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Abstract

Most conceptual models for how fluids and sediment influence slip behavior and uplift along subduction margins are poorly
constrained by geophysical observations. Given the complexity of subduction systems, overcoming this gap in knowledge will
require a systems-level approach which uses high quality geophysical constraints. We present wide-angle, onshore-offshore
seismic data collected along the northern Hikurangi margin, New Zealand, from which P-wave velocities were calculated using
active- and passive-sources. A gravity model and reflection profiles were also assembled to create a complete, 400 km long
transect which images the incoming plate, down going slab, overthrusting forearc, and backarc rift. Velocities and gravity
modelling help to constrain the lithology of the forearc basement to "20 km depth. Upper plate lower crustal velocities and
reflectivity point to the presence of underplated sediments immediately above the lithospheric mantle nose, suggesting that
underplated sediments are driving uplift of the forearc. Comparing these results to geophysical images from the southern
Hikurangi margin, we suggest that the backarc rift influences along-strike changes in the compressional stresses experienced by

the forearc, driving changes in bending stresses within the subducting slab.
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Key Points
e Combined active- and passive-source tomography reveals the crustal structure of the
northern Hikurangi margin
e Reflection and velocity information suggest the presence of underplated sediments
beneath the northern Axial Ranges, potentially driving uplift of the forearc
e Velocities help constrain the depth and lateral extent of basement lithologies beneath the
northern Hikurangi margin



28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

Manuscript submitted to JGR: Solid Earth

Abstract

Most conceptual models for how fluids and sediment influence slip behavior and uplift
along subduction margins are poorly constrained by geophysical observations. Given the
complexity of subduction systems, overcoming this gap in knowledge will require a systems-
level approach which uses high quality geophysical constraints. We present wide-angle, onshore-
offshore seismic data collected along the northern Hikurangi margin, New Zealand, from which
P-wave velocities were calculated using active- and passive-sources. A gravity model and
reflection profiles were also assembled to create a complete, ~400 km long transect which
images the incoming plate, down going slab, overthrusting forearc, and backarc rift. Velocities
and gravity modelling help to constrain the lithology of the forearc basement to ~20 km depth.
Upper plate lower crustal velocities and reflectivity point to the presence of underplated
sediments immediately above the lithospheric mantle nose, suggesting that underplated
sediments are driving uplift of the forearc. Comparing these results to geophysical images from
the southern Hikurangi margin, we suggest that the backarc rift influences along-strike changes
in the compressional stresses experienced by the forearc, driving changes in bending stresses
within the subducting slab.

Plain Language Summary

Fluids and sediments can influence the location and speed of earthquakes in subduction
zones as well as cause uplift of the land above. However, the conceptual models explaining these
processes are poorly constrained. To overcome this, we need high quality measurements of the
properties of Earth's crust in subduction zones. Here we present a ~400 km long transect where
we calculated seismic wave velocities of the northern Hikurangi margin in New Zealand. These
results help characterize the properties of the crust and reveal where sediments and fluids may be
present and how they may influence the behavior of the subduction zone.

1 Introduction

Subduction margins exhibit a spectrum of slip rates that bridges stick-slip and stable
sliding along megathrusts. Variations in the characteristics of the subducting and overriding
plates such as lithology and fluid distribution have been shown individually, through
comparative approaches, to influence megathrust behavior (Tichelaar and Ruff, 1993;
Oleskevich et al., 1999; Wang and Bilek, 2014). But these parameters cannot fully explain
subduction margin megathrust behavior on their own. As a result, we only have a basic
understanding of the connections between plate interface slip behavior, upper crustal properties,
solid and fluid mass fluxes, and manifestations of plate boundary mechanics and how these can
influence processes such as forearc uplift, sediment transfer, and underplating. Feedbacks
between multiple geological processes must be considered to fully understand subduction
margins at the system level. To overcome this gap in our knowledge, we need high-quality
physical and mechanical constraints on the characteristics of subduction margins.
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The northern Hikurangi margin offshore North Island, New Zealand (Figure 1) is an ideal
candidate to geophysically study a subduction zone. Most of the forearc is subaerial and the
subduction interface is relatively shallow. Additionally, previously observed along strike
variations between the northern and southern Hikurangi margin (Figure 1), offers the opportunity
to investigate controls on stick-slip and aseismic slip. Geodetic studies show along-strike
variations from a stick-slip dominated margin in the southern Hikurangi to aseismic creep in the
northern Hikurangi (e.g., Wallace et al., 2004, 2009, 2012; Wallace and Beavan, 2010; Lamb and
Smith, 2013). The northern Hikurangi Margin hosts backarc extension in the Taupo Volcanic
Zone (TVZ) while no arc or backarc is present in the south (Wilson et al., 1995; Wallace et al.,
2004; Figure 1), resulting in the northern Hikurangi forearc experiencing a combination of
subduction- and rift-related stresses while the southern Hikurangi forearc only experiences
subduction-related stresses. The northern Hikurangi interface is characterized by low
interseismic coupling, shallow SSEs, shallow tectonic erosion, thinner sediments overlying the
incoming plate, a high number of seamounts, and a high rate of convergence compared to the
south (Wallace, 2012, 2020). The northern segment has a history of tsunamigenic megathrust
events and hosts more frequent M>5 earthquakes than the southern Hikurangi (Doser & Webb,
2003; Warren-Smith et al., 2017; Wallace et al., 2020). The plate interface has variable dip
(Barker et al., 2009; Williams et al., 2013) with local underlying regions displaying high seismic
reflectivity (Bell et al., 2010), low resistivity (Heise et al., 2017; Chesley et al., 2021), and high
attenuation (Nakai et al., 2021), which point to the presence of fluid rich sediments.

Numerous previous studies have focused on the Hikurangi Margin. The margin was a
primary focus site for MARGINS (2000-2009) and its successor program GeoPRISMS (2010-
2021), which provided a wealth of information on the offshore Hikurangi setting. This has led to
several recent additional studies of the northern Hikurangi performed in the last several years
which have primarily focused on slow slip events and plate interface processes (e.g., Wallace,
2020; Yarce et al., 2021; Chesley et al., 2021; Arnulf et al., 2021; Gase et al., 2022; Shreedharan
et al., 2022) that have suggested the important role upper plate structure may have on fluid flux,
potentially from the mantle (Reyes et al.,, 2022), and its control on SSE occurrence and
distribution.

Underplated sediments accreted beneath the upper plate have been hypothesized to be a
driving mechanism for uplift along the forearc in the northern Hikurangi (Walcott, 1984; Wilson,
et al., 2007; Figure 1). Wide-angle active source transects from the Seismic Array Hikurangi
Experiment (SAHKE; Henrys et al., 2013) in the southern Hikurangi, the North Island
Geophysical Transect (NIGHT; Henrys et al., 2003; Henrys et al., 2006) in the central Hikurangi,
and the Marine Geoscientific Investigations on the Input and Output of the Kermadec subduction
zone (MANGO; Flueh and Kopp, 2007; Scherwath et al., 2010; Bassett et al., 2016) and the
RAUO07 (Bassett et al., 2010) experiments from the offshore northern Hikurangi all revealed low
velocities in the lower Australian crust, with SAHKE also showing prominent lower-crustal
reflectivity. These observations have been interpreted as underplated sediments which are
correlated with uplift of the Axial Ranges (Nicol & Beavan, 2003; Litchfield et al., 2007;
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Sutherland et al., 2009) and the offshore East Cape Ridge (Scherwath et al., 2010). Highly
conductive (< 20 Qm) features near the base of the Australian crust in the northern Hikurangi
have also been interpreted as underplated sediments (Heise et al., 2017), however there has
previously been no direct geophysical imaging of these anomalies beneath the onshore northern
Hikurangi. Confirming the hypothesized presence of underplated sediments beneath the
Raukumara Peninsula (Litchfield et al., 2007; Wallace et al., 2009) would further support the
role sediments play in uplift along the entire North Island. On a broader scale, understanding
both the structure, properties, and potential lithology of the upper plate is key to understanding
the overall behavior of the northern Hikurangi margin.

Little is known about the basement beneath the northern Hikurangi Margin forearc and
the extent of mapped onshore geologic units beneath the Raukumara Peninsula (Mazengarb &
Speden 2000), but evidence suggests these units may play an important role as a mechanical
backstop along the margin. Offshore seismic data have revealed a narrow (~30 km) accretionary
prism in front of a deforming backstop composed of passive margin sedimentary units which
extends at least ~65 km inboard of the trench (Barnes et al., 2010; Gase et al., 2021; Figure 2).
Seismic reflection profiles from the southern Hikurangi suggest that the inner prism is composed
of the Cretaceous-aged Torlesse Supergroup (Bland et al., 2015). In the northern Hikurangi,
Gase et al. (2021) suggests a mechanical boundary between the deformed backstop and the
frontal prism as interpreted from seismic velocity and reflection profiles. Bangs et al. (2023)
suggest this offshore boundary is due to a past seamount collision. Deformation in the northern
Hikurangi ceases between the east coast and ~20 km inland beneath the Raukumara Peninsula
(Mountjoy & Barnes et al., 2011). However, the nature of the backstop farther inboard and
onshore in the northern segment remains uncertain and the possible role that the Torlesse may
play as a more competent, possibly rigid backstop in the northern Hikurangi remains to be seen.
Shallow slow slip along the margin is focused updip of the Torlesse, suggesting that the Torlesse
may also influence the location of the shallow frictional transitions along the subduction
interface (Bassett et al., 2022). This gap in our understanding of the inboard backstop in the
Northern Hikurangi means that the role of onshore geologic units and structure in the northern
Hikurangi and its connection to the interpreted offshore backstop remains undetermined.
Unraveling the possible role of the Torlesse as a backstop is predicated on first understanding the
distribution of the Torlesse in the Raukumara Peninsula basement.

In this study we present a ~400 km long transect across the northern Hikurangi
subduction margin that captures the incoming Pacific oceanic crust, forearc accretionary prism,
down going Pacific slab, overriding Australian continental crust, and backarc rift. This transect
includes (1) P-wave velocities (Vp) calculated from active and passive source travel time data
collected by the Seismogenesis at Hikurangi Integrated Research Experiment (SHIRE) project,
(2) a free air gravity anomaly profile, and (3) offshore multichannel seismic (MCS) data and
onshore single-fold common depth point (CDP) stacks that provide a reflectivity model which
directly images intracrustal boundaries along the transect. A segment of the SHIRE transect
imaging the frontal accretionary prism presented by Gase et al., (2021) identified a deformed
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inner prism with high seismic velocities and an accretionary prism segmented by a network of
thrust faults. Gase et al. (2019) imaged the backarc TVZ, which revealed a thinning crust across
the rift and evidence for magmatic instructions in the middle and lower crust. With the complete
SHIRE transect presented here, we image the forearc across the coastline as well as the plate
boundary beneath North Island to better understand the structure and lithology of the northern
Hikurangi and provide along strike comparisons to previous seismic surveys conducted along the
southern section of the Hikurangi margin to gain insight into the overall crustal structure and
nature of the entire margin.

2 Hikurangi tectonic setting

The Hikurangi Trough extends along the eastern coast of North Island and is a result of
the Pacific Plate subducting westward beneath the continental Australian Plate (Figure 1).
Subduction along the Hikurangi Margin began ca 27-30 Ma (van de Lagemaat et al., 2022) with
a current subduction rate of 60 mm/yr in the north to 22 mm/yr in the south (Wallace et al.,
2004). Along the northern Hikurangi margin, near the Raukumara Peninsula, there is ~40 mm/yr
of plate motion (Nicol & Beavan 2003; Wallace et al., 2004). The northern Hikurangi margin is
characterized by a narrower offshore forearc with a poorly developed frontal prism with
widespread evidence of seamount collisions (Gase et al., 2021; Figures 1, 2). Arc volcanism and
backarc rifting of the TVZ extends offshore in the Bay of Plenty (Figure 1).

2.1 Incoming Pacific Plate
The incoming Pacific Plate in this area includes the Hikurangi Plateau (Figure 1), a ~7-11

km thick (Mochizuki et al., 2019; Gase et al., 2021) Cretaceous-aged large igneous province
(LIP) and is what remains of the larger Ontong-Java-Manihiki-Hikurangi LIP (Wood & Davy,
1994; Taylor 2006; Davy et al., 2008). The Hikurangi Plateau separated from the larger LIP
sometime after 115 Ma (Kroenke et al., 2004; Mortimer et al., 2006). Portions of the basement of
the Hikurangi Plateau have been dated to 96-118 Ma, indicating volcanism continued after the
Ontong-Java-Manihiki-Hikurangi LIP broke up, with volcanism continuing until recently
(Hoernle et al., 2010). The Hikurangi Plateau is ~8-11 thick in the northern Hikurangi and is
characterized by rough bathymetry composed of numerous seamounts and porous volcaniclastic
sediments atop an oceanic basement (Barnes et al., 2020; Gase et al., 2021; Bassett et al., 2022;
Figure 1). On average, there are 1-2 km thick sediments on the Hikurangi Plateau, covering a
seismically reflective, high relief volcaniclastic basement which can vary by several hundred
meters (Gase et al., 2021). The accretionary wedge thickness generally decreases from south to
north along the Hikurangi, correlating with the decrease in sediment thickness on the incoming
plate (Fagereng, 2011). Seismic velocities in the Pacific mantle calculated by Mochizuki et al.
(2021) reveal Vp > 8.0 km/s and localized regions of Vp/Vs > 1.8 near dense areas of faulting
crossing the Moho. These were interpreted as regions of high fluid content, with faults acting as
conduits for fluid migration from the mantle into the Pacific Plate (Mochizuki et al., 2021), with
the Pacific mantle experiencing a low degree (<10%) of serpentinization (Grevemeyer et al.,
2018; Gase et al., 2021)
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2.2 Plate interface

The plate interface, as inferred by Williams et al. (2013) using MCS observations,
earthquake hypocenters, and regional tomography models, displays a northwest dipping interface
and variations in dip with a wavelength of 10s of km, increasing from a dip of ~7° near the
trench to ~20° near the intersection with the Australian Moho. Finer scale imaging of the plate
interface beneath the eastern Raukumara Peninsula from receiver functions showed a plate
roughness on the scale of 1s of km, interpreted as volcanic sediments and/or seamounts, which
leads to a variability of shear-strength along the plate interface (Leah et al., 2022). Marine
multichannel seismic data from Gase et al. (2021) imaged a rough subducting plate, with
volcaniclastic sediments producing strong reflectivity and contributing to geometric roughness
near the decollement.

The northern Hikurangi interface hosts shallow SSEs, whereas the southern Hikurangi
hosts deeper SSEs (Wallace et al., 2004; Figure 1). An offshore SSE in late 2014 was recorded
by the Hikurangi Ocean Bottom Investigation of Tremor and Slow Slip (HOBITSS) experiment
(Wallace et al., 2016; Zal et al., 2020; Figure 1). During this event, Zal et al. (2020) observed an
increase in Vp/Vs ratios and shear wave splitting delay times, which were interpreted as fluid
movement during rupture of the SSE patch. Additionally, Yarce et al. (2019) assembled a
seismic catalog using HOBITSS data which revealed a microseismicity gap at the downdip limit
of the late 2014 SSE and correlates with a local increase in interseismic coupling (Wallace et al.,
2016). Vertical streaks of seismicity in the slab below the SSE region and an increase in heat
flow have been interpreted as related stress-generated bending faults that enable the migration of
fluids and which increases pore fluid pressure on the interface, driving SSEs (Wallace et al.,
2016; Warren-Smith et al., 2019; Yarce et al., 2019). High Vp and Vp/Vs in the Pacific slab and
upper mantle support the interpretation of the presence of fluids (Mochizuki et al., 2021; Yarce
et al., 2021). Heat flow measurements landward of the deformation front point to advective fluid
flow along faults within the slab, consistent with the conclusion that slow slip is enabled by high
pore fluid pressures (Antriasian et al., 2018). These results underscore the complexity of plate
interface and intraslab processes occurring in the shallow portions of the margin and highlight
the importance of high-resolution velocity measurements to constrain the distribution of fluids.

Five IODP sites were drilled in two expeditions in the northern Hikurangi to further
investigate fluids in the upper plate (Barnes et al., 2019; Saffer et al., 2019), including site
U1520 which sampled sediments from the Hikurangi trough (Figure 2). Site U1518 (Figure 2)
sampled a megathrust splay fault which exhibited strong ductile deformation in the footwall,
with brittle deformation observed in the hanging wall. This has been interpreted as the result of
seafloor overthrusting which formed a low-permeability seal, driving high pore fluid pressures in
the footwall (Morgan et al., 2022). Such a setting could facilitate the occurrence of SSEs on the
megathrust (Wallace et al., 2016; Morgan et al., 2022). Understanding the upper plate structure
and fluid migration across the entire Hikurangi subduction system is fundamental to better
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understand how and why SSEs occur in this region and may shed light on controls on plate
interface locking.

2.3 Overlying Australian Plate
Onshore, the geology of the Raukumara Peninsula can be divided into eastern and

western halves (Figure 2). The eastern Raukumara Peninsula is composed of primarily Neogene-
aged marine sediments deposited after the initiation of current Hikurangi subduction (Rait et al.,
1991; Sutherland et al., 2009). Near the center of the Raukumara Peninsula, early Cretaceous to
Oligocene sedimentary rocks deposited in a marine environment, comprising part of the East
Coast Allochthon (ECA), are present at the surface (Mazengarb & Speden, 2000; Crampton et
al., 2019). The ECA units are calcareous mudstones emplaced during subduction initiation of the
Hikurangi Margin 27-30 Ma (Mazengarb & Speden, 2000; van de Lagemaat et al., 2022) and
have been transported 10s to 100s of km to the southwest along low angle detachment faults
(Rait et al., 1991; Mazengarb & Speden, 2000; Sutherland et al., 2009). These allochthonous
units dip eastward and underlay the Neogene units at a depth of ~3 km, as constrained by seismic
data (Mazengarb & Speden, 2000). The offshore extent of the Neogene and ECA units in this
region and the basement below the eastern Raukumara Peninsula remains unconstrained
(Mazengarb & Speden, 2000; Crampton et al., 2019). The basement of the western Raukumara
Peninsula is composed of the Pahau Terrane, part of the Torlesse Composite Terrane, a
Cretaceous-aged graywacke which was deposited during active Gondwana margin subduction
(Mazengarb & Speden, 2000; Sutherland et al., 2009; Crampton et al., 2019). The offshore extent
of the Torlesse in the northern Hikurangi remains relatively unconstrained. Using wide-angle
seismic and MCS data, Bassett et al. (2022) propose the Torlesse extends beneath Hawke Bay,
while limited onshore seismic data suggests the Torlesse extends to at least ~5 km depth,
underlying the ECA in the eastern Raukumara Peninsula (Mazengarb & Speden, 2000).

2.4 TVZ backarec rift
The TVZ is a 300 km extensional arc running parallel to the Hikurangi subduction zone

from central North Island to the Bay of Plenty (Figure 1) experiencing intra-arc rifting at a rate
of ~15 mm/yr near the Bay of Plenty (Wallace et al., 2004). Volcanism in the TVZ initiated ~21
Ma (Wilson et al., 1995) with the Bay of Plenty opening ~10 Ma (Lamarche et al., 2006). The
most recent stage of volcanism in the TVZ occurred from 0.34 Ma to present (Brothers et al.,
1984; Wilson et al., 1995). In addition to volcanism, the TVZ also hosts trench perpendicular
backarc extension at a rate of 12-15 mm/yr in the Bay of Plenty (Wallace et al., 2004). Grabens
in the TVZ display oblique rifting with active listric normal faults with blocks tilted by 12-16°
(Davey et al., 1995; Lamarche et al., 2006). Seismic velocities interpreted by Gase et al. (2019)
point to higher magma flux near the eastern shoulder of the TVZ in the Bay of Plenty, with
reflectivity profiles suggesting intrusions and sills in the mid crust.

3 The SHIRE project
3.1 Overview
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From 2017 through 2019, the multinational and multidisciplinary SHIRE project
collected data along the Hikurangi margin, North Island, New Zealand (Figures 1, 2) with the
goal to investigate the feedbacks between subducting plate interface slip behavior, solid and fluid
fluxes, and long-term plate-boundary mechanics uncovering the driving processes connecting
forearc uplift, sediment transport and underplating, plate-boundary strength, and seismogenesis
(Bangs et al., 2018; Barker et al., 2019; Jacobs et al., 2020).

The project had three disciplinary components; paleoseismological investigations of
deformation, numerical modelling, and geophysical imaging. (1) The paleoseismology
component helped to resolve the megathrust slip behavior over many seismic cycles to constrain
long-term coastal uplift and subsidence patterns along the margin (e.g., McKinney et al., 2018;
Hamel et al., 2019). (2) The geodynamical modelling component used the SHIRE data with
existing geophysical and geological data to constrain models of the physical state of the interface
and the evolution of the margin over both long and short timescales by modelling subduction and
plate interface properties (e.g., Sun et al., 2020). It also sought to quantify links between in situ
conditions, fluid flow, subduction thrust behavior, and development of the subduction margin by
testing the influence of sediments and fluids on the subduction system. (3) The geophysical
imaging component involved an active-source onshore-offshore seismic survey conducted from
trench to backarc in two field campaigns to assess the physical mechanisms that control slip
behavior and uplift of the northern Hikurangi margin (Bangs et al., 2018; Barker et al., 2019;
Jacobs et al., 2020; Figures 1, 2). In this study we present results from the SHIRE wide-angle
seismic survey by performing travel time tomography to invert for a 2-D P-wave velocity
structure along the northern Hikurangi margin and compare these results to the SAHKE
geophysical transect to investigate controls and influences on the observed along strike variations
of the Hikurangi margin.

3.2 Seismic transects

The geophysical imaging component of SHIRE involved an active-source onshore-
offshore seismic survey that collected both wide-angle and MCS data, conducted from trench to
backarc in two phases to assess the physical mechanisms that control slip behavior and uplift of
the northern Hikurangi margin (Figures 1, 2). SHIRE collected four main geophysical transects:
two trench-perpendicular and two trench-parallel, covering the entire Hikurangi Margin (Figure
1). This rich dataset permits the 2-D seismic imaging of the entirety of the Hikurangi subduction
margin: the incoming oceanic plate, accretionary prism, subduction interface, overriding crust,
mantle wedge, and backarc. Transect 1 (T1), which we utilize in this study, is WNW-ESE
trending, ~400 km long and spanned the entire along-dip expanse of the subduction margin from
incoming plate to backarc (Figure 2). T1 included a ~4 month onshore-offshore phase of SHIRE
(OBS, MCS, and onshore instruments recording airgun shots; Bangs et al., 2018) and a ~2 month
onshore-only phase of SHIRE (onshore instruments recording explosion sources; Okaya et al.,
2017). The primary goals of T1 were to calculate a seismic velocity and reflectivity image of the
incoming oceanic plate, accretionary prism, subduction interface, overriding crust, mantle
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wedge, and backarc. In addition to T1, Transect 2 (Mochizuki et al., 2019) is a complementary
~170 km long trench-perpendicular line in the southern Hikurangi, with the goal of collecting
additional offshore data to extend the existing double-sided SAHKE onshore-offshore transect
examined by Henrys et al. (2013). Transect 3 is a ~490 km long trench parallel line which sought
to examine along-strike variations in the crustal structure of the forearc, underthrusting crust, and
sediments (Bassett et al., 2022). Transect 4 is a ~450 km long trench parallel line but had the
goal of examining the structure of the incoming plate prior to subduction.

The offshore survey phase, SHIRE Phase I, was carried out from October 2017 to
February 2018 and included an onshore array which recorded offshore sources. Using the R/V
Langseth, Phase 1 of SHIRE acquired 5,489 km of marine seismic reflection and refraction data
along the entire east coast of North Island, New Zealand, as well as the Bay of Plenty. This
includes 1,443 km of wide-angle ocean bottom seismometer (OBS) data along the four major
transects (Figure 1). A total of 210 OBS instrument sites spaced ~10 km were deployed by the
R/V Tangaroa to record airgun shots, spaced 150 m, from the R/V Langseth. In addition to the
OBS data, 89 onshore seismometers were deployed across the Raukumara Peninsula to
supplement the northern OBS transect and record onshore-offshore (OO) arrivals (Figures 1, 2).
Forty-six of these OO stations were deployed in a linear array and spaced ~2 km apart and
recorded data continuously for 4 months. In addition to this wide-angle OBS data, 4,046 km of
multichannel seismic (MCS) data were collected. The MCS profiles used the same seismic
source as the OBS instruments but were spaced every 50 or 35 m. Tl MCS profiles were
collected in the Bay of Plenty (MC 03; Figure 2) and the Pacific Ocean (MC 10; Figure 2).

The onshore survey phase, SHIRE Phase II, was focused along T1 and conducted
between February and March 2019. Phase II of SHIRE involved deploying 583 geophones along
T1 at an average spacing of 150 m in a ~90 km linear array across the Raukumara peninsula
(Figure 2). Every second station deployed recorded 3-component seismic data; the remaining
stations recorded only vertical-component data. Additionally, 19 continuous short period stations
were deployed off the transect to provide 2-D coverage in the array. In total, these instruments
were deployed for two weeks and geophones recorded data in eight 4-hour windows around
potential shot windows. The sources recorded by these instruments were five 500 kg explosive
sources placed at 50 m depth (Figure 2).

4 Travel-time tomography method

Manually picked wide-angle seismic phases were used in the 2.5-D travel-time
tomography approach of Van Avendonk et al. (2004) to estimate the 2-D P-wave velocity
structure of T1. Ray tracing was performed in 3-D to account for irregular, crooked source-
receiver geometries of +/-8 km out of plane. The model perturbations were then inverted in 2-D.
The 2-D starting model was constructed by laterally averaging the velocities from a regional 3-D
model (Eberhart-Philips, 2020). The tomographic model was constructed in two steps to alleviate
vertical smearing of travel time misfits: First by inverting for first arrivals, then subsequently
incorporating layer boundaries and secondary phases. The OO picks were decimated by a factor
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of 3 to match the airgun spacing of the OBS data. The plate interface boundary (Williams et al.,
2013) was inserted after the first-arrival inversion. The Pacific Moho was inserted by adjusting
the Williams et al. (2013) boundary to reproduce the Moho depth reported by SLAB 1.0 (Hayes
et al., 2012). Finally, the Australian Moho depth was taken from Gase et al. (2019) to complete
the layered model. Velocities below the Moho in the first-arrival model were set to linearly
increase from 8.0 km/s at the Moho to 8.5 km/s at a depth of 60 km to prevent tunneling of
deeper turning refracted phases. After these modifications, deeper turning refracted and reflected
phases were incorporated.

Due to the large amount of continuous data recorded during the SHIRE project in a
highly seismically active region, earthquakes in the data were identified and located using the
coalescence method of the opensource software QuakeMigrate (Smith et al., 2020; Figure 3).
Events within +/-10 km of T1 with location errors <2 km were used in the inversion. Picks from
the location method were combined with the active source picks to improve the spatial
distribution of sources and raypaths though the model, providing additional constraints on
velocities in the middle- and lower-Australian crust, Pacific slab, and Australian and Pacific
mantles. Picks from 178 events were added to the inversion (Table S1) to produce the final
velocity model presented here. Local magnitudes for these events ranged from 0.63 to 2.71, with
a mean local magnitude of 1.31, and depths ranged from ~0.1 km to 46 km. Manually assigned
pick uncertainties ranged from 17 ms to 250 ms with a mean uncertainty of 104 ms.

This final model (Figure 3), constructed from 64,276 picks (Table S2 in supplementary
material), has a xz misfit of 1.11 and a travel-time root mean squared (RMS) error of 184 ms,
suggesting that the data agree with the assigned pick uncertainties. Resolution of the model was
assessed by the recovery of perturbation ellipses of varying sizes (Van Avendonk et al., 2004;
Figure S1). Additionally, velocities and boundary depths were perturbed for the slab interface
and slab Moho to estimate model sensitivity and to assess depth errors for these boundaries
(Figure S1 and supplementary material), where perturbed models with a x> < 1.25 were
considered acceptable.

5 Results

5.1 Reflection profiles

Single-fold common depth point (CDP) stacks using precritical reflections from the land
explosion gathers were constructed to provide insight into the reflectivity of the onshore portion
of T1 (Figure 3A). By pairing it with the offshore Pacific and Bay of Plenty MCS data, we can
construct a nearly complete ~400 km long reflection profile. This provides insights into
reflectivity of the lower crust beneath the Raukumara Peninsula and helps to connect
observations and interpretations from the Pacific and Bay of Plenty MCS profiles.

MCS reflection imaging processing was carried out by Gase et al. (2019; 2021; Figure
3A). In the MC 10 Pacific profile, Gase et al. (2021) revealed a ~3.5 km thick sediment package
above a basaltic basement in the incoming Pacific plate with potential underthrusted
volcaniclastic lithologies below the megathrust. Reflection imaging interpreted in Gase et al.
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(2019) from MC 03 in the Bay of Plenty revealed a ~2 km thick layer of sediments above
basement in the TVZ. A ~25 km wide region from ~5 to 15 km depth is characterized by chaotic
and subparallel reflections, which has been interpreted as recently intruded sills in the mid-crust
(Gase et al., 2019; R1 in Figure 3A).

Lower crustal reflections beneath the Raukumara Peninsula immediately above the
Australian Moho at ~27 km depth are observed in the CDP stack (R2 in Figure 3A and 4. This
zone of reflectivity is ~4 sec TWT thick (~10 km) and laterally continuous for ~65 km, from the
Moho intersection with the plate interface to the west coast of the peninsula. Similar reflections
have been observed in the southern Hikurangi (Henrys et al., 2013), however, these previously
observed reflections in the south are both thinner (~3 sec TWT, ~8 km) and narrower (~35 km)
than the reflectivity seen here. Additionally, the southern reflectivity is observed beneath the
Australian crust up dip of the Australian mantle wedge, rather than immediately above the
mantle on T1.

5.2 Transect 1 wide-angle data

From the combined SHIRE Phase I and II T1 data, co-located OO receiver and explosion
shot gathers can be combined as supergathers (Okaya et al., 2002) which shows laterally
coherent wide-angle phases across the entire ~400 km transect (Figure 3B). With such a
representation of the data, patterns of many seismic phase arrivals indicative of a subduction
zone become apparent, assisting in the interpretation of gathers from the individual acquisition
components.

The OO data from the Bay of Plenty shows generally clear crustal refractions (Pg4,s) On
stations deployed on the western half of the Raukumara Peninsula (Figures 3B and S3-S5). This
is accompanied by Australian Moho reflections (P,.4,P) and, with generally lower signal-to-
noise ratio, mantle refractions (P4, Figure S3). Arrivals from these stations extend to
maximum offsets of ~150 km. OO stations deployed on the western half of the peninsula also
record clear arrivals from airguns in the Pacific (Figure S4).

Offshore airgun sources near the coast in the Pacific recorded by onshore stations appear
to be controlled by a slow velocity structure in the prism (Figure 3B, S4). First arrivals within 20
km offset have apparent velocities of ~3.0 km/s, indicating refractions through seismically slow
sediments in the accretionary prism. Beyond 40 km offset, mantle refractions appear, with a
typical apparent velocity of ~8.0 km/s and an arrival pattern heavily influenced by seafloor
topography (e.g., Figure 3B, S3, S4). Between 20 km and 40 km offset, two phases of note
appear: A Pacific Moho reflection (P,r..P) and transitionary phase (P,) between P iz, and Ppyc
(Figure S5) Interestingly, P, displays an apparent velocity of ~5.0 km/s, indicative of a crustal
feature. The slight parabolic moveout of P, may signal that this is a reflection, although it is
difficult to observe any reflection-refraction transition associated with P,. Such a phase may not
add useful information to a travel-time tomographic inversion scheme so was not used in the
analysis presented here.
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The onshore explosion source gathers record the phases generated by the down-going
Pacific Plate and intersection of the Australian Moho and slab interface. The easternmost shot,
SP1, (Figure S6) contains clear Australian crustal refraction (Pg4ys) arrivals across the entire
gather, followed by a reflection from the plate interface (P;,,P). The poor signal-to-noise ratio
obscures any expected Pacific slab Moho reflection (P,p,.P)—however, P,p,P as well as P;,P
does appear in the western portion of the shot SP2 gather (Figure S7). Shot SP3, which is located
above the intersection of the Australian Moho and plate interface records P,p,.P and P;,,P quite
clearly across all offsets (Figure 3B, S8). This is the first appearance of a reflected phase from
the Australian Moho (P,.4,sP) in the onshore explosion data. Shots SP4 and SP5 display these
same phases, displaying the expected moveout of PP and P,p,P, given that the slab is
deepening to the west (Figure S9, S10). Apparent velocities of Pg4,s across all shots illustrates
that apparent P4, velocities tend to be slower in the eastern portion of the gathers, with slightly
lower signal-to-noise ratios from these stations.

There is a clear difference in signal-to-noise ratio (SNR) and apparent velocities between
the eastern and western portions of the onshore explosion and OO data. High SNR and higher
apparent velocities appear in the western third of the Raukumara Peninsula, particularly stations
installed on the Cretaceous-aged Torlesse composite terrane (Mazengarb & Speden, 2000;
Figures 2, 3B, and supplementary material). In the eastern portion of the onshore arrays, where
stations are installed on younger Neogene sedimentary units, both lower SNR and slower
apparent velocities are observed (Mazengarb & Speden, 2000; Figures 2, 3B). The SNR
difference is most clearly demonstrated by observing airgun-sources in the Pacific arriving at a
station deployed near the west coast of the peninsula (Figure 3B, S3)—the converse, Bay of
Plenty sources arriving at the east coast, is not observed. Onshore explosion gathers highlight the
change in apparent velocities across the peninsula which is correlated with a change from
Cretaceous to Neogene units (Figure 3B, S6-S10). This highlights the influence the near surface
lithology can have on SNR, apparent velocities, attenuation, and shadow zones wide angle data.

The OBS gathers from the Bay of Plenty show distinct Australian crustal refraction
(Paus) and Moho reflection (P,,4,sP) arrivals to maximum offsets of ~75 km (Gase et al., 2019;
Figure S11). Similar arrivals are seen from the Pacific-side OBSs, with the addition of occasional
mantle refractions (P,p.) that extend to maximum offsets of ~90 km (Gase et al., 2021; Figure
S12). Gase et al. (2019, 2021) provide additional descriptions of the SHIRE OBS data used in
this study.

5.3 Seismic velocity model

The resulting T1 P-wave velocity model has ray coverages to depths of ~45 km beneath
the Raukumara Peninsula (Figure 3C). Dense ray coverage, with multiple crossing ray paths, are
located to depths of ~10 km in the Bay of Plenty, ~15 km beneath the Raukumara Peninsula, and
~15 km in the Pacific (Figure S1A). Deeper diving rays from the OO data fill in ray coverage to
~45 km, albeit with sparser coverage and less crossing paths. The velocity structure in the marine
portions of the transect, originally described in Gase et al. (2019) and Gase et al. (2021), remains

12
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generally unchanged. However, improved ray densities from additional OO data and
incorporated earthquakes noticeably increases the model coverage, particularly across the coast
lines and in the upper mantle. The increased ray coverage and densities from onshore-offshore
data, along with the inclusion of a slab boundary in the inversion procedure, creates a more
complete tomographic model of T1 and increases the confidence in the velocity structure in these
portions of T1 as compared to Gase et al. (2019, 2021).

The velocity model reveals that the incoming Pacific Plate has a ~3 km thick layer of
sediments (Vp < 3 km/s) which includes volcaniclastic sediments from the upper Hikurangi
Plateau, overlying the ~10 km thick Hikurangi Plateau basement, which exhibits a smooth
velocity gradient from 3 km/s to ~7 km/s at the Moho (Figure 3C). The incoming Pacific plate
has a total thickness of ~12 km at the trench, thinning to ~8 km beneath the east coast of the
Raukumara Peninsula, with slab dip increasing from ~7° to ~14° over the same segment (Figure
3C). Beneath the center of the Raukumara Peninsula, the slab begins to thicken with depth
(Figure 3C). It is possible that changes in slab thickness beneath the Raukumara Peninsula are
due to trade-offs occurring within the velocity model calculation. The slab interface boundaries
within the velocity model are primarily sampled by rays without reciprocal paths due to the
geometry of the slab relative to the source distributions, reducing confidence in the boundary
depths (Figure S1A). Plate interface or plate Moho reflections, which would provide the best
constraints on boundary geometries, are relative sparse compared to other phases in the model
(Figures S1A, S3-S13). Incidentally, Pacific mantle refractions (P,p. phases) provide the highest
contribution to ray densities in this portion of the model (Figure S1A) which, while improving
resolution of velocities in the mantle, may contribute to velocity-depth trade-offs within and
above the slab. Additionally, ray coverage in this region decreases significantly below ~30 km
depth (Figure S1), leading to these boundaries being poorly constrained. As a result, we caution
any geologic-based interpretation on slab thinning.

A noticeable velocity high immediately east of the trench in the Pacific crust correlates
with the location of Puke Knoll, a ~20 by ~3 km seamount (Figure 2, PK in Figure 3C). The
Pacific mantle displays a relatively uniform velocity of ~8 km/s outboard of the trench, with
slightly slower velocities of ~7.5 km/s beneath the forearc. The accretionary prism displays slow
shallow velocities < 2.5 km/s which correlate with the location of several basins, both offshore
and onshore. Beneath the inner prism, immediately above the plate interface, a pocket of
elevated velocities (>4.5 km/s) is observed (V1 in Figure 3C), which has previously been
interpreted as either a geologic boundary or enhanced compression from a past seamount
collision (Gase et al., 2021; Bangs et al., 2023).

Onshore, beneath the Raukumara Peninsula, the Australian crust has a thickness of ~27
km. A clear east-west horizontal gradient in shallow velocities is observed (Figure 3C). The slow
(<4.5 km/s) eastern portion of the peninsula correlates with the mapped location of Neogene-
aged sedimentary units (V2 in Figure 3C), while the fast (>4.5 km/s) western portion of the
peninsula correlates with the Torlesse Terrane (Mazengarb & Speden, 2000; V3 in Figure 3C).
Additionally, the <4.5 km/s isocontours correlate with the approximate contact between these
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two units (Mazengarb & Speden, 2000). Lower crustal velocities of ~7 km/s are laterally
homogenous above the Moho. The lithospheric mantle wedge intersects the plate interface at ~27
km depth and exhibits velocities of < 7.5 km/s beneath the Peninsula.

Offshore in the Bay of Plenty, on the western side of T1, the Australian crust thins from
~25 km in the east (transect distance 100 km) to ~20 km in the west (transect distance 25 km)
due to the transition into the backarc rift of the TVZ (Figure 3C). Crustal thicknesses in the TVZ
are comparable to previously calculated Moho depths from previous seismic surveys (e.g.,
Stratford & Stern, 2006; Gase et al., 2019). A ~3 km thick layer of slow (< 3 km/s) velocities
correlate with previously observed sediment cover in the Bay of Plenty (Gase et al., 2019). The
vertical velocity gradient in the mid- and lower-crust increases moving outboard from the west
coast of the peninsula—from 5.5 km/s to 7 km/s in the east to 6.0 km/s to >7.0 km/s in the west.
The increase in lower-crustal velocities immediately above the Moho, from 7.0 km/s in the east
to >7.0 km/s in the west, has been interpreted as an increase in fluid flux across the Moho
beneath the Bay of Plenty (Gase et al., 2019). Mantle velocities beneath the Bay of Plenty are
relatively laterally heterogeneous and vertically smooth, increasing from ~7.8 km/s at the Moho
to ~8.5 km/s at 37 km depth, near the limit of the model ray coverage.

5.4 Gravity model

A profile was extracted from the 2-D regional free-air gravity grid of McCubbine et al.
(2017) for comparison to T1 (Figure 5A). Additionally, during offshore seismic data acquisition,
the R/V Langseth collected shipborne gravity measurements along the marine portions of T1
(Figure 5A). These two datasets provide a template to which a calculated gravity anomaly model
can be compared. By converting the T1 velocities to density and comparing the resulting free air
gravity anomaly to these outside datasets, geometrical constraints can be placed on the seismic
velocity profile. Further constraints can be placed on the calculated velocities by comparing the
converted T1 density model to sediment density measurements collected from nearby IODP
boreholes (Figure 2, 3C; Barnes et al., 2019; Saffer et al., 2019).

We converted the T1 velocity structure to density using the empirically derived Nafe-
Drake equation (Ludwig et al., 1970; Brocher, 2005) (Figure 5B, 5D). Because the ray coverage
only provides constraints to a depth of ~50 km, simple 2-D density bodies were constructed to
account for the long wavelength contributions from the subducting slab and mantle wedge
(Figure S13). The top of the slab was continued downdip to a depth of 250 km following the
plate interface model of Williams et al. (2013). The bottom of the slab was fixed so that the
extended slab maintained a thickness of 12 km, approximating the slab thickness from the
velocity results. Constant densities were applied to the extended slab and Pacific and Australian
mantle. Crustal velocities for the Pacific and Australian plates were laterally extended 100 km
from either end of the forward model to further accommodate long wavelength gravity anomalies
and to account for poor ray coverage at the edge of the model. Densities in Bay of Plenty were
reduced by 1% in the upper 1 km of the model to better fit the observed gravity signature, and
densities in the Pacific were reduced by 5% in the upper 2 km of the model to better fit the
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gravity signature and measured IODP borehole sediment densities (Barnes et al., 2019; Saffer et
al., 2019; Figure 5). Densities were increased by 2% in a polygon the approximate shape of the
high velocity above the plate interface and below the inner prism (V1 in Figure 3C) to better
match the observed gravity anomaly (G1 in Figure 5). A density reduction of 2% was applied to
an elliptical region beneath the Bay of Plenty (G2 Figure 5) in the approximate location of
previously interpreted frozen volcanic sills (Gase et al., 2019; R1 in Figure 3A). Using the
converted and extended density model, the 2-D free-air gravity effect was calculated using the
line integral method of Bott (1965; Figure 5A).

The SHIRE calculated free-air gravity anomaly fits the extracted McCubbine et al. (2017)
profile with an RMS of 13 mGal before adjusting and 9 mGal after adjusting (Figure 5SA). The
two biggest sources of misfit between the calculated and observed models comes from edge
effects, due to the resolution and ray coverage limits of the tomography model near the ends of
the transect, and high frequency effects of topography and bathymetry, which are difficult to
capture with a smoothed velocity model. The incoming Pacific plate displays a decreasing
gravity anomaly, reaching a minimum at the trench. The frontal prism produces an increase in
the anomaly with shallow, low-density basins contributing to short wavelength decreases in the
gravity anomaly. Onshore, a clear east-west dichotomy in the gravity signature is observed,
correlating with the intersection of the Australian Moho and the plate interface imprinted on top
of the lower density Neogene units in the east compared to the higher density Torlesse Terrane in
the west. Gravity anomalies increase moving into the Bay of Plenty and the high gravity
signature of the backarc rift (McCubbine et al., 2017).

Comparing the modified densities to the empirical Nafe-Drake equation, as well as
several other rock-type specific empirical models and in situ measured density-velocity values
from IODP boreholes, reveals where specific lithologies may be present. Density reductions in
the Bay of Plenty and Pacific plate sediment cover agrees well with the measured density-
velocity measurements from nearby IODP boreholes (Barnes et al., 2019; Saffer et al., 2019;
Figure 5D). The increased density in the high velocity region above the plate interface and below
the inner prism places the modelled density-velocity values closer to the Gardner empirical
relation for sedimentary rocks (Gardner et al., 1974; G1 in Figure 5).

6 Discussion

6.1 Comparison to regional earthquake tomography
A New Zealand wide Vp model developed from local earthquake tomography (Eberhart-

Phillips et al., 2010; Eberhart-Phillips et al., 2020) is generally compatible with the T1 Vp result
(Figure 6). The prominent east-west lateral variation of shallow Australian crust velocities is
apparent in both results. The Eberhart-Phillips et al. (2020) model showed slower velocities in
the deeper portions of the Pacific slab compared to T1. Conversely, mid- and lower-crustal
velocities in the Australian crust beneath the Raukumara Peninsula in the Eberhart-Phillips et al.
(2020) model are slower than in T1; ~6.5 km/s compared to ~7.0 km/s. However, this region of
the Eberhart-Phillips et al. (2020) model is characterized by sparse vertical and lateral grid
spacing.
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The difference between deeper slab velocities seen in Eberhart-Phillips et al. (2020)
compared to T1 are a result of differing ray coverage in this region between calculations.
Eberhart-Phillips et al. (2020) utilized regional events maximum hypocentral depths down to
>100 km. In comparison, T1 events were limited to events with depths <~50 km due to the
resolution limit of the array. As a result, Eberhart-Phillips et al. (2020) had greater ray coverage
at greater depths compared to T1. However, where T1 does have ray coverage, ray densities are
much greater than that of Eberhart-Phillips et al. (2020) resulting in more well constrained
velocities above ~50 km depth. Additionally, shallow ray coverage of the Eberhart-Phillips et al.
(2020) model is limited by the coarse instrument spacing compared to SHIRE, which also
reduces the resolution of the Eberhart-Phillips et al. (2020) model in the shallow crust.

6.2 Forearc upper plate structure

Cross-sectional Neogene and ECA unit boundaries correlate well with the velocity
isocontours <5.0 km/s in the upper Australian crust (Mazengarb & Speden, 2000). Because the
Neogene and ECA units are both calcareous mudstone of similar ages (Mazengarb & Speden,
2000), they are expected to have similar P-wave velocities (Faust, 1951). The similar physical
properties of the Neogene and ECA units is further exemplified by the near surface high
conductivity body from Heise et al. (2017; C1 in Figure 7C). Low Qp (<250) from the Eberhart-
Phillips et al. (2015, 2020) attenuation calculation revealed a highly attenuative area in the
eastern portion of the Raukumara Peninsula, correlating with the T1 Vp region where velocities
are < ~5.0 km/s (Q1 in Figure 7C). These features also correlate with the velocity isocontours
and overall mapped structure of these units (Mazengarb & Speden, 2000). As a result, it is
difficult to identify a clear boundary between the Neogene and ECA units in the T1 velocity
result (Figure 7C).

Velocity-depth values measured by Christensen & Mooney (1995) can be compared to
calculated velocities from SHIRE to estimate where certain lithologies may be present in T1.
Figure 7D shows an example 1-D velocity-depth profile taken from T1 at transect distance 175
km. Where the calculated SHIRE Vp falls within the standard deviation of measured
metagraywacke (MG in Figure 7D) and greenschist (US in Figure 7D) velocities from
Christensen & Mooney (1995) are then shaded in Figure 7C. US in Figure 7D correlates with the
location of R2 in Figure 3A, suggesting that underplated sediments exhibit expected velocities
for greenschists (Christensen & Mooney, 1995). Velocity-depth values for metagraywacke (MG
in Figure 7C) reveals a good match with velocities near the surface and the mapped location of
the Torlesse Terrane (Mazengarb & Speden, 2000; Christensen & Okaya, 2007). We can use the
velocity-depth measurements of metagraywacke to extrapolate the location of the Torlesse
Terrane beneath the Raukumara Peninsula (MG in Figure 7C) to better understand the regional
basement lithology.

Velocities in T1 which corresponded to metagraywacke values are highlighted as feature
MG in Figure 7C. Given the similar velocities to the Torlesse graywacke lithology and
correspondence of these velocities to the shallowly mapped portions of the Torlesse Terrane, this
region (MG in Figure 7C) is interpreted as the extent of the Torlesse within T1. The Torlesse
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generally maintains a consistent thickness while it dips to the east. The westernmost portion of
the interpreted Torlesse is relatively thinner (MG in Figure 7C) where it becomes difficult to
interpret the distribution of the terrane beneath the Bay of Plenty. While the Torlesse likely
extends into the Bay of Plenty (e.g., Leonard et al., 2010) it’s extent at depth is uncertain.
Additionally, because thermal gradients within the Bay of Plenty are likely to modulate
measured velocities, we avoid interpreting velocity-depth values in this region. In the eastern
half of the Raukumara Peninsula, where the Torlesse abuts the plate interface, slab thickness
reaches a minimum of ~8 km (Figure 7A), slab dip remains constant at ~14° (Figure 7A) and a
noticeable change in slab coupling occurs (Figure 7B). Horizonal stress rates from GPS data
analyzed by Dimitrova et al. (2016) revealed that the eastern half of the Raukumara Peninsula is
generally under an extensional regime, with a patch of compression observed beneath Gisborne.
Heise et al. (2017) correlated this patch of compression with a resistive body on the plate
interface, which was interpreted as reduced fluid and/or sediments near the plate interface.

The combination of these observations near the Torlesse-interface intersection suggests
that the Torlesse may act as a more competent, ridged backstop compared to the softer,
deforming backstop observed offshore by Gase et al. (2021). This agrees with the interpreted
location of the Torlesse-controlled backstop interpreted by Bassett et al. (2022). This also fits
with the observations of Bland et al (2015) from the southern Hikurangi and suggests that the
Torlesse plays an important role as a rigid backstop along the entire length of the Hikurangi
margin and, at least in the northern Hikurangi, may be acting as a rigid backstop, promoting
bending of the slab updip from this region by exerting stresses on the slab. The interpreted extent
of the Torlesse backstop is also correlated with the limit of upper plate faulting as interpreted by
Mountjoy & Barnes (2011), underscoring the important role the Torlesse plays in controlling
regional stresses. Seismogenically, the intersection of the Torlesse with the slab does not appear
to influence the occurrence of plate interface earthquakes, but this bending may reactivate pre-
existing faults in the slab which then release fluids that drive SSEs (McGinty et al., 2000; Du et
al., 2004; Henrys et al., 2013; Yarce et al., 2021; Mochizuki et al., 2021).

Deeper onshore 3-D resistivity models revealed a trench-parallel band of high
conductivity between 25 and 30 km depth interpreted as the base of underplated sediments (C2
in Figure 7C; Heise et al., 2012; Heise et al., 2017). The conductive body interpreted by Heise et
al. intersects T1 near the intersection of the Australian Moho and the plate interface and
correlates with our interpreted lower crustal high reflectivity zone (R2 in Figure 3A). T1 Vp
suggests this conductive body is entirely within the Australian plate crustal rocks, supporting the
interpretation that this region represents a body of underplated sediments (Heise et al., 2012).
Regional tomography performed by Bassett et al. (2010) also revealed lower crustal material up
dip of the slab-Moho intersection. However, our high reflectivity zone and the lower crustal
feature of Bassett et al. (2010) is more laterally continuous than the conductive body from Heise
et al. (2012). Comparing T1 lower crustal velocities to published velocity-depth measurements
for greenschist Vp (Christensen & Mooney, 1995), a ~5 km thick region correlates well with the
lateral extent and estimated thickness of the reflective lower crust (Figure 3). Additionally, this

17



669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708

Manuscript submitted to JGR: Solid Earth

region of interpreted underplated sediments correlates with the topographic high observed in the
northern Axial Ranges (Figure 7), supporting the interpretation that sediments are driving uplift
along the entire Axial Ranges.

6.3 Pacific slab and mantle

Reflection profiles from Bell et al. (2010) revealed a zone of high-amplitude interface
reflectivity which was interpreted as a layer of volcaniclastic sediments entrained with a
subducting seamount (Barker et al., 2018; Bangs et al., 2023). The seamount is located within the
late 2014 Gisborne SSE but falls between two patches of large slip (> 10 cm) within the SSE
(Wallace et al., 2016; Bangs et al., 2023; Figure 2), pointing to the importance of this seamount
in the distribution of effective stress as well as fluid flux within any underthrusted sediments
(Bell et al., 2010). T1 passes ~20 km southwest of the interpreted seamount boundary, where
Bangs et al. (2023) interpreted carbonates and consolidated turbidites from 3-D reflection data.
The derived density and gravity model from T1 supports interpretation, as densities modified to
fit the observed gravity anomaly (G1 in Figure 5) are aligned with expected velocities-densities
for sedimentary rocks (Gardner et al., 1974).

The gap in seismicity seen by Yarce et al. (2019) near the downdip edge of the late 2014
SSE correlates with a patch of slightly elevated coupling (Wallace et al., 2012; Dimitrova et al.,
2016; Heise et al., 2017; Figure 7B). Faults created by bending of the slab enable seismicity and
promote fluid flux out of the slab, increasing pore pressures at the plate interface, and promoting
SSEs (Yarce et al., 2019; Warren-Smith et al., 2019). Down dip of this zone of fluid release, SSE
rupture stops and slab dip remains constant (Figure 7).

A cluster of intraslab seismicity at ~25 km depth (E2 in Figure 7), down dip of the Yarce
et al. (2019) gap, is located near a region of constant slab dip and minimum slab thickness
(Figure 7A). Above this cluster of seismicity, a region of high Vp/Vs (H1 in Figure 7C) extends
from the plate interface to the surface near the east coast of the Raukumara Peninsula (Eberhart-
Phillips et al., 2020). Focal mechanisms in and around this cluster show primarily normal fault
mechanisms (Figure 7C) and have been observed along strike in the southern Hikurangi at
similar depths (McGinty et al., 2000; Du et al., 2004; Reyners and Bannister, 2007) pointing to
extensional stresses in the slab. Normal faults present in the Hikurangi Plateau (Plaza-Faverola et
al., 2012) are inherited by the subducting slab (Henrys et al., 2013) and reactivated by bending
stresses and/or increased fluid pressures. Temperatures of ~350°C (Antriasian et al., 2019) and
approximate lithostatic pressures of ~0.8 GPa place this cluster near the metamorphic facies
transition from greenschist to blueschist, where the breakdown of chlorite is expected to release
~1 wt% of water (Condit et al., 2020). The body of high Vp/Vs (H1 in Figure 7C) crosses the
plate interface, suggesting a permeable plate interface at these depths, allowing fluids to migrate
from the slab to the surface where they appear onshore in thermal springs (Reyes et al., 2010).

Onshore thermal springs of the Raukumara Peninsula exhibit fluids with a mantle
component (Reyes et al., 2010), suggesting that the normal faults in the slab extend into the
Pacific lithospheric mantle, potentially acting as conduits for fluids out of the mantle. However,
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the exact source of these fluids within the subduction system, as well as the pathway which they
take to reach the surface, remains unclear. Resistivity (Heise et al., 2017) and regional scale
Vp/Vs calculations (Eberhart-Phillips et al., 2020) indicate shallow dewatering of the slab, but
this does not reconcile with the deeper isotopic signature seen in the fluids (Reyes et al., 2010).
Low mantle velocities from NIGHT (Figure 1) beneath the central TVZ indicate a hydrated or
partially molten mantle in the central Hikurangi, with fluids released by the serpentinization of
the subducting plate (Harrison & White, 2006). However, MANGO (Figure 1) revealed little
subduction-driven hydration in the northernmost Hikurangi mantle wedge (Scherwath et al.,
2010).

In the Pacific mantle, immediately beneath the prism, slightly depressed velocities (~7.5
km/s) are observed, previously interpreted as serpentinized mantle (Grevemeyer et al., 2018;
Gase et al., 2021; Bassett et al., 2022). As serpentinization requires temperatures <~400°C (Bach
et al., 2004), this is consistent with observed upper mantle temperatures of 200-600°C from 2-D
thermal models of the northern Hikurangi (Antriasian et al., 2019). Events recorded by the
GeoNet national seismic catalog from 2009-2019 (www.geonet.org.nz) within +/- 10 km of T1
reveal a cluster of seismicity immediately below this low velocity area at a depth of ~25 km
within a zone of low (<1.65) Vp/Vs ratios (Eberhart-Phillips et al., 2020; L1 and E1 Figure 7C),
potentially indicating a zone of dehydration embrittlement in the mantle. Moment tensors
calculated by GeoNet from 2003 to present (www.github.com/GeoNet) reveals primarily normal
faulting mechanisms surrounding this cluster. Such mechanisms are expected for dehydration
reactions, where volumetric changes lead to normal faulting (Green & Houston, 1995).
Additionally, throughgoing faults are thought to hydraulically connect the mantle with the
Pacific slab in the Hikurangi, promoting the flux of fluid from the mantle, through the slab, and
perhaps into the overriding plate (e.g., Reyes et al., 2010; Henrys et al., 2013). However,
serpentinized mantle is expected to have high (>1.9) Vp/Vs ratios (e.g., Grevemeyer et al.,
2018), which is absent from this area. If there are fluids in the upper mantle, they are removed
from the region before serpentinization can occur, leading to a dry, brittle mantle promoting
clustered seismicity (E1 in Figure 7C). Alternatively, or in addition to serpentinization, fractures
in the upper mantle can also lead to lower Vp (e.g., Mark et al., 2023; Miller et al., 2021). This
interpretation is also consistent with the observation of seismicity in this region, and would also
have implications for upper mantle anisotropy (Mark et al., 2023).

6.4 Comparison to previous seismic transects

6.4.1 SAHKE

SAHKE velocities in the incoming plate, slab, and overriding plate (Henrys et al., 2013;
Figures 8A, 8B) are comparable to those calculated from T1 (Figures 8A, 8C). Like SHIRE,
SAHKE also exhibited a cluster of intraslab seismicity associated with an increase in slab dip
(Henrys et al., 2013). However, updip from this zone, the slab in the SAHKE model dips < 5°
(Henrys et al., 2013), whereas the slab in the SHIRE profile dips > 5° (Figure 8). The plate
interface imaged in SAHKE has a noticeable increase in slab dip ~127 km inboard from the
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trench at a depth of ~25 km. The difference in slab dip between north and south implies along
strike variations in the backstop and/or slab bending stresses, with additional stress exerted on
the slab in the northern Hikurangi causing a larger slab dip in this region. A zone of low seismic
velocities and high reflectivity is also observed in SAHKE near the intersection of the Australian
Moho and plate interface and near the transition from locked to creeping plate interface behavior.
However, this region is both seismically slower (~6.0-7.0 km/s) and laterally narrower than the
zone observed in SHIRE. This pocket of reflectivity in SAHKE is bounded by a ramp thrust fault
and the Wairarapa Fault and is located immediately updip of the Moho-interface intersection
(Henrys et al., 2013), as opposed to immediately above the Moho as in SHIRE. This suggests
that the underplated duplexes of sediment interpreted in SAHKE do not interact with the
Australian mantle nose. Furthermore, the underplated sediments in the southern Hikurangi are
most likely Mesozoic turbidites from the Chatham Rise that have been shown to more readily
subduct compared to sediments in the north (Crutchley et al., 2020; Gase et al., 2022).

6.4.2 NIGHT

Wide-angle OBS, near-vertical onshore, and MCS data revealed a subduction interface at
~18-20 km beneath Hawke Bay, with a 10-12 km thick Hikurangi Plateau comprising the
subducting oceanic crust (Pecher et al., 2002; Henrys et al., 2003; Figure 8). Because of the high
rate of lower crustal magmatism and heat flux as described in Henrys et al. (2003), there is a
more gradational transition between the crust and the mantle, resulting in little to no PmP energy
appearing in the wide-angle data. The crustal thickness in the TVZ of the central Hikurangi is
~25 km (Stern & Benson, 2011), comparable to the surrounding regional thickness of 20-28 km
(Henrys et al., 2003; Stratford & Stern, 2006). Similar to SAHKE, the NIGHT transect revealed
a shallow (> 5° ) slab dip near the trench, with a marked increase in slab dip near a cluster of
seismicity below the plate interface ~126 km inboard from the trench at a depth of ~15 km
(Henrys et al., 2003).

A conductive anomaly between 20 and 35 km depth is present away from the top of the
slab beneath the onshore portion of the NIGHT transect (Ogawa et al., 1999; Henrys et al.,
2003), similar to the placement of the conductive body seen near the SHIRE transect, which has
been interpreted to be underplated sediments (Heise et al., 2012; 2017). However, this
conductive anomaly was associated with a highly reflective boundary by Stern & Benson (2011),
where it was interpreted as a body of pooled melt stalled near the eastern edge of the TVZ. Given
that this region is ~100 km northwest of the Axial Ranges, it seems unlikely this is evidence for
underplated sediments. Slow (6.0-6.5 km/s) lower crustal velocities beneath the Axial Ranges
may indicate the presence of underplated sediments near the intersection of the plate interface
and the Australian Moho, although this would need to be confirmed by additional geophysical
imaging and interpretation. However, this potential along strike transition of underplated
sediment location suggests and along strike control on the kinematics driving underplating.

6.4.3 MANGO
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Tomographic Vp models from the MANGO experiment (Figure 8) reveals a plate
interface geometry more similar to SHIRE than to SAHKE or NIGHT (Henrys et al., 2013;
Henrys et al., 2003; Bassett et al., 2016). The slab in MANGO dips ~8° near the trench,
comparable to the SHIRE dip of ~7° and greater than the <5° dip seen in SAHKE and NIGHT
(Henrys et al., 2013; Henrys et al., 2003; Bassett et al., 2016). At a depth of ~19 km, the slab dip
increases to 18° (Bassett et al., 2016) and correlates with an increase in seismicity
(www.geonet.org.nz). This margin-wide relation between slab dip and seismicity, with an updip
shift in shallow slab dip moving south to north along the Hikurangi, suggests a broader influence
of the upper plate on the structure of the subducting slab. Results from MANGO also revealed
low velocities immediately downdip of the transition from a locked to creeping interface,
suggesting that underplated sediment may run the entire length of the Hikurangi Margin,
including offshore (Bassett et al., 2010; Henrys et al., 2013; Bassett et al., 2016). While the
entrainment of sediments near the down-dip frictional transition in plate interface behavior is
similar to SAHKE, it is dissimilar to the underplated sediment location from SHIRE and,
ostensibly, NIGHT. Furthermore, unlike SAHKE, NIGHT, and SHIRE, the underplated sediment
appear updip of the notable increase in slab bend.

6.4.4 Along-strike comparisons

An increase in slab dip at a depth of ~20-30 km is observed along the entire length of the
Hikurangi margin (Figure 8). The distance between the trench and where this slab bend (from
<10° to >15°) occurs decreases from south to north, as the overall slab gradient increases along
strike (Williams et al., 2013; Figure 8A). In SAHKE, the increase in slab dip was slightly
downdip of a dense region of intracrustal normal faults and near the downdip extent of plate
locking (Wallace et al., 2006), where the bending was interpreted as a result of the incipient
weakness in the slab (Henrys et al., 2013). While incipient weakness may be the case in the
south, there appears to be no correlation with the downdip extent of locking in the SHIRE profile
(Figure 8). Additionally, the slab bend in the south occurs beneath the region of underplated
sediment (Henrys et al., 2013; Figure 8C), whereas the SHIRE profile reveals this bending
occurs up dip from the underplated sediments (Figure 8B). Furthermore, MANGO shows
bending occurring downdip from underplated sediments, suggesting that the two observations are
unrelated. It is possible that the slab bending is the result of increased density of the slab from
greenschist to blueschist facies transformation (e.g., Condit et al., 2020) that happens to occur
where preexisting faults are already present in the slab (Plaza-Faverola et al., 2012; Henrys et al.,
2013; Figure 8).

Additionally, slab rollback is observed immediately north of the northern Hikurangi in
the Havre Trough (Caratori Tontini et al., 2019). If this rollback continues into the Hikurangi,
which would generally be consistent with how the arc has migrated southward (Bassett et al.,
2016; Caratori Tontini et al., 2019), then this would contribute to extension and slab dip
steepening in the northern Hikurangi. The trenchward shift of the slab inflection is correlated
with the appearance of the TVZ (Figure 8B), suggesting that the stress regime imposed on the
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slab by the extensional backarc could also influence the slab dip on a regional scale with upper
plate and/or slab properties controlling slab dip on a more local scale. The increased
compressional stresses experienced by the forearc in these northern profiles appears to correlate
with increased bending stresses applied on the slab, suggesting rift-related stress may be
transferred through the forearc.

While underplated sediments correlate with the downdip extent of plate interface locking
in the SAHKE and MANGO profiles, no such correlation is observed in the NIGHT and SHIRE
profiles (Figure 8). This suggests that factors such as subducting sediment composition and/or
the upper-plate stress state control the depth to locking along the Hikurangi. The southern
Hikurangi are largely thick turbidites, whereas volcaniclastic sediments and an extensional
backarc characterize the north (Gase et al., 2022). The presence of the Torlesse Terrane near the
downdip extent of locking on the plate interface suggests this may be an influencing factor in the
north, no such correlation exists in the south (Bassett et al., 2022) suggesting that the Torlesse
may have some impact on shallow frictional transitions but not deeper transitions.

With the observation of underplated sediment along the T1 profile, sediments are
revealed via tomography to be present in the southern (SAHKE; Henrys et al., 2013), central
(NIGHT; Henrys et al., 2003), northern (this study), and offshore (MANGO; Scherwath et al.,
2010) segments of the Hikurangi Margin. The location of underplated sediments along the entire
length of the Hikurangi correlates well with topographic highs (Figure 8) supporting the
interpretation that underplating is driving uplift of the Axial Ranges (Sutherland et al., 2009;
Scherwath et al., 2010). As the low-density subducted sediment reaches the high-density cold
mantle nose, the density contrast forces the sediments to accrete to the bottom of the Australian
plate, creating buoyancy that lifts the Axial Ranges. Furthermore, the narrow width of the
underplated sediment package in the south (Henrys et al., 2013) correlates with the relatively
narrow width of the southern Axial Ranges. As the width of the sediment increases, the width of
the Axial Ranges also increases, particularly in the forearc adjacent to the TVZ (Figure 8). While
there appears to be a geometrical correlation between underplated sediment and locked-to-
creeping plate interface transition in the SAHKE and MANGO profiles, SHIRE and NIGHT do
not show such a correlation. Evidence from SHIRE points to a stronger influence from the upper
plate structure on the interface behavior. However, understanding the the relationship of the
Torlesse Terrane to down-dip geodectic plate coupling transitions in the southern Hikurangi
requires additional work.

The change in slab bending stresses may also influence the geometry of the underplated
sediments observed along the margin. Henrys et al. (2006) interpret a laterally narrow packet of
underplated sediments between the slab and the upper plate. However, the interpreted
underplated sediments from the SHIRE profile are both laterally wider and deeper than the
SAHKE observations—evidence from SHIRE suggests the sediments are underplating the
Australian crust immediately above the cold lithospheric mantle nose. The extensional stresses of
the TVZ, a step down in the megathrust (e.g., Henrys et al., 2013), seamount collision (Bangs et
al., 2006), and/or the observed extension beneath the Raukumara Peninsula (Dimitrova et al.,
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2016) could create the space needed for sediments to be laterally underplated. This would
explain the characteristic change in lower crustal reflectivity between SAHKE and SHIRE, as
well as the resulting increase in Axial Range width, from ~30 km in the south to ~75 km in the
north along the Hikurangi. Both the increased Axial Range width and the shallower slab bending
in the northern Hikurangi could be a result of the additional compressional stresses experienced
by the forearc from the TVZ backarc.

The northern Hikurangi margin is more (pelagic and hemipelagic) sediment starved
relative to the south (Fagereng, 2011; Wang et al., 2010). However, the north appears to have a
wider zone and larger volume of underplated sediments (Figure 8). Rather than entrained marine
sediments brought down from the surface in a subduction channel, these sediments may come
from the upper plate, as the northern Hikurangi may exhibit a higher degree of tectonic erosion
relative to the south (Fagereng, 2011; Wang et al., 2010). While the northern Hikurangi does not
display the tectonic erosion signature of trenchward advection of the forearc (Bassett et al.,
2020), cyclical underplating kinematics proposed by Sutherland et al. (2009) and Bassett et al.
(2010) would explain the lack of advection in the northern Hikurangi. The source of sediments
would have ramifications for the composition of the underplating along the entire Hikurangi
Margin. However, the effects of locking and varying degree of subduction interface gradient
between the northern and southern Hikurangi may either influence or be influenced by the
sediment budget in the margin. Gase et al. (2022) identified a thinner sediment subduction
channel in the creeping section of the Hikurangi immediately north of the transition from the
locked southern Hikurangi. This would suggest that underplated material in the south are
comprised of a higher degree of down going pelagic and siliciclastic sediments. However, the
higher degree of coupling (Wallace et al., 2004) and shallower slab gradient in the south (Figure
8) may result in a higher rate of subduction erosion. Localized regions of plate locking in the
north (Dimitrova et al., 2016) and/or seamounts may provide sources of sediments, particularly
volcaniclastic sediments (Gase et al., 2021; 2022) or the upper crust of the Hikurangi Plateau
(e.g., Timm et al., 2014).

Numerical modelling from Litchfield et al. (2007) predicts a broad region of uplift in the
northern Hikurangi margin associated with underplated sediment. However, their modelling was
performed prior to the crustal constraints of SAHKE, NIGHT, MANGO, and SHIRE, and
included a relatively narrow package of underplated sediments, not the more laterally continuous
sediments accreted to the lower Australian crust as interpreted here. This, combined with the lack
of underplated sediment modelling in the southern Hikurangi by Litchfield et al. (2007), suggests
that additional geodynamical modelling using the well constrained crustal structure from this
study and Henrys et al. (2013) is needed. This could help reveal the connection between
underplated sediment geometry and Axial Range width and can include the effects of the TVZ to
better understand the role backarc extension has on underplated sediment accretion and forearc
uplift.

7 Conclusions
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1. SHIRE Transect 1 characterizes the breadth of the northern Hikurangi subduction system,
revealing structure and properties of the incoming Pacific plate, trench, accretionary
prism, downgoing slab, overlying Australian plate and backarc TVZ rift.

2. The east to west transition of shallow velocities in the Raukumara Peninsula is correlated
with Neogene and Cretaceous aged sedimentary units. This allows for the vertical
extrapolation of units at depth, based on existing lab measured velocity-depth values for
relevant lithologies, to determine basement lithologies.

3. The location of the Cretaceous-aged Torlesse Terrain at depth and its interpreted
influence on subducting slab properties suggests it plays a role as a rigid backstop behind
the more actively deforming frontal wedge in the northern Hikurangi.

4. Dehydration embrittlement in the Pacific mantle beneath the accretionary wedge may be
releasing fluids which are transported through the subducting slab via conductive normal
faults and across a permeable plate interface.

5. An increase in slab dip is observed at ~20-30 km depth along the length of the Hikurangi
margin, representing metamorphic phase transitions and/or bending stresses applied by
the upperplate forearc.

6. Sediment underplating beneath the Australian crust, with sediments possibly sourced
from the upper plate, is driving uplift of the entire North Island Axial Ranges and the
width of the underplated sediment package controls the width of the uplifted topography.
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