%) clustered offshore (see Area B in Fig. 3a) according
to the distribution of the pierce points of SKS ray paths at a depth of 200
km. Six teleseismic S and 25 SKS waves yield null measurements, with
incoming polarizations for S and back-azimuths for SKS either normal or
parallel to the dominant fast directions (Fig. 3a and Table S6).

4. Discussion

4.1. Anisotropic sources for local S splitting

Local S-splitting results from deep earthquakes with paths in the
northeast (Fig. 2) show a trench-parallel fast-polarization pattern
(NE–SW). This pattern is broadly consistent with the crustal anisotropy
pattern from shallow earthquakes observed on the flanks of Mt. Tar-
anaki, which are also predominantly align NE–SW (Fig. 4 in Illsley-Kemp
et al., 2019). However, they are notably different from the NW–SE
alignment seen from shallow local earthquakes recorded by stations
near the Taranaki Volcanic Lineament shown in Fig. 1a (Illsley-Kemp
et al., 2019). To characterize shallow upper mantle deformation, Cao
et al. (2023) analyzed the local data from the events between 70 and
150 km depths and obtained the NNE–SSW alignment (Fig. 2). Specif-
ically, the fast directions in the northeast from Cao et al. (2023) with an
average of 13.5± 1.76◦ deviate by ~22◦ from the convergence direction
of 261◦ between the Australian and Pacific plates (DeMets et al., 2010;
Fig. 2). Although Audoine et al. (2004) reported many trench-normal
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fast directions from shallow to deep-focus events beneath the TVZ
extensional region, more recent work with a more extensive network
and longer time frame (Illsley-Kemp et al., 2019) yields more complex
anisotropic results. These include trench-parallel fast directions in
general disrupted by variable measurements from shallow earthquakes
under calderas.

Our results indicate the presence of a depth-independent anisotropy
in the upper mantle with NE–SW fast directions (Fig. S4). Due to the
limited vertical resolution of shear-wave splitting, it is challenging to
constrain the contribution from each anisotropic layer, mainly because
of the nonlinear effects of overlapping anisotropic layers (e.g., Silver and
Savage, 1994; Rümpker and Silver, 1998). In the northeast of the Tar-
anaki region and within the TVZ, the trench-parallel anisotropy in the
crust observed by Illsley-Kemp et al. (2019) for earthquakes <40 km
depth can be attributed to the alignment of fluid-filled fractures
(Crampin, 1987) parallel to the direction of maximum compressive

stress measured by Townend et al. (2012). Nearby events with 70–150
km depths show fast polarizations at ~30◦ (i.e., NNE–SSW), whereas the
shallow crustal events primarily exhibit NE-SW fast polarizations (Ills-
ley-Kemp et al., 2019; Cao et al., 2023). Importantly, the delay times do
not vary with depth (Fig. S4), which suggests that the shallowest crustal
anisotropic layer, which is related to the local maximum compressive
stress, has the most significant effect on the shear-wave splitting mea-
surement (Rümpker and Silver, 1998).

Although delay times exhibit depth-independent variations between
150 and 250 km in this study (Fig. S4), the ray paths from events pri-
marily sample the shallow part of the subducting slab. Another possible
explanation for the trench-parallel fractures is the bending of the
incoming oceanic plate as it approaches the subduction zone (Fig. 4).
This outer-rise bending induces significant extensional stresses, forming
fractures oriented parallel to the trench axis. Such fractures have been
confirmed through observations (e.g., Wang et al., 2022; Liu et al., 2022;

Fig. 2. Local S-phase splitting measurement results showing the distribution of events (circles) and stations (triangles), with blue stations yield final reliable splitting
measurements. The fast polarizations are plotted at the epicenters of the events (circles colored according to the focal depth). The orientation of each bar is parallel to
measured fast polarization; length is scaled according to delay time. Ray paths between events and stations are shown with green lines. The three circular diagrams
show the lower hemisphere, equal-area projections of the splitting parameters at each station, with the outer circle represents an incidence angle of 40◦. Pink bars
represent the predominant fast directions of the crustal seismic anisotropy in the Taranaki region from Illsley-Kemp et al. (2019). Grey bars indicate the local S-wave
splitting measurements from events with depth between 70 and 150 km as measured by Cao et al. (2023). Yellow thick bars denote maximum horizontal compressive
stress (SHmax) orientations inferred from focal mechanisms, revealing the orientation of the stress field at the neighboring slab contour depths (Townend et al.,
2012). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

L. Cao et al.
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Lynner et al., 2024) and numerical modeling (Faccenda et al., 2008) in
other regions. Eberhart-Phillips and Reyners (2009) also found that
P-wave speed within the slab in this region is fast in the trench-parallel
orientation. However, given that paths through such a small section of
the slab are unlikely long enough to accrue substantial splitting, so
modeling or some other technique is needed to confirm this hypothesis.

B-type olivine crystallographic preferred orientation (CPO) has oc-
casionally been used to explain trench-parallel mantle wedge anisotropy
when corner flow dominates in the wedge (e.g., Katayama and Karato,
2006). However, if B-type olivine exists, it is more likely to occur in the
forearc wedge because it can be extensively hydrated (Hyndman and

Peacock, 2003). Recent studies suggested that the forearc wedge is
mainly isotropic because of its stagnant nature, in which it does not
participate in the mantle wedge flow (Uchida et al., 2020). In contrast,
the backarc region is less likely to contain B-type olivine (Katayama and
Karato, 2006). Since this study focuses on the backarc, so B-type olivine
is less likely to explain the trench-parallel anisotropy. Thus, the local
event signals are likely due to crustal fractures caused by the regional
maximum compressive stress, with possible additional signals coming
from fractures due to the outer-rise bending of the incoming plate.

The trench-normal anisotropy observed from local earthquakes in
the southwest (Fig. 2) is intriguing as it contrasts to most other mea-
surements and is only observed in this region. Previous local S-wave
splitting studies reported NE–SW or E–W-trending fast directions in the
Taranaki crust (Illsley-Kemp et al., 2019), consistent with the region’s
compressive stress (Townend et al., 2012), and trench-parallel (NE–SW)
fast directions in the shallow upper mantle between 70 and 150 km
depth beneath the South Taranaki basin (Cao et al., 2023). Although
most previous SKS/S splitting measurements in the southern North Is-
land yield trench-parallel fast polarizations (Fig. 3b; Marson-Pidgeon
et al., 1999; Audoine et al., 2004; Greve et al., 2008; Eberhart-Phillips
and Reyners, 2009; Zal, 2020), none of them have been recorded for
paths traversing this region. Therefore, we speculate that such a trench-
normal signature can be caused by delamination near the Taranaki-
Ruapehu line (Stern et al., 2013; Dimech et al., 2017) and/or
compressive stress in the slab (Townend et al., 2012). The evidence for
regional delamination includes a thin crust and lithosphere north of the
TRL and low P and S wave velocities in the upper mantle (Horspool
et al., 2006; Salmon et al., 2011; Seward et al., 2009). These findings
suggest that the destruction of the mantle lithosphere occurred in the
TVZ and west of it. The destruction process may be accompanied by
small-scale convection in the upper mantle, leading to little anisotropy.
Trench-normal anisotropy may develop due to the dynamic interaction
between delamination and slab subduction, which requires further nu-
merical modeling verification. A similar delamination phenomenon has
been proposed in Hokkaido, Japan (Koulakov et al., 2015). The authors
suggested that the delaminated material prevents the escape of fluids
and melts upwards. In our study area, the mantle wedge flow above the
subducting slab orients trench-parallel, which will be discussed in

Fig. 3. (a) Results of all teleseismic SKS-wave and S-wave splitting measurements from this study, plotted at the 200 km depth pierce points (red circles) of the ray
paths. The orientation of each blue bar indicates the corresponding fast direction; the bar length is proportional to the delay time. Orange and purple bars represent
null measurements, showing back-azimuth and incoming polarization directions for SKS (orange) and S waves, respectively. (b) Comparison of teleseismic SKS/S-
wave splitting observations from this study and previous splitting (Greve et al., 2008; Marson-Pidgeon and Savage, 2004; Zal, 2020). Results are plotted at the
locations of stations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Schematic cartoon illustrating the major tectonic setting of the Hikur-
angi subduction zone and the interpreted mantle flows. On the surface, the
orientations of the two solid red bars indicate the predominant fast polarization
directions from local S wave splitting in the northeast and southwest, respec-
tively. The representative SKS/S-wave ray paths in the upper mantle are
marked with curved black lines. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

L. Cao et al.
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Section 4.2. Given that delay times from local earthquakes in the
southwest do not vary with depths from 70 to 250 km, as shown by this
study and previous measurements (Cao et al., 2023; Fig. S4), we suggest
that the trench-normal fast directions are likely related to the deflected
mantle flow caused by prevention of delaminated material which might
sink to 80 km depth according to seismic tomographic images (Dimech
et al., 2017).

Another scenario that may explain the trench-normal fast directions
in the southwest is related to the strain in the subducting slab. Townend
et al. (2012) inverted the focal mechanisms of intraslab earthquakes to
derive the intraslab stress field. Their results suggested the compressive
stress in the slab beneath the South Taranaki basin, which aligns with
our observations here (Fig. 4).

4.2. Anisotropic sources for SKS splitting

Before explaining the anisotropic source of SKS splitting, we discuss
the olivine fabrics that could contribute to the observations. C- and E-
type fabrics can produce different splitting results at large incidence
angles (> 30◦). According to previous studies (e.g., Karato et al., 2008),
stress, water content and pressure conditions control the type of olive
fabric. A-type fabrics dominate the lithosphere, C-type fabrics form
under deep, water-rich environments, and C- and E-type fabrics form in
the asthenosphere in the mantle wedge. Since the incidence for all SKS
waves in this study is<10◦, and the fast axis for both C- and E-type aligns
with the flow direction, neither fabric types nor incidence angles will
affect our interpretations.

In this study, the most prominent signature of seismic anisotropy
from SKS splitting (Fig. 3) is the trench-parallel fast-polarization
pattern, which is consistent with the predictions of our null measure-
ments. This observation suggests a regionally coherent mantle defor-
mation, extending the previously determined NE/SW fast polarization
orientations to the Taranaki region in the west. As noted earlier, there is
a limited vertical resolution in shear-wave splitting. The contributions to
SKS splitting may come from the overriding crust, mantle wedge, down-
going slab, and sub-slab flow. Many local S splitting measurements are
nearly parallel to those from the SKS phases, suggesting either similar
fast directions at several depths, or rotation of fast directions as they
approach the surface (e.g., Rümpker and Silver, 1998). Although local
earthquakes’ fast directions vary rapidly with location and SKS waves’
fast directions are coherent across a broad region, the SKS waves are
likely not affected much by the overriding crustal anisotropy.

Three areas are defined based on the distribution of SKS-wave ray
piercing points at the 200 km depth for this study (Areas A, B and C in
Fig. 3a). Specifically, in the northwest and center regions (offshore
Taranaki, Areas A and B) the SKS-waves primarily sample the overriding
crust and the mantle wedge. In contrast, in the southeast (Area C), the
SKS-waves predominantly sample the crust, the mantle wedge, the
subducting lithosphere and the sub-slabmantle (Fig. 4). As noted earlier,
the contribution from the overriding crust to shear wave splitting can be
considered negligible.

In Area C, trench-parallel anisotropy may be caused by trench-
parallel flow both above and below the slab, as well as trench-parallel
anisotropy within the slab, as suggested by previous regional studies
(e.g., Marson-Pidgeon and Savage, 2004). Although trench-parallel slab
fabrics have been proposed to explain some trench-parallel anisotropy
(Audoine et al., 2000; Brisbourne et al., 1999; Gledhill and Stuart, 1996;
Matcham et al., 2000), their contribution to teleseismic splitting may not
be significant due to the limited paths sampling the slab. Therefore, we
attribute the trench-parallel anisotropy mainly to flow above and below
the slab. Unfortunately, the relative importance of flow above and below
the slab is hard to precisely distinguish due to the poor depth resolution
of teleseismic splitting. Based on the recordings of intermediate-depth
events, local shear-wave splitting, reflecting the anisotropy above the
slab, mainly yields small delay times (0.1–0.3 s). They are notably
smaller than teleseismic measurements (>2 s). Therefore, sub-slab flow

is likely dominant in explaining the trench-parallel anisotropy.
Two global models, Walpole et al. (2017) and Lynner and Long

(2014), suggest that widespread trench-parallel anisotropy may result
from slab rollback due to slab-asthenosphere decoupling (Russo and
Silver, 1994). However, the underlying mechanism for this decoupling
remains unclear. A recent study proposed that a weak layer along the
slab-asthenosphere interface in the deep upper mantle could form due to
grain-size-sensitive creep of olivine induced by oxidation of olivine,
thereby facilitating trench-parallel flow above and below the subducting
slab (Ohuchi, 2022), which supports our observations related to trench-
parallel mantle flow in Area C.

The average δt at stations in the furthest northwest (Area A) and the
furthest southeast (Area C) are 2.15 ± 0.27 s and 2.66 ± 0.41 s,
respectively, while δt in the middle (Area B) has a larger average of 2.80
± 0.62 s with the largest reaching up to 3.65 s (Fig. 3a). Larger δt up to
4.5 s from SKS-phase splitting analysis in the TVZ and central northern
North Island of New Zealand has been attributed to aligned melt bands
in the mantle wedge (Audoine et al., 2004; Greve et al., 2008). Never-
theless, this study cannot apply this mechanism to Area B because we
found smaller delay times (0.1–0.3 s) from local S splitting from earth-
quakes up to ~200 km deep, showing no evidence of significant melts in
the mantle wedge mentioned above. In Area B, we attribute the trench-
parallel fast directions to edge effects due to its proximity to the
southern edge of the subducting Pacific slab. Similar trench-parallel
flows have been observed in other subduction zones, such as the
Sumatra and Alaska-Aleutian subduction zones (Kong et al., 2020;
Lynner et al., 2024). However, the large δt in Area B could result from a
deep upper-mantle (200–400 km depth) deformation, or it may be
related to the delamination proposed by Dimech et al. (2017). In Area A,
δt is not very large, likely because it is distant from the area influenced
by deep interaction and delamination.

Deep upper-mantle anisotropy in this region is evidenced by the
global surface wave anisotropic model by Debayle et al. (2016) (Fig. S5)
despite limited lateral resolution. Our SKS splitting observations are
consistent with deep upper-mantle flow. More specifically, given a
coherent deformation above the 410 km discontinuity, we assume that
the crust and shallow upper mantle of ~200 km thickness with 2%
anisotropy may result in a splitting time of 1 s (Silver, 1996). The deep
upper mantle would need to contribute 2–2.5 s of splitting, corre-
sponding to ~5.3–6.7% anisotropy for a 150-km thick anisotropic layer
based on experimental data for mantle-derived xenoliths (e.g., Main-
price and Silver, 1993; Ismaïl and Mainprice, 1998). Yuan and Roma-
nowicz (2010) used azimuthal anisotropy tomography to find 2%
anisotropy from 200 to 400 km deep in the northwestern US. Vigorous
mantle flow, the presence of hydrous minerals in the upper mantle
(Karato et al., 2008), and the shape-preferred orientation of partial melt
(Long et al., 2009) have been proposed as the main reasons for the
anomalously large shear-wave splitting times observed. Beneath the
Cascadia backarc, the anisotropy source of the large delay times can be
constrained to the deep upper mantle (Mondal and Long, 2020). The
trench-normal fast directions in the deep upper mantle of the Cascadia
subduction zone are different from the trench-parallel directions in the
Hikurangi subduction zone; the difference can be caused by different
dynamic processes atop the 410 km discontinuity. Notably, shear wave
splitting measurements in the Cascadia subduction zone (Mondal and
Long, 2020) show that the interaction between the subducting slab and
the 410 km discontinuity can enhance the anisotropy strength of the
deep upper mantle. This is likely the case at Taranaki where the sub-
ducting slab (seismic portion) in this region has reached a depth of
>300 km (Williams et al., 2013) and the aseismic segment may have
contacted the 410-km depth discontinuity. The interaction between the
downwelling and the 410 km discontinuity may cause intense defor-
mation, leading to strong anisotropy in the deep upper mantle (that is,
the 410 discontinuity acts as a barrier against the downwelling) (Fig. 4).
The specific interactions between the subducting slab and the 410 km
discontinuity and the detailed mechanisms by which this process leads

L. Cao et al.



Tectonophysics 887 (2024) 230455

7

to changes in the strength of upper mantle anisotropy require further
validation from continued in-depth research.

4.3. Inferred regional upper-mantle dynamics

In the central northern North Island, the TVZ is a volcanic arc aligned
with the axis of backarc extension. Regional dynamics may be controlled
by trench-parallel flow both above and below the slab (Fig. 4), attributed
to backarc extension due to the rollback of the Pacific plate and rotation
of the overlying Australian plate. There is no apparent 2-D corner flow
prevails in the mantle wedge beneath the TVZ and Taranaki. However,
2-D corner flow might explain the local shear-wave splitting for events
between Taranaki and the South Island. The absence of corner flow may
be related to the inactive arc volcanoes in this region and to the general
compression south of the TVZ, as previously suggested (e.g., Audoine
et al., 2004; Stern et al., 2006). The reason for this is that corner flow
plays a crucial role in dragging the partially serpentinized forearc
mantle down into the sub-arc depths and the entrained forearc mantle
fragments are further metasomatized by slab fluids/melts derived from
the dehydration of serpentinites in the downgoing slab (Li et al., 2021).

In contrast, extension promotes magma to rise from deep in this
intra-arc rift environment (Gase et al., 2019). Extension rates decrease
southward to 5 mm/yr at the southern end of the TVZ and turn
compressive south of the TVZ (Walcott, 1984; Wallace et al., 2004).
Consequently, the absence of corner flow and compression in the
southern North Island may result in insufficient fluids and melts in the
sub-arc mantle (that is, those in the forearc avoid being transported),
thereby forming a volcanic arc quiescence in this region.

5. Conclusions

We characterized upper-mantle anisotropy in the backarc Taranaki
region of the Hikurangi subduction zone by analyzing teleseismic SKS, S
waves, and local S waves. Our analyses provide insights inon upper-
mantle flow patterns and anisotropic structure in the Taranaki region
in previously unexplored areas offshore to the west and south of Tar-
anaki. The key observations and interpretations are as follows.

1. Fast polarizations from deep local S waves vary markedly from
trench-parallel in the northeast to trench-normal in the southwest. In
contrast, those for teleseismic waves consistently show trench-
parallel. In this study, the teleseismic shear waves measured tra-
verse the northwest and east regions but do not intersect the south-
west area, where local S waves display seismic anisotropy
perpendicular to the trench.

2. The trench-parallel anisotropy for teleseismic waves may result from
trench-parallel flow above or below the slab or by a highly aniso-
tropic slab itself. Dynamic interaction between the subducting slab
and the 410 km discontinuity could account for a region with large
delay times.

3. The trench-parallel anisotropy for local S-waves may result from
regional stress or by fractures induced by outer-rise bending in the
down-going slab. In contrast, the trench-normal anisotropy for local
S-waves might be attributed to local stresses in the subducting slab or
near the seismic stations.
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