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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.

Hosted file

971282_0_art_file_11280118_rz8drp.docx available at https://authorea.com/users/580169/

articles/660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-

northern-hikurangi-margin-new-zealand

Hosted file

971282_0_figure_11280120_rz8drp.docx available at https://authorea.com/users/580169/articles/
660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-northern-

hikurangi-margin-new-zealand

Hosted file

1

https://authorea.com/users/580169/articles/660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-northern-hikurangi-margin-new-zealand
https://authorea.com/users/580169/articles/660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-northern-hikurangi-margin-new-zealand
https://authorea.com/users/580169/articles/660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-northern-hikurangi-margin-new-zealand
https://authorea.com/users/580169/articles/660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-northern-hikurangi-margin-new-zealand
https://authorea.com/users/580169/articles/660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-northern-hikurangi-margin-new-zealand
https://authorea.com/users/580169/articles/660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-northern-hikurangi-margin-new-zealand


P
os
te
d
on

17
A
u
g
20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
69
23
02
57
.7
37
77
66
9/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

971282_0_supp_11280123_rz8drp.docx available at https://authorea.com/users/580169/articles/

660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-northern-

hikurangi-margin-new-zealand

2

https://authorea.com/users/580169/articles/660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-northern-hikurangi-margin-new-zealand
https://authorea.com/users/580169/articles/660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-northern-hikurangi-margin-new-zealand
https://authorea.com/users/580169/articles/660028-geophysical-transect-reveals-seismic-p-wave-velocity-structure-of-the-northern-hikurangi-margin-new-zealand


Manuscript submitted to JGR: Solid Earth 

 1

Geophysical transect reveals seismic P-wave velocity structure of the northern 1 
Hikurangi margin, New Zealand 2 

  3 
Thomas W. Luckie1, David A. Okaya1, Katrina M. Jacobs2, Stuart A. Henrys2, Andrew C. 4 
Gase3,4, Dan Bassett2, Harm J. A. Van Avendonk3, Malcolm White5, Daniel H. N. Barker2, 5 
Nathan L. Bangs3, Shuichi Kodaira6, Ryuta Arai6, Gou Fujie6, Yojiro Yamamoto6 6 
 7 
1 Department of Earth Sciences, University of Southern California, Los Angeles, CA, USA 8 
2 GNS Science, Lower Hutt, New Zealand 9 
3 Institute for Geophysics, Jackson School of Geosciences, University of Texas at Austin, Austin, 10 
TX, USA 11 
4 Geology Department, Western Washington University, Bellingham, WA, USA 12 
5 Department of Earth, Atmosphere and Planetary Sciences, Massachusetts Institute of 13 
Technology, Cambridge, MA, USA 14 
6 Research Institute for Marine Geodynamics, Japan Agency for Marine-Earth Science and 15 
Technology, Yokohama, Japan 16 
 17 
Corresponding author: Thomas W. Luckie (luckie@usc.edu) 18 
 19 
Key Points 20 

• Combined active- and passive-source tomography reveals the crustal structure of the 21 
northern Hikurangi margin 22 

• Reflection and velocity information suggest the presence of underplated sediments 23 
beneath the northern Axial Ranges, potentially driving uplift of the forearc 24 

• Velocities help constrain the depth and lateral extent of basement lithologies beneath the 25 
northern Hikurangi margin 26 
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Abstract 28 
Most conceptual models for how fluids and sediment influence slip behavior and uplift 29 

along subduction margins are poorly constrained by geophysical observations. Given the 30 
complexity of subduction systems, overcoming this gap in knowledge will require a systems-31 
level approach which uses high quality geophysical constraints. We present wide-angle, onshore-32 
offshore seismic data collected along the northern Hikurangi margin, New Zealand, from which 33 
P-wave velocities were calculated using active- and passive-sources. A gravity model and 34 
reflection profiles were also assembled to create a complete, ~400 km long transect which 35 
images the incoming plate, down going slab, overthrusting forearc, and backarc rift. Velocities 36 
and gravity modelling help to constrain the lithology of the forearc basement to ~20 km depth. 37 
Upper plate lower crustal velocities and reflectivity point to the presence of underplated 38 
sediments immediately above the lithospheric mantle nose, suggesting that underplated 39 
sediments are driving uplift of the forearc. Comparing these results to geophysical images from 40 
the southern Hikurangi margin, we suggest that the backarc rift influences along-strike changes 41 
in the compressional stresses experienced by the forearc, driving changes in bending stresses 42 
within the subducting slab. 43 
 44 
Plain Language Summary 45 

Fluids and sediments can influence the location and speed of earthquakes in subduction 46 
zones as well as cause uplift of the land above. However, the conceptual models explaining these 47 
processes are poorly constrained. To overcome this, we need high quality measurements of the 48 
properties of Earth's crust in subduction zones. Here we present a ~400 km long transect where 49 
we calculated seismic wave velocities of the northern Hikurangi margin in New Zealand. These 50 
results help characterize the properties of the crust and reveal where sediments and fluids may be 51 
present and how they may influence the behavior of the subduction zone. 52 
 53 
1 Introduction 54 

Subduction margins exhibit a spectrum of slip rates that bridges stick-slip and stable 55 
sliding along megathrusts. Variations in the characteristics of the subducting and overriding 56 
plates such as lithology and fluid distribution have been shown individually, through 57 
comparative approaches, to influence megathrust behavior (Tichelaar and Ruff, 1993; 58 
Oleskevich et al., 1999; Wang and Bilek, 2014). But these parameters cannot fully explain 59 
subduction margin megathrust behavior on their own. As a result, we only have a basic 60 
understanding of the connections between plate interface slip behavior, upper crustal properties, 61 
solid and fluid mass fluxes, and manifestations of plate boundary mechanics and how these can 62 
influence processes such as forearc uplift, sediment transfer, and underplating. Feedbacks 63 
between multiple geological processes must be considered to fully understand subduction 64 
margins at the system level. To overcome this gap in our knowledge, we need high-quality 65 
physical and mechanical constraints on the characteristics of subduction margins. 66 
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The northern Hikurangi margin offshore North Island, New Zealand (Figure 1) is an ideal 67 
candidate to geophysically study a subduction zone. Most of the forearc is subaerial and the 68 
subduction interface is relatively shallow. Additionally, previously observed along strike 69 
variations between the northern and southern Hikurangi margin (Figure 1), offers the opportunity 70 
to investigate controls on stick-slip and aseismic slip. Geodetic studies show along-strike 71 
variations from a stick-slip dominated margin in the southern Hikurangi to aseismic creep in the 72 
northern Hikurangi (e.g., Wallace et al., 2004, 2009, 2012; Wallace and Beavan, 2010; Lamb and 73 
Smith, 2013). The northern Hikurangi Margin hosts backarc extension in the Taupo Volcanic 74 
Zone (TVZ) while no arc or backarc is present in the south (Wilson et al., 1995; Wallace et al., 75 
2004; Figure 1), resulting in the northern Hikurangi forearc experiencing a combination of 76 
subduction- and rift-related stresses while the southern Hikurangi forearc only experiences 77 
subduction-related stresses. The northern Hikurangi interface is characterized by low 78 
interseismic coupling, shallow SSEs, shallow tectonic erosion, thinner sediments overlying the 79 
incoming plate, a high number of seamounts, and a high rate of convergence compared to the 80 
south (Wallace, 2012, 2020). The northern segment has a history of tsunamigenic megathrust 81 
events and hosts more frequent M>5 earthquakes than the southern Hikurangi (Doser & Webb, 82 
2003; Warren-Smith et al., 2017; Wallace et al., 2020). The plate interface has variable dip 83 
(Barker et al., 2009; Williams et al., 2013) with local underlying regions displaying high seismic 84 
reflectivity (Bell et al., 2010), low resistivity (Heise et al., 2017; Chesley et al., 2021), and high 85 
attenuation (Nakai et al., 2021), which point to the presence of fluid rich sediments. 86 

Numerous previous studies have focused on the Hikurangi Margin. The margin was a 87 
primary focus site for MARGINS (2000-2009) and its successor program GeoPRISMS (2010-88 
2021), which provided a wealth of information on the offshore Hikurangi setting. This has led to 89 
several recent additional studies of the northern Hikurangi performed in the last several years 90 
which have primarily focused on slow slip events and plate interface processes (e.g., Wallace, 91 
2020; Yarce et al., 2021; Chesley et al., 2021; Arnulf et al., 2021; Gase et al., 2022; Shreedharan 92 
et al., 2022) that have suggested the important role upper plate structure may have on fluid flux, 93 
potentially from the mantle (Reyes et al., 2022), and its control on SSE occurrence and 94 
distribution. 95 

Underplated sediments accreted beneath the upper plate have been hypothesized to be a 96 
driving mechanism for uplift along the forearc in the northern Hikurangi (Walcott, 1984; Wilson, 97 
et al., 2007; Figure 1). Wide-angle active source transects from the Seismic Array Hikurangi 98 
Experiment (SAHKE; Henrys et al., 2013) in the southern Hikurangi, the North Island 99 
Geophysical Transect (NIGHT; Henrys et al., 2003; Henrys et al., 2006) in the central Hikurangi, 100 
and the Marine Geoscientific Investigations on the Input and Output of the Kermadec subduction 101 
zone (MANGO; Flueh and Kopp, 2007; Scherwath et al., 2010; Bassett et al., 2016) and the 102 
RAU07 (Bassett et al., 2010) experiments from the offshore northern Hikurangi all revealed low 103 
velocities in the lower Australian crust, with SAHKE also showing prominent lower-crustal 104 
reflectivity. These observations have been interpreted as underplated sediments which are 105 
correlated with uplift of the Axial Ranges (Nicol & Beavan, 2003; Litchfield et al., 2007; 106 



Manuscript submitted to JGR: Solid Earth 

 4

Sutherland et al., 2009) and the offshore East Cape Ridge (Scherwath et al., 2010). Highly 107 
conductive (< 20 Ωm) features near the base of the Australian crust in the northern Hikurangi 108 
have also been interpreted as underplated sediments (Heise et al., 2017), however there has 109 
previously been no direct geophysical imaging of these anomalies beneath the onshore northern 110 
Hikurangi. Confirming the hypothesized presence of underplated sediments beneath the 111 
Raukumara Peninsula (Litchfield et al., 2007; Wallace et al., 2009) would further support the 112 
role sediments play in uplift along the entire North Island. On a broader scale, understanding 113 
both the structure, properties, and potential lithology of the upper plate is key to understanding 114 
the overall behavior of the northern Hikurangi margin. 115 

Little is known about the basement beneath the northern Hikurangi Margin forearc and 116 
the extent of mapped onshore geologic units beneath the Raukumara Peninsula (Mazengarb & 117 
Speden 2000), but evidence suggests these units may play an important role as a mechanical 118 
backstop along the margin. Offshore seismic data have revealed a narrow (~30 km) accretionary 119 
prism in front of a deforming backstop composed of passive margin sedimentary units which 120 
extends at least ~65 km inboard of the trench (Barnes et al., 2010; Gase et al., 2021; Figure 2). 121 
Seismic reflection profiles from the southern Hikurangi suggest that the inner prism is composed 122 
of the Cretaceous-aged Torlesse Supergroup (Bland et al., 2015). In the northern Hikurangi, 123 
Gase et al. (2021) suggests a mechanical boundary between the deformed backstop and the 124 
frontal prism as interpreted from seismic velocity and reflection profiles. Bangs et al. (2023) 125 
suggest this offshore boundary is due to a past seamount collision. Deformation in the northern 126 
Hikurangi ceases between the east coast and ~20 km inland beneath the Raukumara Peninsula 127 
(Mountjoy & Barnes et al., 2011). However, the nature of the backstop farther inboard and 128 
onshore in the northern segment remains uncertain and the possible role that the Torlesse may 129 
play as a more competent, possibly rigid backstop in the northern Hikurangi remains to be seen. 130 
Shallow slow slip along the margin is focused updip of the Torlesse, suggesting that the Torlesse 131 
may also influence the location of the shallow frictional transitions along the subduction 132 
interface (Bassett et al., 2022). This gap in our understanding of the inboard backstop in the 133 
Northern Hikurangi means that the role of onshore geologic units and structure in the northern 134 
Hikurangi and its connection to the interpreted offshore backstop remains undetermined. 135 
Unraveling the possible role of the Torlesse as a backstop is predicated on first understanding the 136 
distribution of the Torlesse in the Raukumara Peninsula basement. 137 

In this study we present a ~400 km long transect across the northern Hikurangi 138 
subduction margin that captures the incoming Pacific oceanic crust, forearc accretionary prism, 139 
down going Pacific slab, overriding Australian continental crust, and backarc rift. This transect 140 
includes (1) P-wave velocities (Vp) calculated from active and passive source travel time data 141 
collected by the Seismogenesis at Hikurangi Integrated Research Experiment (SHIRE) project, 142 
(2) a free air gravity anomaly profile, and (3) offshore multichannel seismic (MCS) data and 143 
onshore single-fold common depth point (CDP) stacks that provide a reflectivity model which 144 
directly images intracrustal boundaries along the transect. A segment of the SHIRE transect 145 
imaging the frontal accretionary prism presented by Gase et al., (2021) identified a deformed 146 
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inner prism with high seismic velocities and an accretionary prism segmented by a network of 147 
thrust faults. Gase et al. (2019) imaged the backarc TVZ, which revealed a thinning crust across 148 
the rift and evidence for magmatic instructions in the middle and lower crust. With the complete 149 
SHIRE transect presented here, we image the forearc across the coastline as well as the plate 150 
boundary beneath North Island to better understand the structure and lithology of the northern 151 
Hikurangi and provide along strike comparisons to previous seismic surveys conducted along the 152 
southern section of the Hikurangi margin to gain insight into the overall crustal structure and 153 
nature of the entire margin. 154 

 155 
2 Hikurangi tectonic setting 156 

The Hikurangi Trough extends along the eastern coast of North Island and is a result of 157 
the Pacific Plate subducting westward beneath the continental Australian Plate (Figure 1). 158 
Subduction along the Hikurangi Margin began ca 27-30 Ma (van de Lagemaat et al., 2022) with 159 
a current subduction rate of 60 mm/yr in the north to 22 mm/yr in the south (Wallace et al., 160 
2004). Along the northern Hikurangi margin, near the Raukumara Peninsula, there is ~40 mm/yr 161 
of plate motion (Nicol & Beavan 2003; Wallace et al., 2004). The northern Hikurangi margin is 162 
characterized by a narrower offshore forearc with a poorly developed frontal prism with 163 
widespread evidence of seamount collisions (Gase et al., 2021; Figures 1, 2). Arc volcanism and 164 
backarc rifting of the TVZ extends offshore in the Bay of Plenty (Figure 1). 165 
 166 

2.1 Incoming Pacific Plate 167 
The incoming Pacific Plate in this area includes the Hikurangi Plateau (Figure 1), a ~7-11 168 

km thick (Mochizuki et al., 2019; Gase et al., 2021) Cretaceous-aged large igneous province 169 
(LIP) and is what remains of the larger Ontong-Java-Manihiki-Hikurangi LIP (Wood & Davy, 170 
1994; Taylor 2006; Davy et al., 2008). The Hikurangi Plateau separated from the larger LIP 171 
sometime after 115 Ma (Kroenke et al., 2004; Mortimer et al., 2006). Portions of the basement of 172 
the Hikurangi Plateau have been dated to 96-118 Ma, indicating volcanism continued after the 173 
Ontong-Java-Manihiki-Hikurangi LIP broke up, with volcanism continuing until recently 174 
(Hoernle et al., 2010). The Hikurangi Plateau is ~8-11 thick in the northern Hikurangi and is 175 
characterized by rough bathymetry composed of numerous seamounts and porous volcaniclastic 176 
sediments atop an oceanic basement (Barnes et al., 2020; Gase et al., 2021; Bassett et al., 2022; 177 
Figure 1). On average, there are 1-2 km thick sediments on the Hikurangi Plateau, covering a 178 
seismically reflective, high relief volcaniclastic basement which can vary by several hundred 179 
meters (Gase et al., 2021). The accretionary wedge thickness generally decreases from south to 180 
north along the Hikurangi, correlating with the decrease in sediment thickness on the incoming 181 
plate (Fagereng, 2011). Seismic velocities in the Pacific mantle calculated by Mochizuki et al. 182 
(2021) reveal Vp > 8.0 km/s and localized regions of Vp/Vs > 1.8 near dense areas of faulting 183 
crossing the Moho. These were interpreted as regions of high fluid content, with faults acting as 184 
conduits for fluid migration from the mantle into the Pacific Plate (Mochizuki et al., 2021), with 185 
the Pacific mantle experiencing a low degree (<10%) of serpentinization (Grevemeyer et al., 186 
2018; Gase et al., 2021) 187 
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 188 
2.2 Plate interface 189 
The plate interface, as inferred by Williams et al. (2013) using MCS observations, 190 

earthquake hypocenters, and regional tomography models, displays a northwest dipping interface 191 
and variations in dip with a wavelength of 10s of km, increasing from a dip of ~7° near the 192 
trench to ~20° near the intersection with the Australian Moho. Finer scale imaging of the plate 193 
interface beneath the eastern Raukumara Peninsula from receiver functions showed a plate 194 
roughness on the scale of 1s of km, interpreted as volcanic sediments and/or seamounts, which 195 
leads to a variability of shear-strength along the plate interface (Leah et al., 2022). Marine 196 
multichannel seismic data from Gase et al. (2021) imaged a rough subducting plate, with 197 
volcaniclastic sediments producing strong reflectivity and contributing to geometric roughness 198 
near the decollement. 199 

The northern Hikurangi interface hosts shallow SSEs, whereas the southern Hikurangi 200 
hosts deeper SSEs (Wallace et al., 2004; Figure 1). An offshore SSE in late 2014 was recorded 201 
by the Hikurangi Ocean Bottom Investigation of Tremor and Slow Slip (HOBITSS) experiment 202 
(Wallace et al., 2016; Zal et al., 2020; Figure 1). During this event, Zal et al. (2020) observed an 203 
increase in Vp/Vs ratios and shear wave splitting delay times, which were interpreted as fluid 204 
movement during rupture of the SSE patch. Additionally, Yarce et al. (2019) assembled a 205 
seismic catalog using HOBITSS data which revealed a microseismicity gap at the downdip limit 206 
of the late 2014 SSE and correlates with a local increase in interseismic coupling (Wallace et al., 207 
2016). Vertical streaks of seismicity in the slab below the SSE region and an increase in heat 208 
flow have been interpreted as related stress-generated bending faults that enable the migration of 209 
fluids and which increases pore fluid pressure on the interface, driving SSEs (Wallace et al., 210 
2016; Warren-Smith et al., 2019; Yarce et al., 2019). High Vp and Vp/Vs in the Pacific slab and 211 
upper mantle support the interpretation of the presence of fluids (Mochizuki et al., 2021; Yarce 212 
et al., 2021). Heat flow measurements landward of the deformation front point to advective fluid 213 
flow along faults within the slab, consistent with the conclusion that slow slip is enabled by high 214 
pore fluid pressures (Antriasian et al., 2018). These results underscore the complexity of plate 215 
interface and intraslab processes occurring in the shallow portions of the margin and highlight 216 
the importance of high-resolution velocity measurements to constrain the distribution of fluids. 217 

Five IODP sites were drilled in two expeditions in the northern Hikurangi to further 218 
investigate fluids in the upper plate (Barnes et al., 2019; Saffer et al., 2019), including site 219 
U1520 which sampled sediments from the Hikurangi trough (Figure 2). Site U1518 (Figure 2) 220 
sampled a megathrust splay fault which exhibited strong ductile deformation in the footwall, 221 
with brittle deformation observed in the hanging wall. This has been interpreted as the result of 222 
seafloor overthrusting which formed a low-permeability seal, driving high pore fluid pressures in 223 
the footwall (Morgan et al., 2022). Such a setting could facilitate the occurrence of SSEs on the 224 
megathrust (Wallace et al., 2016; Morgan et al., 2022). Understanding the upper plate structure 225 
and fluid migration across the entire Hikurangi subduction system is fundamental to better 226 
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understand how and why SSEs occur in this region and may shed light on controls on plate 227 
interface locking. 228 
 229 

2.3 Overlying Australian Plate 230 
Onshore, the geology of the Raukumara Peninsula can be divided into eastern and 231 

western halves (Figure 2). The eastern Raukumara Peninsula is composed of primarily Neogene-232 
aged marine sediments deposited after the initiation of current Hikurangi subduction (Rait et al., 233 
1991; Sutherland et al., 2009). Near the center of the Raukumara Peninsula, early Cretaceous to 234 
Oligocene sedimentary rocks deposited in a marine environment, comprising part of the East 235 
Coast Allochthon (ECA), are present at the surface (Mazengarb & Speden, 2000; Crampton et 236 
al., 2019). The ECA units are calcareous mudstones emplaced during subduction initiation of the 237 
Hikurangi Margin 27-30 Ma (Mazengarb & Speden, 2000; van de Lagemaat et al., 2022) and 238 
have been transported 10s to 100s of km to the southwest along low angle detachment faults 239 
(Rait et al., 1991; Mazengarb & Speden, 2000; Sutherland et al., 2009). These allochthonous 240 
units dip eastward and underlay the Neogene units at a depth of ~3 km, as constrained by seismic 241 
data (Mazengarb & Speden, 2000). The offshore extent of the Neogene and ECA units in this 242 
region and the basement below the eastern Raukumara Peninsula remains unconstrained 243 
(Mazengarb & Speden, 2000; Crampton et al., 2019). The basement of the western Raukumara 244 
Peninsula is composed of the Pahau Terrane, part of the Torlesse Composite Terrane, a 245 
Cretaceous-aged graywacke which was deposited during active Gondwana margin subduction 246 
(Mazengarb & Speden, 2000; Sutherland et al., 2009; Crampton et al., 2019). The offshore extent 247 
of the Torlesse in the northern Hikurangi remains relatively unconstrained. Using wide-angle 248 
seismic and MCS data, Bassett et al. (2022) propose the Torlesse extends beneath Hawke Bay, 249 
while limited onshore seismic data suggests the Torlesse extends to at least ~5 km depth, 250 
underlying the ECA in the eastern Raukumara Peninsula (Mazengarb & Speden, 2000). 251 
 252 

2.4 TVZ backarc rift 253 
The TVZ is a 300 km extensional arc running parallel to the Hikurangi subduction zone 254 

from central North Island to the Bay of Plenty (Figure 1) experiencing intra-arc rifting at a rate 255 
of ~15 mm/yr near the Bay of Plenty (Wallace et al., 2004). Volcanism in the TVZ initiated ~21 256 
Ma (Wilson et al., 1995) with the Bay of Plenty opening ~10 Ma (Lamarche et al., 2006). The 257 
most recent stage of volcanism in the TVZ occurred from 0.34 Ma to present (Brothers et al., 258 
1984; Wilson et al., 1995). In addition to volcanism, the TVZ also hosts trench perpendicular 259 
backarc extension at a rate of 12-15 mm/yr in the Bay of Plenty (Wallace et al., 2004). Grabens 260 
in the TVZ display oblique rifting with active listric normal faults with blocks tilted by 12-16° 261 
(Davey et al., 1995; Lamarche et al., 2006). Seismic velocities interpreted by Gase et al. (2019) 262 
point to higher magma flux near the eastern shoulder of the TVZ in the Bay of Plenty, with 263 
reflectivity profiles suggesting intrusions and sills in the mid crust. 264 
 265 
3 The SHIRE project 266 
 3.1 Overview 267 
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From 2017 through 2019, the multinational and multidisciplinary SHIRE project 268 
collected data along the Hikurangi margin, North Island, New Zealand (Figures 1, 2) with the 269 
goal to investigate the feedbacks between subducting plate interface slip behavior, solid and fluid 270 
fluxes, and long-term plate-boundary mechanics uncovering the driving processes connecting 271 
forearc uplift, sediment transport and underplating, plate-boundary strength, and seismogenesis 272 
(Bangs et al., 2018; Barker et al., 2019; Jacobs et al., 2020). 273 

The project had three disciplinary components; paleoseismological investigations of 274 
deformation, numerical modelling, and geophysical imaging. (1) The paleoseismology 275 
component helped to resolve the megathrust slip behavior over many seismic cycles to constrain 276 
long-term coastal uplift and subsidence patterns along the margin (e.g., McKinney et al., 2018; 277 
Hamel et al., 2019). (2) The geodynamical modelling component used the SHIRE data with 278 
existing geophysical and geological data to constrain models of the physical state of the interface 279 
and the evolution of the margin over both long and short timescales by modelling subduction and 280 
plate interface properties (e.g., Sun et al., 2020). It also sought to quantify links between in situ 281 
conditions, fluid flow, subduction thrust behavior, and development of the subduction margin by 282 
testing the influence of sediments and fluids on the subduction system. (3) The geophysical 283 
imaging component involved an active-source onshore-offshore seismic survey conducted from 284 
trench to backarc in two field campaigns to assess the physical mechanisms that control slip 285 
behavior and uplift of the northern Hikurangi margin (Bangs et al., 2018; Barker et al., 2019; 286 
Jacobs et al., 2020; Figures 1, 2). In this study we present results from the SHIRE wide-angle 287 
seismic survey by performing travel time tomography to invert for a 2-D P-wave velocity 288 
structure along the northern Hikurangi margin and compare these results to the SAHKE 289 
geophysical transect to investigate controls and influences on the observed along strike variations 290 
of the Hikurangi margin. 291 
 292 

3.2 Seismic transects 293 
The geophysical imaging component of SHIRE involved an active-source onshore-294 

offshore seismic survey that collected both wide-angle and MCS data, conducted from trench to 295 
backarc in two phases to assess the physical mechanisms that control slip behavior and uplift of 296 
the northern Hikurangi margin (Figures 1, 2). SHIRE collected four main geophysical transects: 297 
two trench-perpendicular and two trench-parallel, covering the entire Hikurangi Margin (Figure 298 
1). This rich dataset permits the 2-D seismic imaging of the entirety of the Hikurangi subduction 299 
margin: the incoming oceanic plate, accretionary prism, subduction interface, overriding crust, 300 
mantle wedge, and backarc. Transect 1 (T1), which we utilize in this study, is WNW-ESE 301 
trending, ~400 km long and spanned the entire along-dip expanse of the subduction margin from 302 
incoming plate to backarc (Figure 2). T1 included a ~4 month onshore-offshore phase of SHIRE 303 
(OBS, MCS, and onshore instruments recording airgun shots; Bangs et al., 2018) and a ~2 month 304 
onshore-only phase of SHIRE (onshore instruments recording explosion sources; Okaya et al., 305 
2017). The primary goals of T1 were to calculate a seismic velocity and reflectivity image of the 306 
incoming oceanic plate, accretionary prism, subduction interface, overriding crust, mantle 307 
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wedge, and backarc. In addition to T1, Transect 2 (Mochizuki et al., 2019) is a complementary 308 
~170 km long trench-perpendicular line in the southern Hikurangi, with the goal of collecting 309 
additional offshore data to extend the existing double-sided SAHKE onshore-offshore transect 310 
examined by Henrys et al. (2013). Transect 3 is a ~490 km long trench parallel line which sought 311 
to examine along-strike variations in the crustal structure of the forearc, underthrusting crust, and 312 
sediments (Bassett et al., 2022). Transect 4 is a ~450 km long trench parallel line but had the 313 
goal of examining the structure of the incoming plate prior to subduction. 314 

The offshore survey phase, SHIRE Phase I, was carried out from October 2017 to 315 
February 2018 and included an onshore array which recorded offshore sources. Using the R/V 316 
Langseth, Phase I of SHIRE acquired 5,489 km of marine seismic reflection and refraction data 317 
along the entire east coast of North Island, New Zealand, as well as the Bay of Plenty. This 318 
includes 1,443 km of wide-angle ocean bottom seismometer (OBS) data along the four major 319 
transects (Figure 1). A total of 210 OBS instrument sites spaced ~10 km were deployed by the 320 
R/V Tangaroa to record airgun shots, spaced 150 m, from the R/V Langseth. In addition to the 321 
OBS data, 89 onshore seismometers were deployed across the Raukumara Peninsula to 322 
supplement the northern OBS transect and record onshore-offshore (OO) arrivals (Figures 1, 2). 323 
Forty-six of these OO stations were deployed in a linear array and spaced ~2 km apart and 324 
recorded data continuously for 4 months. In addition to this wide-angle OBS data, 4,046 km of 325 
multichannel seismic (MCS) data were collected. The MCS profiles used the same seismic 326 
source as the OBS instruments but were spaced every 50 or 35 m. T1 MCS profiles were 327 
collected in the Bay of Plenty (MC 03; Figure 2) and the Pacific Ocean (MC 10; Figure 2). 328 

The onshore survey phase, SHIRE Phase II, was focused along T1 and conducted 329 
between February and March 2019. Phase II of SHIRE involved deploying 583 geophones along 330 
T1 at an average spacing of 150 m in a ~90 km linear array across the Raukumara peninsula 331 
(Figure 2). Every second station deployed recorded 3-component seismic data; the remaining 332 
stations recorded only vertical-component data. Additionally, 19 continuous short period stations 333 
were deployed off the transect to provide 2-D coverage in the array. In total, these instruments 334 
were deployed for two weeks and geophones recorded data in eight 4-hour windows around 335 
potential shot windows. The sources recorded by these instruments were five 500 kg explosive 336 
sources placed at 50 m depth (Figure 2). 337 
 338 
4 Travel-time tomography method 339 

Manually picked wide-angle seismic phases were used in the 2.5-D travel-time 340 
tomography approach of Van Avendonk et al. (2004) to estimate the 2-D P-wave velocity 341 
structure of T1. Ray tracing was performed in 3-D to account for irregular, crooked source-342 
receiver geometries of +/-8 km out of plane. The model perturbations were then inverted in 2-D. 343 
The 2-D starting model was constructed by laterally averaging the velocities from a regional 3-D 344 
model (Eberhart-Philips, 2020). The tomographic model was constructed in two steps to alleviate 345 
vertical smearing of travel time misfits: First by inverting for first arrivals, then subsequently 346 
incorporating layer boundaries and secondary phases. The OO picks were decimated by a factor 347 



Manuscript submitted to JGR: Solid Earth 

 10

of 3 to match the airgun spacing of the OBS data. The plate interface boundary (Williams et al., 348 
2013) was inserted after the first-arrival inversion. The Pacific Moho was inserted by adjusting 349 
the Williams et al. (2013) boundary to reproduce the Moho depth reported by SLAB 1.0 (Hayes 350 
et al., 2012). Finally, the Australian Moho depth was taken from Gase et al. (2019) to complete 351 
the layered model. Velocities below the Moho in the first-arrival model were set to linearly 352 
increase from 8.0 km/s at the Moho to 8.5 km/s at a depth of 60 km to prevent tunneling of 353 
deeper turning refracted phases. After these modifications, deeper turning refracted and reflected 354 
phases were incorporated. 355 

Due to the large amount of continuous data recorded during the SHIRE project in a 356 
highly seismically active region, earthquakes in the data were identified and located using the 357 
coalescence method of the opensource software QuakeMigrate (Smith et al., 2020; Figure 3). 358 
Events within +/-10 km of T1 with location errors <2 km were used in the inversion. Picks from 359 
the location method were combined with the active source picks to improve the spatial 360 
distribution of sources and raypaths though the model, providing additional constraints on 361 
velocities in the middle- and lower-Australian crust, Pacific slab, and Australian and Pacific 362 
mantles. Picks from 178 events were added to the inversion (Table S1) to produce the final 363 
velocity model presented here. Local magnitudes for these events ranged from 0.63 to 2.71, with 364 
a mean local magnitude of 1.31, and depths ranged from ~0.1 km to 46 km. Manually assigned 365 
pick uncertainties ranged from 17 ms to 250 ms with a mean uncertainty of 104 ms. 366 

 This final model (Figure 3), constructed from 64,276 picks (Table S2 in supplementary 367 
material), has a χ2 misfit of 1.11 and a travel-time root mean squared (RMS) error of 184 ms, 368 
suggesting that the data agree with the assigned pick uncertainties. Resolution of the model was 369 
assessed by the recovery of perturbation ellipses of varying sizes (Van Avendonk et al., 2004; 370 
Figure S1). Additionally, velocities and boundary depths were perturbed for the slab interface 371 
and slab Moho to estimate model sensitivity and to assess depth errors for these boundaries 372 
(Figure S1 and supplementary material), where perturbed models with a χ2 < 1.25 were 373 
considered acceptable. 374 

 375 
5 Results 376 

5.1 Reflection profiles 377 
Single-fold common depth point (CDP) stacks using precritical reflections from the land 378 

explosion gathers were constructed to provide insight into the reflectivity of the onshore portion 379 
of T1 (Figure 3A). By pairing it with the offshore Pacific and Bay of Plenty MCS data, we can 380 
construct a nearly complete ~400 km long reflection profile. This provides insights into 381 
reflectivity of the lower crust beneath the Raukumara Peninsula and helps to connect 382 
observations and interpretations from the Pacific and Bay of Plenty MCS profiles. 383 

MCS reflection imaging processing was carried out by Gase et al. (2019; 2021; Figure 384 
3A). In the MC 10 Pacific profile, Gase et al. (2021) revealed a ~3.5 km thick sediment package 385 
above a basaltic basement in the incoming Pacific plate with potential underthrusted 386 
volcaniclastic lithologies below the megathrust. Reflection imaging interpreted in Gase et al. 387 
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(2019) from MC 03 in the Bay of Plenty revealed a ~2 km thick layer of sediments above 388 
basement in the TVZ. A ~25 km wide region from ~5 to 15 km depth is characterized by chaotic 389 
and subparallel reflections, which has been interpreted as recently intruded sills in the mid-crust 390 
(Gase et al., 2019; R1 in Figure 3A). 391 

Lower crustal reflections beneath the Raukumara Peninsula immediately above the 392 
Australian Moho at ~27 km depth are observed in the CDP stack (R2 in Figure 3A and 4. This 393 
zone of reflectivity is ~4 sec TWT thick (~10 km) and laterally continuous for ~65 km, from the 394 
Moho intersection with the plate interface to the west coast of the peninsula. Similar reflections 395 
have been observed in the southern Hikurangi (Henrys et al., 2013), however, these previously 396 
observed reflections in the south are both thinner (~3 sec TWT, ~8 km) and narrower (~35 km) 397 
than the reflectivity seen here. Additionally, the southern reflectivity is observed beneath the 398 
Australian crust up dip of the Australian mantle wedge, rather than immediately above the 399 
mantle on T1.  400 
 401 

5.2 Transect 1 wide-angle data 402 
From the combined SHIRE Phase I and II T1 data, co-located OO receiver and explosion 403 

shot gathers can be combined as supergathers (Okaya et al., 2002) which shows laterally 404 
coherent wide-angle phases across the entire ~400 km transect (Figure 3B). With such a 405 
representation of the data, patterns of many seismic phase arrivals indicative of a subduction 406 
zone become apparent, assisting in the interpretation of gathers from the individual acquisition 407 
components. 408 

The OO data from the Bay of Plenty shows generally clear crustal refractions (PgAus) on 409 
stations deployed on the western half of the Raukumara Peninsula (Figures 3B and S3-S5). This 410 
is accompanied by Australian Moho reflections (PmAusP) and, with generally lower signal-to-411 
noise ratio, mantle refractions (PnAus; Figure S3). Arrivals from these stations extend to 412 
maximum offsets of ~150 km. OO stations deployed on the western half of the peninsula also 413 
record clear arrivals from airguns in the Pacific (Figure S4).  414 

Offshore airgun sources near the coast in the Pacific recorded by onshore stations appear 415 
to be controlled by a slow velocity structure in the prism (Figure 3B, S4). First arrivals within 20 416 
km offset have apparent velocities of ~3.0 km/s, indicating refractions through seismically slow 417 
sediments in the accretionary prism. Beyond 40 km offset, mantle refractions appear, with a 418 
typical apparent velocity of ~8.0 km/s and an arrival pattern heavily influenced by seafloor 419 
topography (e.g., Figure 3B, S3, S4). Between 20 km and 40 km offset, two phases of note 420 
appear: A Pacific Moho reflection (PmPacP) and transitionary phase (Px) between Pprism and PnPac 421 
(Figure S5) Interestingly, Px displays an apparent velocity of ~5.0 km/s, indicative of a crustal 422 
feature. The slight parabolic moveout of Px may signal that this is a reflection, although it is 423 
difficult to observe any reflection-refraction transition associated with Px. Such a phase may not 424 
add useful information to a travel-time tomographic inversion scheme so was not used in the 425 
analysis presented here. 426 
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The onshore explosion source gathers record the phases generated by the down-going 427 
Pacific Plate and intersection of the Australian Moho and slab interface. The easternmost shot, 428 
SP1, (Figure S6) contains clear Australian crustal refraction (PgAus) arrivals across the entire 429 
gather, followed by a reflection from the plate interface (PintP). The poor signal-to-noise ratio 430 
obscures any expected Pacific slab Moho reflection (PmPacP)—however, PmPacP as well as PintP 431 
does appear in the western portion of the shot SP2 gather (Figure S7). Shot SP3, which is located 432 
above the intersection of the Australian Moho and plate interface records PmPacP and PintP quite 433 
clearly across all offsets (Figure 3B, S8). This is the first appearance of a reflected phase from 434 
the Australian Moho (PmAusP) in the onshore explosion data. Shots SP4 and SP5 display these 435 
same phases, displaying the expected moveout of PintP and PmPacP, given that the slab is 436 
deepening to the west (Figure S9, S10). Apparent velocities of PgAus across all shots illustrates 437 
that apparent PgAus velocities tend to be slower in the eastern portion of the gathers, with slightly 438 
lower signal-to-noise ratios from these stations.  439 

There is a clear difference in signal-to-noise ratio (SNR) and apparent velocities between 440 
the eastern and western portions of the onshore explosion and OO data. High SNR and higher 441 
apparent velocities appear in the western third of the Raukumara Peninsula, particularly stations 442 
installed on the Cretaceous-aged Torlesse composite terrane (Mazengarb & Speden, 2000; 443 
Figures 2, 3B, and supplementary material). In the eastern portion of the onshore arrays, where 444 
stations are installed on younger Neogene sedimentary units, both lower SNR and slower 445 
apparent velocities are observed (Mazengarb & Speden, 2000; Figures 2, 3B). The SNR 446 
difference is most clearly demonstrated by observing airgun-sources in the Pacific arriving at a 447 
station deployed near the west coast of the peninsula (Figure 3B, S3)—the converse, Bay of 448 
Plenty sources arriving at the east coast, is not observed. Onshore explosion gathers highlight the 449 
change in apparent velocities across the peninsula which is correlated with a change from 450 
Cretaceous to Neogene units (Figure 3B, S6-S10). This highlights the influence the near surface 451 
lithology can have on SNR, apparent velocities, attenuation, and shadow zones wide angle data.  452 

The OBS gathers from the Bay of Plenty show distinct Australian crustal refraction 453 
(Paus) and Moho reflection (PmAusP) arrivals to maximum offsets of ~75 km (Gase et al., 2019; 454 
Figure S11). Similar arrivals are seen from the Pacific-side OBSs, with the addition of occasional 455 
mantle refractions (PnPac) that extend to maximum offsets of ~90 km (Gase et al., 2021; Figure 456 
S12). Gase et al. (2019, 2021) provide additional descriptions of the SHIRE OBS data used in 457 
this study. 458 
 459 

5.3 Seismic velocity model 460 
The resulting T1 P-wave velocity model has ray coverages to depths of ~45 km beneath 461 

the Raukumara Peninsula (Figure 3C). Dense ray coverage, with multiple crossing ray paths, are 462 
located to depths of ~10 km in the Bay of Plenty, ~15 km beneath the Raukumara Peninsula, and 463 
~15 km in the Pacific (Figure S1A). Deeper diving rays from the OO data fill in ray coverage to 464 
~45 km, albeit with sparser coverage and less crossing paths. The velocity structure in the marine 465 
portions of the transect, originally described in Gase et al. (2019) and Gase et al. (2021), remains 466 



Manuscript submitted to JGR: Solid Earth 

 13

generally unchanged. However, improved ray densities from additional OO data and 467 
incorporated earthquakes noticeably increases the model coverage, particularly across the coast 468 
lines and in the upper mantle. The increased ray coverage and densities from onshore-offshore 469 
data, along with the inclusion of a slab boundary in the inversion procedure, creates a more 470 
complete tomographic model of T1 and increases the confidence in the velocity structure in these 471 
portions of T1 as compared to Gase et al. (2019, 2021). 472 

The velocity model reveals that the incoming Pacific Plate has a ~3 km thick layer of 473 
sediments (Vp < 3 km/s) which includes volcaniclastic sediments from the upper Hikurangi 474 
Plateau, overlying the ~10 km thick Hikurangi Plateau basement, which exhibits a smooth 475 
velocity gradient from 3 km/s to ~7 km/s at the Moho (Figure 3C).  The incoming Pacific plate 476 
has a total thickness of ~12 km at the trench, thinning to ~8 km beneath the east coast of the 477 
Raukumara Peninsula, with slab dip increasing from ~7° to ~14° over the same segment (Figure 478 
3C). Beneath the center of the Raukumara Peninsula, the slab begins to thicken with depth 479 
(Figure 3C). It is possible that changes in slab thickness beneath the Raukumara Peninsula are 480 
due to trade-offs occurring within the velocity model calculation. The slab interface boundaries 481 
within the velocity model are primarily sampled by rays without reciprocal paths due to the 482 
geometry of the slab relative to the source distributions, reducing confidence in the boundary 483 
depths (Figure S1A). Plate interface or plate Moho reflections, which would provide the best 484 
constraints on boundary geometries, are relative sparse compared to other phases in the model 485 
(Figures S1A, S3-S13). Incidentally, Pacific mantle refractions (PnPac phases) provide the highest 486 
contribution to ray densities in this portion of the model (Figure S1A) which, while improving 487 
resolution of velocities in the mantle, may contribute to velocity-depth trade-offs within and 488 
above the slab. Additionally, ray coverage in this region decreases significantly below ~30 km 489 
depth (Figure S1), leading to these boundaries being poorly constrained. As a result, we caution 490 
any geologic-based interpretation on slab thinning. 491 

A noticeable velocity high immediately east of the trench in the Pacific crust correlates 492 
with the location of Puke Knoll, a ~20 by ~3 km seamount (Figure 2, PK in Figure 3C). The 493 
Pacific mantle displays a relatively uniform velocity of ~8 km/s outboard of the trench, with 494 
slightly slower velocities of ~7.5 km/s beneath the forearc. The accretionary prism displays slow 495 
shallow velocities < 2.5 km/s which correlate with the location of several basins, both offshore 496 
and onshore. Beneath the inner prism, immediately above the plate interface, a pocket of 497 
elevated velocities (>4.5 km/s) is observed (V1 in Figure 3C), which has previously been 498 
interpreted as either a geologic boundary or enhanced compression from a past seamount 499 
collision (Gase et al., 2021; Bangs et al., 2023). 500 

Onshore, beneath the Raukumara Peninsula, the Australian crust has a thickness of ~27 501 
km. A clear east-west horizontal gradient in shallow velocities is observed (Figure 3C). The slow 502 
(<4.5 km/s) eastern portion of the peninsula correlates with the mapped location of Neogene-503 
aged sedimentary units (V2 in Figure 3C), while the fast (>4.5 km/s) western portion of the 504 
peninsula correlates with the Torlesse Terrane (Mazengarb & Speden, 2000; V3 in Figure 3C). 505 
Additionally, the <4.5 km/s isocontours correlate with the approximate contact between these 506 
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two units (Mazengarb & Speden, 2000). Lower crustal velocities of ~7 km/s are laterally 507 
homogenous above the Moho. The lithospheric mantle wedge intersects the plate interface at ~27 508 
km depth and exhibits velocities of < 7.5 km/s beneath the Peninsula. 509 

Offshore in the Bay of Plenty, on the western side of T1, the Australian crust thins from 510 
~25 km in the east (transect distance 100 km) to ~20 km in the west (transect distance 25 km) 511 
due to the transition into the backarc rift of the TVZ (Figure 3C). Crustal thicknesses in the TVZ 512 
are comparable to previously calculated Moho depths from previous seismic surveys (e.g., 513 
Stratford & Stern, 2006; Gase et al., 2019). A ~3 km thick layer of slow (< 3 km/s) velocities 514 
correlate with previously observed sediment cover in the Bay of Plenty (Gase et al., 2019). The 515 
vertical velocity gradient in the mid- and lower-crust increases moving outboard from the west 516 
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. 517 
The increase in lower-crustal velocities immediately above the Moho, from 7.0 km/s in the east 518 
to >7.0 km/s in the west, has been interpreted as an increase in fluid flux across the Moho 519 
beneath the Bay of Plenty (Gase et al., 2019). Mantle velocities beneath the Bay of Plenty are 520 
relatively laterally heterogeneous and vertically smooth, increasing from ~7.8 km/s at the Moho 521 
to ~8.5 km/s at 37 km depth, near the limit of the model ray coverage.  522 

 523 
5.4 Gravity model 524 
A profile was extracted from the 2-D regional free-air gravity grid of McCubbine et al. 525 

(2017) for comparison to T1 (Figure 5A). Additionally, during offshore seismic data acquisition, 526 
the R/V Langseth collected shipborne gravity measurements along the marine portions of T1 527 
(Figure 5A). These two datasets provide a template to which a calculated gravity anomaly model 528 
can be compared. By converting the T1 velocities to density and comparing the resulting free air 529 
gravity anomaly to these outside datasets, geometrical constraints can be placed on the seismic 530 
velocity profile. Further constraints can be placed on the calculated velocities by comparing the 531 
converted T1 density model to sediment density measurements collected from nearby IODP 532 
boreholes (Figure 2, 3C; Barnes et al., 2019; Saffer et al., 2019).  533 

We converted the T1 velocity structure to density using the empirically derived Nafe-534 
Drake equation (Ludwig et al., 1970; Brocher, 2005) (Figure 5B, 5D). Because the ray coverage 535 
only provides constraints to a depth of ~50 km, simple 2-D density bodies were constructed to 536 
account for the long wavelength contributions from the subducting slab and mantle wedge 537 
(Figure S13). The top of the slab was continued downdip to a depth of 250 km following the 538 
plate interface model of Williams et al. (2013). The bottom of the slab was fixed so that the 539 
extended slab maintained a thickness of 12 km, approximating the slab thickness from the 540 
velocity results. Constant densities were applied to the extended slab and Pacific and Australian 541 
mantle. Crustal velocities for the Pacific and Australian plates were laterally extended 100 km 542 
from either end of the forward model to further accommodate long wavelength gravity anomalies 543 
and to account for poor ray coverage at the edge of the model. Densities in Bay of Plenty were 544 
reduced by 1% in the upper 1 km of the model to better fit the observed gravity signature, and 545 
densities in the Pacific were reduced by 5% in the upper 2 km of the model to better fit the 546 
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gravity signature and measured IODP borehole sediment densities (Barnes et al., 2019; Saffer et 547 
al., 2019; Figure 5). Densities were increased by 2% in a polygon the approximate shape of the 548 
high velocity above the plate interface and below the inner prism (V1 in Figure 3C) to better 549 
match the observed gravity anomaly (G1 in Figure 5). A density reduction of 2% was applied to 550 
an elliptical region beneath the Bay of Plenty (G2 Figure 5) in the approximate location of 551 
previously interpreted frozen volcanic sills (Gase et al., 2019; R1 in Figure 3A). Using the 552 
converted and extended density model, the 2-D free-air gravity effect was calculated using the 553 
line integral method of Bott (1965; Figure 5A). 554 

The SHIRE calculated free-air gravity anomaly fits the extracted McCubbine et al. (2017) 555 
profile with an RMS of 13 mGal before adjusting and 9 mGal after adjusting (Figure 5A). The 556 
two biggest sources of misfit between the calculated and observed models comes from edge 557 
effects, due to the resolution and ray coverage limits of the tomography model near the ends of 558 
the transect, and high frequency effects of topography and bathymetry, which are difficult to 559 
capture with a smoothed velocity model. The incoming Pacific plate displays a decreasing 560 
gravity anomaly, reaching a minimum at the trench. The frontal prism produces an increase in 561 
the anomaly with shallow, low-density basins contributing to short wavelength decreases in the 562 
gravity anomaly. Onshore, a clear east-west dichotomy in the gravity signature is observed, 563 
correlating with the intersection of the Australian Moho and the plate interface imprinted on top 564 
of the lower density Neogene units in the east compared to the higher density Torlesse Terrane in 565 
the west. Gravity anomalies increase moving into the Bay of Plenty and the high gravity 566 
signature of the backarc rift (McCubbine et al., 2017). 567 

Comparing the modified densities to the empirical Nafe-Drake equation, as well as 568 
several other rock-type specific empirical models and in situ measured density-velocity values 569 
from IODP boreholes, reveals where specific lithologies may be present. Density reductions in 570 
the Bay of Plenty and Pacific plate sediment cover agrees well with the measured density-571 
velocity measurements from nearby IODP boreholes (Barnes et al., 2019; Saffer et al., 2019; 572 
Figure 5D). The increased density in the high velocity region above the plate interface and below 573 
the inner prism places the modelled density-velocity values closer to the Gardner empirical 574 
relation for sedimentary rocks (Gardner et al., 1974; G1 in Figure 5). 575 

 576 
6 Discussion 577 

6.1 Comparison to regional earthquake tomography 578 
A New Zealand wide Vp model developed from local earthquake tomography (Eberhart-579 

Phillips et al., 2010; Eberhart-Phillips et al., 2020) is generally compatible with the T1 Vp result 580 
(Figure 6). The prominent east-west lateral variation of shallow Australian crust velocities is 581 
apparent in both results. The Eberhart-Phillips et al. (2020) model showed slower velocities in 582 
the deeper portions of the Pacific slab compared to T1. Conversely, mid- and lower-crustal 583 
velocities in the Australian crust beneath the Raukumara Peninsula in the Eberhart-Phillips et al. 584 
(2020) model are slower than in T1; ~6.5 km/s compared to ~7.0 km/s. However, this region of 585 
the Eberhart-Phillips et al. (2020) model is characterized by sparse vertical and lateral grid 586 
spacing. 587 
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The difference between deeper slab velocities seen in Eberhart-Phillips et al. (2020) 588 
compared to T1 are a result of differing ray coverage in this region between calculations. 589 
Eberhart-Phillips et al. (2020) utilized regional events maximum hypocentral depths down to 590 
>100 km. In comparison, T1 events were limited to events with depths <~50 km due to the 591 
resolution limit of the array. As a result, Eberhart-Phillips et al. (2020) had greater ray coverage 592 
at greater depths compared to T1. However, where T1 does have ray coverage, ray densities are 593 
much greater than that of Eberhart-Phillips et al. (2020) resulting in more well constrained 594 
velocities above ~50 km depth. Additionally, shallow ray coverage of the Eberhart-Phillips et al. 595 
(2020) model is limited by the coarse instrument spacing compared to SHIRE, which also 596 
reduces the resolution of the Eberhart-Phillips et al. (2020) model in the shallow crust. 597 
 598 

6.2 Forearc upper plate structure 599 
Cross-sectional Neogene and ECA unit boundaries correlate well with the velocity 600 

isocontours <5.0 km/s in the upper Australian crust (Mazengarb & Speden, 2000). Because the 601 
Neogene and ECA units are both calcareous mudstone of similar ages (Mazengarb & Speden, 602 
2000), they are expected to have similar P-wave velocities (Faust, 1951). The similar physical 603 
properties of the Neogene and ECA units is further exemplified by the near surface high 604 
conductivity body from Heise et al. (2017; C1 in Figure 7C). Low Qp (<250) from the Eberhart-605 
Phillips et al. (2015, 2020) attenuation calculation revealed a highly attenuative area in the 606 
eastern portion of the Raukumara Peninsula, correlating with the T1 Vp region where velocities 607 
are < ~5.0 km/s (Q1 in Figure 7C). These features also correlate with the velocity isocontours 608 
and overall mapped structure of these units (Mazengarb & Speden, 2000). As a result, it is 609 
difficult to identify a clear boundary between the Neogene and ECA units in the T1 velocity 610 
result (Figure 7C).  611 

Velocity-depth values measured by Christensen & Mooney (1995) can be compared to 612 
calculated velocities from SHIRE to estimate where certain lithologies may be present in T1. 613 
Figure 7D shows an example 1-D velocity-depth profile taken from T1 at transect distance 175 614 
km. Where the calculated SHIRE Vp falls within the standard deviation of measured 615 
metagraywacke (MG in Figure 7D) and greenschist (US in Figure 7D) velocities from 616 
Christensen & Mooney (1995) are then shaded in Figure 7C. US in Figure 7D correlates with the 617 
location of R2 in Figure 3A, suggesting that underplated sediments exhibit expected velocities 618 
for greenschists (Christensen & Mooney, 1995). Velocity-depth values for metagraywacke (MG 619 
in Figure 7C) reveals a good match with velocities near the surface and the mapped location of 620 
the Torlesse Terrane (Mazengarb & Speden, 2000; Christensen & Okaya, 2007). We can use the 621 
velocity-depth measurements of metagraywacke to extrapolate the location of the Torlesse 622 
Terrane beneath the Raukumara Peninsula (MG in Figure 7C) to better understand the regional 623 
basement lithology.  624 

Velocities in T1 which corresponded to metagraywacke values are highlighted as feature 625 
MG in Figure 7C. Given the similar velocities to the Torlesse graywacke lithology and 626 
correspondence of these velocities to the shallowly mapped portions of the Torlesse Terrane, this 627 
region (MG in Figure 7C) is interpreted as the extent of the Torlesse within T1. The Torlesse 628 
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generally maintains a consistent thickness while it dips to the east. The westernmost portion of 629 
the interpreted Torlesse is relatively thinner (MG in Figure 7C) where it becomes difficult to 630 
interpret the distribution of the terrane beneath the Bay of Plenty. While the Torlesse likely 631 
extends into the Bay of Plenty (e.g., Leonard et al., 2010) it’s extent at depth is uncertain. 632 
Additionally, because thermal gradients within the Bay of Plenty are likely to modulate 633 
measured velocities, we avoid interpreting velocity-depth values in this region. In the eastern 634 
half of the Raukumara Peninsula, where the Torlesse abuts the plate interface, slab thickness 635 
reaches a minimum of ~8 km (Figure 7A), slab dip remains constant at ~14° (Figure 7A) and a 636 
noticeable change in slab coupling occurs (Figure 7B). Horizonal stress rates from GPS data 637 
analyzed by Dimitrova et al. (2016) revealed that the eastern half of the Raukumara Peninsula is 638 
generally under an extensional regime, with a patch of compression observed beneath Gisborne. 639 
Heise et al. (2017) correlated this patch of compression with a resistive body on the plate 640 
interface, which was interpreted as reduced fluid and/or sediments near the plate interface.  641 

The combination of these observations near the Torlesse-interface intersection suggests 642 
that the Torlesse may act as a more competent, ridged backstop compared to the softer, 643 
deforming backstop observed offshore by Gase et al. (2021). This agrees with the interpreted 644 
location of the Torlesse-controlled backstop interpreted by Bassett et al. (2022). This also fits 645 
with the observations of Bland et al (2015) from the southern Hikurangi and suggests that the 646 
Torlesse plays an important role as a rigid backstop along the entire length of the Hikurangi 647 
margin and, at least in the northern Hikurangi, may be acting as a rigid backstop, promoting 648 
bending of the slab updip from this region by exerting stresses on the slab. The interpreted extent 649 
of the Torlesse backstop is also correlated with the limit of upper plate faulting as interpreted by 650 
Mountjoy & Barnes (2011), underscoring the important role the Torlesse plays in controlling 651 
regional stresses. Seismogenically, the intersection of the Torlesse with the slab does not appear 652 
to influence the occurrence of plate interface earthquakes, but this bending may reactivate pre-653 
existing faults in the slab which then release fluids that drive SSEs (McGinty et al., 2000; Du et 654 
al., 2004; Henrys et al., 2013; Yarce et al., 2021; Mochizuki et al., 2021). 655 

Deeper onshore 3-D resistivity models revealed a trench-parallel band of high 656 
conductivity between 25 and 30 km depth interpreted as the base of underplated sediments (C2 657 
in Figure 7C; Heise et al., 2012; Heise et al., 2017). The conductive body interpreted by Heise et 658 
al. intersects T1 near the intersection of the Australian Moho and the plate interface and 659 
correlates with our interpreted lower crustal high reflectivity zone (R2 in Figure 3A). T1 Vp 660 
suggests this conductive body is entirely within the Australian plate crustal rocks, supporting the 661 
interpretation that this region represents a body of underplated sediments (Heise et al., 2012). 662 
Regional tomography performed by Bassett et al. (2010) also revealed lower crustal material up 663 
dip of the slab-Moho intersection. However, our high reflectivity zone and the lower crustal 664 
feature of Bassett et al. (2010) is more laterally continuous than the conductive body from Heise 665 
et al. (2012). Comparing T1 lower crustal velocities to published velocity-depth measurements 666 
for greenschist Vp (Christensen & Mooney, 1995), a ~5 km thick region correlates well with the 667 
lateral extent and estimated thickness of the reflective lower crust (Figure 3). Additionally, this 668 
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region of interpreted underplated sediments correlates with the topographic high observed in the 669 
northern Axial Ranges (Figure 7), supporting the interpretation that sediments are driving uplift 670 
along the entire Axial Ranges. 671 
 672 

6.3 Pacific slab and mantle 673 
Reflection profiles from Bell et al. (2010) revealed a zone of high-amplitude interface 674 

reflectivity which was interpreted as a layer of volcaniclastic sediments entrained with a 675 
subducting seamount (Barker et al., 2018; Bangs et al., 2023). The seamount is located within the 676 
late 2014 Gisborne SSE but falls between two patches of large slip (> 10 cm) within the SSE 677 
(Wallace et al., 2016; Bangs et al., 2023; Figure 2), pointing to the importance of this seamount 678 
in the distribution of effective stress as well as fluid flux within any underthrusted sediments 679 
(Bell et al., 2010). T1 passes ~20 km southwest of the interpreted seamount boundary, where 680 
Bangs et al. (2023) interpreted carbonates and consolidated turbidites from 3-D reflection data. 681 
The derived density and gravity model from T1 supports interpretation, as densities modified to 682 
fit the observed gravity anomaly (G1 in Figure 5) are aligned with expected velocities-densities 683 
for sedimentary rocks (Gardner et al., 1974).  684 

The gap in seismicity seen by Yarce et al. (2019) near the downdip edge of the late 2014 685 
SSE correlates with a patch of slightly elevated coupling (Wallace et al., 2012; Dimitrova et al., 686 
2016; Heise et al., 2017; Figure 7B). Faults created by bending of the slab enable seismicity and 687 
promote fluid flux out of the slab, increasing pore pressures at the plate interface, and promoting 688 
SSEs (Yarce et al., 2019; Warren-Smith et al., 2019). Down dip of this zone of fluid release, SSE 689 
rupture stops and slab dip remains constant (Figure 7).  690 

A cluster of intraslab seismicity at ~25 km depth (E2 in Figure 7), down dip of the Yarce 691 
et al. (2019) gap, is located near a region of constant slab dip and minimum slab thickness 692 
(Figure 7A). Above this cluster of seismicity, a region of high Vp/Vs (H1 in Figure 7C) extends 693 
from the plate interface to the surface near the east coast of the Raukumara Peninsula (Eberhart-694 
Phillips et al., 2020). Focal mechanisms in and around this cluster show primarily normal fault 695 
mechanisms (Figure 7C) and have been observed along strike in the southern Hikurangi at 696 
similar depths (McGinty et al., 2000; Du et al., 2004; Reyners and Bannister, 2007) pointing to 697 
extensional stresses in the slab. Normal faults present in the Hikurangi Plateau (Plaza-Faverola et 698 
al., 2012) are inherited by the subducting slab (Henrys et al., 2013) and reactivated by bending 699 
stresses and/or increased fluid pressures. Temperatures of ~350°C (Antriasian et al., 2019) and 700 
approximate lithostatic pressures of ~0.8 GPa place this cluster near the metamorphic facies 701 
transition from greenschist to blueschist, where the breakdown of chlorite is expected to release 702 
~1 wt% of water (Condit et al., 2020). The body of high Vp/Vs (H1 in Figure 7C) crosses the 703 
plate interface, suggesting a permeable plate interface at these depths, allowing fluids to migrate 704 
from the slab to the surface where they appear onshore in thermal springs (Reyes et al., 2010).  705 

Onshore thermal springs of the Raukumara Peninsula exhibit fluids with a mantle 706 
component (Reyes et al., 2010), suggesting that the normal faults in the slab extend into the 707 
Pacific lithospheric mantle, potentially acting as conduits for fluids out of the mantle. However, 708 
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the exact source of these fluids within the subduction system, as well as the pathway which they 709 
take to reach the surface, remains unclear. Resistivity (Heise et al., 2017) and regional scale 710 
Vp/Vs calculations (Eberhart-Phillips et al., 2020) indicate shallow dewatering of the slab, but 711 
this does not reconcile with the deeper isotopic signature seen in the fluids (Reyes et al., 2010). 712 
Low mantle velocities from NIGHT (Figure 1) beneath the central TVZ indicate a hydrated or 713 
partially molten mantle in the central Hikurangi, with fluids released by the serpentinization of 714 
the subducting plate (Harrison & White, 2006). However, MANGO (Figure 1) revealed little 715 
subduction-driven hydration in the northernmost Hikurangi mantle wedge (Scherwath et al., 716 
2010). 717 

In the Pacific mantle, immediately beneath the prism, slightly depressed velocities (~7.5 718 
km/s) are observed, previously interpreted as serpentinized mantle (Grevemeyer et al., 2018; 719 
Gase et al., 2021; Bassett et al., 2022). As serpentinization requires temperatures <~400°C (Bach 720 
et al., 2004), this is consistent with observed upper mantle temperatures of 200-600°C from 2-D 721 
thermal models of the northern Hikurangi (Antriasian et al., 2019). Events recorded by the 722 
GeoNet national seismic catalog from 2009-2019 (www.geonet.org.nz) within +/- 10 km of T1 723 
reveal a cluster of seismicity immediately below this low velocity area at a depth of ~25 km 724 
within a zone of low (<1.65) Vp/Vs ratios (Eberhart-Phillips et al., 2020; L1 and E1 Figure 7C), 725 
potentially indicating a zone of dehydration embrittlement in the mantle. Moment tensors 726 
calculated by GeoNet from 2003 to present (www.github.com/GeoNet) reveals primarily normal 727 
faulting mechanisms surrounding this cluster. Such mechanisms are expected for dehydration 728 
reactions, where volumetric changes lead to normal faulting (Green & Houston, 1995). 729 
Additionally, throughgoing faults are thought to hydraulically connect the mantle with the 730 
Pacific slab in the Hikurangi, promoting the flux of fluid from the mantle, through the slab, and 731 
perhaps into the overriding plate (e.g., Reyes et al., 2010; Henrys et al., 2013). However, 732 
serpentinized mantle is expected to have high (>1.9) Vp/Vs ratios (e.g., Grevemeyer et al., 733 
2018), which is absent from this area. If there are fluids in the upper mantle, they are removed 734 
from the region before serpentinization can occur, leading to a dry, brittle mantle promoting 735 
clustered seismicity (E1 in Figure 7C). Alternatively, or in addition to serpentinization, fractures 736 
in the upper mantle can also lead to lower Vp (e.g., Mark et al., 2023; Miller et al., 2021). This 737 
interpretation is also consistent with the observation of seismicity in this region, and would also 738 
have implications for upper mantle anisotropy (Mark et al., 2023). 739 
 740 

6.4 Comparison to previous seismic transects 741 
6.4.1 SAHKE 742 
SAHKE velocities in the incoming plate, slab, and overriding plate (Henrys et al., 2013; 743 

Figures 8A, 8B) are comparable to those calculated from T1 (Figures 8A, 8C). Like SHIRE, 744 
SAHKE also exhibited a cluster of intraslab seismicity associated with an increase in slab dip 745 
(Henrys et al., 2013). However, updip from this zone, the slab in the SAHKE model dips < 5° 746 
(Henrys et al., 2013), whereas the slab in the SHIRE profile dips > 5° (Figure 8). The plate 747 
interface imaged in SAHKE has a noticeable increase in slab dip ~127 km inboard from the 748 
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trench at a depth of ~25 km. The difference in slab dip between north and south implies along 749 
strike variations in the backstop and/or slab bending stresses, with additional stress exerted on 750 
the slab in the northern Hikurangi causing a larger slab dip in this region. A zone of low seismic 751 
velocities and high reflectivity is also observed in SAHKE near the intersection of the Australian 752 
Moho and plate interface and near the transition from locked to creeping plate interface behavior. 753 
However, this region is both seismically slower (~6.0-7.0 km/s) and laterally narrower than the 754 
zone observed in SHIRE. This pocket of reflectivity in SAHKE is bounded by a ramp thrust fault 755 
and the Wairarapa Fault and is located immediately updip of the Moho-interface intersection 756 
(Henrys et al., 2013), as opposed to immediately above the Moho as in SHIRE. This suggests 757 
that the underplated duplexes of sediment interpreted in SAHKE do not interact with the 758 
Australian mantle nose. Furthermore, the underplated sediments in the southern Hikurangi are 759 
most likely Mesozoic turbidites from the Chatham Rise that have been shown to more readily 760 
subduct compared to sediments in the north (Crutchley et al., 2020; Gase et al., 2022). 761 

 762 
6.4.2 NIGHT 763 
Wide-angle OBS, near-vertical onshore, and MCS data revealed a subduction interface at 764 

~18-20 km beneath Hawke Bay, with a 10-12 km thick Hikurangi Plateau comprising the 765 
subducting oceanic crust (Pecher et al., 2002; Henrys et al., 2003; Figure 8). Because of the high 766 
rate of lower crustal magmatism and heat flux as described in Henrys et al. (2003), there is a 767 
more gradational transition between the crust and the mantle, resulting in little to no PmP energy 768 
appearing in the wide-angle data. The crustal thickness in the TVZ of the central Hikurangi is 769 
~25 km (Stern & Benson, 2011), comparable to the surrounding regional thickness of 20-28 km 770 
(Henrys et al., 2003; Stratford & Stern, 2006). Similar to SAHKE, the NIGHT transect revealed 771 
a shallow (> 5° ) slab dip near the trench, with a marked increase in slab dip near a cluster of 772 
seismicity below the plate interface ~126 km inboard from the trench at a depth of ~15 km 773 
(Henrys et al., 2003).  774 

A conductive anomaly between 20 and 35 km depth is present away from the top of the 775 
slab beneath the onshore portion of the NIGHT transect (Ogawa et al., 1999; Henrys et al., 776 
2003), similar to the placement of the conductive body seen near the SHIRE transect, which has 777 
been interpreted to be underplated sediments (Heise et al., 2012; 2017). However, this 778 
conductive anomaly was associated with a highly reflective boundary by Stern & Benson (2011), 779 
where it was interpreted as a body of pooled melt stalled near the eastern edge of the TVZ. Given 780 
that this region is ~100 km northwest of the Axial Ranges, it seems unlikely this is evidence for 781 
underplated sediments. Slow (6.0-6.5 km/s) lower crustal velocities beneath the Axial Ranges 782 
may indicate the presence of underplated sediments near the intersection of the plate interface 783 
and the Australian Moho, although this would need to be confirmed by additional geophysical 784 
imaging and interpretation. However, this potential along strike transition of underplated 785 
sediment location suggests and along strike control on the kinematics driving underplating. 786 
 787 

6.4.3 MANGO 788 
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Tomographic Vp models from the MANGO experiment (Figure 8) reveals a plate 789 
interface geometry more similar to SHIRE than to SAHKE or NIGHT (Henrys et al., 2013; 790 
Henrys et al., 2003; Bassett et al., 2016). The slab in MANGO dips ~8° near the trench, 791 
comparable to the SHIRE dip of ~7° and greater than the <5° dip seen in SAHKE and NIGHT 792 
(Henrys et al., 2013; Henrys et al., 2003; Bassett et al., 2016). At a depth of ~19 km, the slab dip 793 
increases to 18° (Bassett et al., 2016) and correlates with an increase in seismicity 794 
(www.geonet.org.nz). This margin-wide relation between slab dip and seismicity, with an updip 795 
shift in shallow slab dip moving south to north along the Hikurangi, suggests a broader influence 796 
of the upper plate on the structure of the subducting slab. Results from MANGO also revealed 797 
low velocities immediately downdip of the transition from a locked to creeping interface, 798 
suggesting that underplated sediment may run the entire length of the Hikurangi Margin, 799 
including offshore (Bassett et al., 2010; Henrys et al., 2013; Bassett et al., 2016). While the 800 
entrainment of sediments near the down-dip frictional transition in plate interface behavior is 801 
similar to SAHKE, it is dissimilar to the underplated sediment location from SHIRE and, 802 
ostensibly, NIGHT. Furthermore, unlike SAHKE, NIGHT, and SHIRE, the underplated sediment 803 
appear updip of the notable increase in slab bend. 804 

 805 
6.4.4 Along-strike comparisons 806 
An increase in slab dip at a depth of ~20-30 km is observed along the entire length of the 807 

Hikurangi margin (Figure 8). The distance between the trench and where this slab bend (from 808 
<10° to >15°) occurs decreases from south to north, as the overall slab gradient increases along 809 
strike (Williams et al., 2013; Figure 8A). In SAHKE, the increase in slab dip was slightly 810 
downdip of a dense region of intracrustal normal faults and near the downdip extent of plate 811 
locking (Wallace et al., 2006), where the bending was interpreted as a result of the incipient 812 
weakness in the slab (Henrys et al., 2013). While incipient weakness may be the case in the 813 
south, there appears to be no correlation with the downdip extent of locking in the SHIRE profile 814 
(Figure 8). Additionally, the slab bend in the south occurs beneath the region of underplated 815 
sediment (Henrys et al., 2013; Figure 8C), whereas the SHIRE profile reveals this bending 816 
occurs up dip from the underplated sediments (Figure 8B). Furthermore, MANGO shows 817 
bending occurring downdip from underplated sediments, suggesting that the two observations are 818 
unrelated. It is possible that the slab bending is the result of increased density of the slab from 819 
greenschist to blueschist facies transformation (e.g., Condit et al., 2020) that happens to occur 820 
where preexisting faults are already present in the slab (Plaza-Faverola et al., 2012; Henrys et al., 821 
2013; Figure 8). 822 

Additionally, slab rollback is observed immediately north of the northern Hikurangi in 823 
the Havre Trough (Caratori Tontini et al., 2019). If this rollback continues into the Hikurangi, 824 
which would generally be consistent with how the arc has migrated southward (Bassett et al., 825 
2016; Caratori Tontini et al., 2019), then this would contribute to extension and slab dip 826 
steepening in the northern Hikurangi. The trenchward shift of the slab inflection is correlated 827 
with the appearance of the TVZ (Figure 8B), suggesting that the stress regime imposed on the 828 
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slab by the extensional backarc could also influence the slab dip on a regional scale with upper 829 
plate and/or slab properties controlling slab dip on a more local scale. The increased 830 
compressional stresses experienced by the forearc in these northern profiles appears to correlate 831 
with increased bending stresses applied on the slab, suggesting rift-related stress may be 832 
transferred through the forearc.  833 

While underplated sediments correlate with the downdip extent of plate interface locking 834 
in the SAHKE and MANGO profiles, no such correlation is observed in the NIGHT and SHIRE 835 
profiles (Figure 8). This suggests that factors such as subducting sediment composition and/or 836 
the upper-plate stress state control the depth to locking along the Hikurangi. The southern 837 
Hikurangi are largely thick turbidites, whereas volcaniclastic sediments and an extensional 838 
backarc characterize the north (Gase et al., 2022). The presence of the Torlesse Terrane near the 839 
downdip extent of locking on the plate interface suggests this may be an influencing factor in the 840 
north, no such correlation exists in the south (Bassett et al., 2022) suggesting that the Torlesse 841 
may have some impact on shallow frictional transitions but not deeper transitions. 842 

With the observation of underplated sediment along the T1 profile, sediments are 843 
revealed via tomography to be present in the southern (SAHKE; Henrys et al., 2013), central 844 
(NIGHT; Henrys et al., 2003), northern (this study), and offshore (MANGO; Scherwath et al., 845 
2010) segments of the Hikurangi Margin. The location of underplated sediments along the entire 846 
length of the Hikurangi correlates well with topographic highs (Figure 8) supporting the 847 
interpretation that underplating is driving uplift of the Axial Ranges (Sutherland et al., 2009; 848 
Scherwath et al., 2010). As the low-density subducted sediment reaches the high-density cold 849 
mantle nose, the density contrast forces the sediments to accrete to the bottom of the Australian 850 
plate, creating buoyancy that lifts the Axial Ranges. Furthermore, the narrow width of the 851 
underplated sediment package in the south (Henrys et al., 2013) correlates with the relatively 852 
narrow width of the southern Axial Ranges. As the width of the sediment increases, the width of 853 
the Axial Ranges also increases, particularly in the forearc adjacent to the TVZ (Figure 8). While 854 
there appears to be a geometrical correlation between underplated sediment and locked-to-855 
creeping plate interface transition in the SAHKE and MANGO profiles, SHIRE and NIGHT do 856 
not show such a correlation. Evidence from SHIRE points to a stronger influence from the upper 857 
plate structure on the interface behavior. However, understanding the the relationship of the 858 
Torlesse Terrane to down-dip geodectic plate coupling transitions in the southern Hikurangi 859 
requires additional work. 860 

The change in slab bending stresses may also influence the geometry of the underplated 861 
sediments observed along the margin. Henrys et al. (2006) interpret a laterally narrow packet of 862 
underplated sediments between the slab and the upper plate. However, the interpreted 863 
underplated sediments from the SHIRE profile are both laterally wider and deeper than the 864 
SAHKE observations—evidence from SHIRE suggests the sediments are underplating the 865 
Australian crust immediately above the cold lithospheric mantle nose. The extensional stresses of 866 
the TVZ, a step down in the megathrust (e.g., Henrys et al., 2013), seamount collision (Bangs et 867 
al., 2006), and/or the observed extension beneath the Raukumara Peninsula (Dimitrova et al., 868 
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2016) could create the space needed for sediments to be laterally underplated. This would 869 
explain the characteristic change in lower crustal reflectivity between SAHKE and SHIRE, as 870 
well as the resulting increase in Axial Range width, from ~30 km in the south to ~75 km in the 871 
north along the Hikurangi. Both the increased Axial Range width and the shallower slab bending 872 
in the northern Hikurangi could be a result of the additional compressional stresses experienced 873 
by the forearc from the TVZ backarc.  874 

The northern Hikurangi margin is more (pelagic and hemipelagic) sediment starved 875 
relative to the south (Fagereng, 2011; Wang et al., 2010). However, the north appears to have a 876 
wider zone and larger volume of underplated sediments (Figure 8). Rather than entrained marine 877 
sediments brought down from the surface in a subduction channel, these sediments may come 878 
from the upper plate, as the northern Hikurangi may exhibit a higher degree of tectonic erosion 879 
relative to the south (Fagereng, 2011; Wang et al., 2010). While the northern Hikurangi does not 880 
display the tectonic erosion signature of trenchward advection of the forearc (Bassett et al., 881 
2020), cyclical underplating kinematics proposed by Sutherland et al. (2009) and Bassett et al. 882 
(2010) would explain the lack of advection in the northern Hikurangi. The source of sediments 883 
would have ramifications for the composition of the underplating along the entire Hikurangi 884 
Margin. However, the effects of locking and varying degree of subduction interface gradient 885 
between the northern and southern Hikurangi may either influence or be influenced by the 886 
sediment budget in the margin. Gase et al. (2022) identified a thinner sediment subduction 887 
channel in the creeping section of the Hikurangi immediately north of the transition from the 888 
locked southern Hikurangi. This would suggest that underplated material in the south are 889 
comprised of a higher degree of down going pelagic and siliciclastic sediments. However, the 890 
higher degree of coupling (Wallace et al., 2004) and shallower slab gradient in the south (Figure 891 
8) may result in a higher rate of subduction erosion. Localized regions of plate locking in the 892 
north (Dimitrova et al., 2016) and/or seamounts may provide sources of sediments, particularly 893 
volcaniclastic sediments (Gase et al., 2021; 2022) or the upper crust of the Hikurangi Plateau 894 
(e.g., Timm et al., 2014).  895 

Numerical modelling from Litchfield et al. (2007) predicts a broad region of uplift in the 896 
northern Hikurangi margin associated with underplated sediment. However, their modelling was 897 
performed prior to the crustal constraints of SAHKE, NIGHT, MANGO, and SHIRE, and 898 
included a relatively narrow package of underplated sediments, not the more laterally continuous 899 
sediments accreted to the lower Australian crust as interpreted here. This, combined with the lack 900 
of underplated sediment modelling in the southern Hikurangi by Litchfield et al. (2007), suggests 901 
that additional geodynamical modelling using the well constrained crustal structure from this 902 
study and Henrys et al. (2013) is needed. This could help reveal the connection between 903 
underplated sediment geometry and Axial Range width and can include the effects of the TVZ to 904 
better understand the role backarc extension has on underplated sediment accretion and forearc 905 
uplift. 906 
 907 
7 Conclusions 908 
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1. SHIRE Transect 1 characterizes the breadth of the northern Hikurangi subduction system, 909 
revealing structure and properties of the incoming Pacific plate, trench, accretionary 910 
prism, downgoing slab, overlying Australian plate and backarc TVZ rift. 911 

2. The east to west transition of shallow velocities in the Raukumara Peninsula is correlated 912 
with Neogene and Cretaceous aged sedimentary units. This allows for the vertical 913 
extrapolation of units at depth, based on existing lab measured velocity-depth values for 914 
relevant lithologies, to determine basement lithologies. 915 

3. The location of the Cretaceous-aged Torlesse Terrain at depth and its interpreted 916 
influence on subducting slab properties suggests it plays a role as a rigid backstop behind 917 
the more actively deforming frontal wedge in the northern Hikurangi. 918 

4. Dehydration embrittlement in the Pacific mantle beneath the accretionary wedge may be 919 
releasing fluids which are transported through the subducting slab via conductive normal 920 
faults and across a permeable plate interface. 921 

5. An increase in slab dip is observed at ~20-30 km depth along the length of the Hikurangi 922 
margin, representing metamorphic phase transitions and/or bending stresses applied by 923 
the upperplate forearc.  924 

6. Sediment underplating beneath the Australian crust, with sediments possibly sourced 925 
from the upper plate, is driving uplift of the entire North Island Axial Ranges and the 926 
width of the underplated sediment package controls the width of the uplifted topography. 927 
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