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RESEARCH ARTICLE

Controls on the architectural evolution of deep-water channel overbank
sediment wave fields: insights from the Hikurangi Channel, offshore New
Zealand
Daniel E. Teka, Adam D. McArthura, Miquel Poyatos-Moréb, Luca Colomberaa, Charlotte Allenc,
Marco Pataccia and William D. McCaffreya

aSchool of Earth and Environment, University of Leeds, Leeds, UK; bDepartament de Geologia, Universitat Autònoma de Barcelona,
Cerdanyola del Vallés, Spain; cShell International Ltd., London, UK

ABSTRACT
Deep-water channels can be bound by overbank deposits, resulting from overspilling flows, which
are often ornamented with sediment waves. Here, high-resolution bathymetry, backscatter, and 2D
and 3D seismic data are integrated to discern the controls on flow processes on the overbank areas
of the Hikurangi Channel. Qualitative seismic interpretation and quantitative analyses of sediment
wave morphologies and distributions are conducted through the shallowest 600 m of stratigraphy
up to the seafloor. Four outer-bend wave fields are present throughout the studied stratigraphy on
the landward margin (left margin looking down-channel) only. Originally closely spaced or
combined, these fields evolved to become spatially separated; two of the separate wave fields
became further subdivided into distinct outer- and inner-bend fields, whose constituent waves
developed distinct differences in morphology and distribution. Sediment wave character is used
to interpret the direction and strength of overbank flow. Nine controls on such flow and
associated deposition are identified: flow versus conduit size, overbank gradient, flow tuning,
Coriolis forcing, contour current activity, flow reflection, centrifugal forcing, interaction with
externally derived flows, and interaction of overspill from different locations. Their relative
importance may vary across parts of overbank areas, both spatially and temporally, controlling
wave field development such that: (1) outer-bend wave fields only develop on the landward
margin; (2) the influence of centrifugal force on outer-bend overbanks has increased through
time, accompanying a general increase in channel sinuosity; (3) inner-bend wave fields on the
landward margin form by the interaction of Coriolis-enhanced inner-bend overbank flow, and
outer-bank flow from up-channel bends; (4) inner-bend fields on the oceanward margin form by
the interaction of axial flow through wave troughs, and a transverse, toward-channel flow
component. This work has implications for interpreting overbank flow from seafloor and seismic
data, and for palaeogeographic reconstructions from outcrop data.
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Introduction

Deep-water channels are subaqueous conduits
through which turbidity currents and other sedi-
ment-laden flows transport sediment (Normark
1970), which can contain pollutants (Kane et al.
2020; Zhong and Peng 2021), organic carbon (Hage
et al. 2020), fresh water (Kao et al. 2010), and nutrients
(Heezen et al. 1955), to the deep seas. Turbidity
currents thicker than the depth of the channel they
traverse spill onto their overbank areas, depositing
fine-grained ‘overbank’ sediments from dilute flows
(Piper and Normark 1983). Overbank deposits are
accumulations of sediments that can reach almost
one thousand metres in thickness and tens of kilo-
metres in width (Pirmez and Flood 1995; Nakajima
and Kneller 2013). These deposits can provide a
more complete depositional record of channel

evolution than deposits formed on the floors of
palaeo-channels, which are susceptible to being exca-
vated by repeated episodes of incision (Morris et al.
2014). Previous studies have led to the development
of models of overbank flow and architecture evolution
in which progressive trends of diminishing grain size
(typically from fine sand to mud) and deposit thick-
ness are seen in transects away from the levee crest
(Kane et al. 2007; Morris et al. 2014). However,
these simple trends may be complicated by the influ-
ence of factors such as: variations in the size of turbid-
ity currents relative to their host conduit (Dennielou
et al. 2006), flow ‘tuning’ (Mohrig and Buttles 2007;
Kelly et al. 2019), variations in overbank slope gradi-
ent (Kane et al. 2010; Nakajima and Kneller 2013),
sinuosity (Timbrell 1993; Kane et al. 2008), structural
confinement (Clark and Cartwright 2011), the Coriolis
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force (Klaucke et al. 1998; Cossu et al. 2015), and con-
tour currents (Fuhrmann et al. 2020; Miramontes et al.
2020).

Channel overbank areas are often ornamented with
sediment waves. Sediment waves are undulating bed-
forms that are commonly observed on the modern
seafloor in a range of sedimentary environments (see
Wynn and Stow 2002; Symons et al. 2016). The crests
of sediment waves on channel overbanks are typically
orientated parallel to the slope contours (Wynn and
Stow 2002), meaning they can range in orientation
from parallel (e.g. Nakajima and Satoh 2001) to per-
pendicular to their adjacent channel (e.g. Kuang
et al. 2014). In crest-perpendicular transects overbank
sediment waves have distinct stoss (upstream) sides
that typically dip toward the channel and lee (down-
stream) sides that dip away from the channel, and
typically exhibit wavelengths up to 7 km and heights
up to 80 m (Wynn and Stow 2002). They are found
adjacent to reaches of channels that may extend hun-
dreds of kilometres (e.g. Damuth 1979; Migeon et al.
2004), and form fields that can extend for tens of kilo-
metres (laterally) away from their formative channel
(e.g. Normark et al. 1980; Carter et al. 1990). The
upstream migration of sediment waves generates
quasi-sinusoidal geometries commonly observed in
seismic data imaging sediments beneath sediment
wave fields. These depositional geometries can be pre-
sent through hundreds of metres of stratigraphy (e.g.
Migeon et al. 2000, 2001; Nakajima and Satoh 2001).
Two models have been proposed to explain the gener-
ation of such geometries: (a) flows with uniformly low
Froude numbers, wherein increases in near-bed shear
stresses on the lee sides inhibits deposition (the ‘lee
wave model’; Flood 1988; Figure 1A); or (b) flows
with variable Froude numbers, wherein supercritical
flow on the lee sides of the waves inhibits deposition,
and a transition to subcritical flow occurs on the stoss
side, essentially making the waves ‘cyclic-steps’ (Sloot-
man and Cartigny 2020; Figure 1B).

It is commonly inferred that the crests of overbank
sediment waves are orientated subperpendicular to the
dominant local flow direction (Nakajima et al. 1998;
Migeon et al. 2000), and their wavelengths and heights
scale with the thickness, and velocity, of the

overspilling flows that formed them (Normark et al.
2002). Therefore, the morphology of sediment waves
can be valuable in inferring the dynamics of overspill-
ing flow from modern deep-water channels (Normark
et al. 1980, 2002). However, a lack of high-resolution,
3D seismic data imaging deep-water overbank depos-
its has hitherto inhibited analysis of their architectures
and morphological analysis of buried sediment waves.
This has hindered the capacity to infer the nature of,
and controls upon, ancient overbank flow dynamics,
and how the importance of different controls may
change through time.

Here, high-resolution bathymetry, and 2D and 3D
seismic data, that image the seafloor geomorphology
and subsurface architecture of the Hikurangi Channel
and its overbanks, offshore New Zealand, are inte-
grated to address this knowledge gap. This contri-
bution complements Tek et al. (2021), which
detailed the channel evolution; the focus here is on
the overbank areas. Lewis and Pantin (2002) described
the seafloor expression of the Hikurangi Channel and
its overbanks, using swath bathymetry and backscatter
data. They interpreted centrifugal force, the Coriolis
force, and the action of bottom currents as controls
on flow dynamics on the overbanks. They also per-
formed a subsurface interpretation, based on 2D seis-
mic data and shallow (<5 m) cores, but did not possess
3D constraint to speculate on the evolution of the
wave fields. This study aims to: (a) determine the con-
trols on overbank flow processes, deposition, and
resultant depositional architectures, through ∼600 m
of overbank stratigraphy, and compare these controls
with those invoked by Lewis and Pantin (2002); (b)
determine how these controls interact with one
another, constraining the spatial variability of their
influence, and how their relative importance has chan-
ged through the depositional period; (c) discern the
origin of enigmatic wave-like features on inner-over-
banks of channel bends. The objectives of this study
are to: (a) characterise the seafloor geomorphology
and subsurface architecture of the overbank stratigra-
phy; (b) identify, and categorise different overbank
feature types, and interpret their genesis; (c) perform
a quantitative analysis of sediment wave morphologies
on the seafloor and subsurface stratigraphy. The

Figure 1. Schematic diagrams showing how sediment waves migrate via: A, the lee wave model (from Symons et al. 2016; after
Flood 1988), and B, the cyclic-step model (from Symons et al. 2016; after Cartigny et al. 2011); flow direction is from right to left on
both diagrams.
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results of this study have fundamental implications for
determining controls on the evolution of deep-water
channel-levee systems and can facilitate the develop-
ment of understanding of channel-levee evolution in
other modern and ancient systems.

Geological setting

The study area covers∼21,000 km2 of the trench-floor,
adjacent to the junction between the Chatham Rise
and the subducting Pacific plate, containing a
∼250 km stretch of the Hikurangi Channel
(Figure 2B). This study focuses on the upper ∼600 m
of trench-fill (upper trench fill in Figures 3 and 4),
wherein ten channel-forms can be traced for the
∼140 km length of the 3D seismic survey described
in the ‘data’ section (Tek et al. 2021; Figure 4).

The NE flowing∼1800 km long Hikurangi Channel
(Figure 2; Lewis and Pantin 2002; Mountjoy et al.
2009, 2018; Tek et al. 2021) sits within the NE-SW
oriented Hikurangi Trench, which has developed
over the last ∼27 Ma due to the subduction of the
Pacific plate beneath the Australian plate (Ballance
1975; Nicol et al. 2007; Barnes et al. 2010; Lamb
2011; Jiao et al. 2015). Most of the trench-fill has accu-
mulated during the last 3.5 Ma (Figure 3A; Ghisetti
et al. 2016; Kroeger et al. 2019), and is interpreted to
consist predominantly of turbidites associated with
the Hikurangi Channel (Lewis 1994; Lewis et al.
1998; McArthur and Tek 2021) and with transverse
drainage networks that traversed the slope and sub-
duction wedge (Figure 2B; Mountjoy et al. 2009;
McArthur et al. 2021). In the SW of the trench,
where this study is focused, the trench-fill is ∼6 km
thick; the top ∼600 m of stratigraphy, studied herein
(Figure 3), is dominated by overbank deposits from
the Hikurangi Channel (McArthur and Tek 2021).
To the NE, the trench-fill thins to ∼1 km (Lewis
et al. 1998; Barnes et al. 2010; Plaza-Faverola et al.
2012).

The Hikurangi Channel is fed by a network of shelf-
incising canyons that capture sediment from the
North and South Islands of New Zealand (Carter
1992; Lewis 1994; Lewis et al. 1998; Lewis and Barnes
1999; Mountjoy et al. 2009), and are flushed by earth-
quake-triggered failure events (Mountjoy et al. 2018;
Howarth et al. 2021). Downstream of the confluence
with the Cook Strait Canyon, the Hikurangi Channel
flows east along the northern margin of the Chatham
Rise (Wood and Davy 1994; Davy et al. 2008) for
∼130 km (Figure 2). It then runs through the trench
for ∼500 km before abruptly changing direction and
continuing a further ∼1150 km across the Hikurangi
Plateau and the Pacific abyssal plain (Figure 2; Lewis
et al. 1998; Collot et al. 2001; Lewis and Pantin
2002). In the study area, in the proximal part of the
trench, where the channel departs from the Chatham

Rise, the overbank areas of the channel are ornamen-
ted by the scars from numerous channel-wall failures
(Watson et al. 2020; Tek et al. 2021) and by sediment
waves (Lewis et al. 1998; Lewis and Pantin 2002).

A change in the nature of the trench-fill (Figure 3)
is observed between ∼600 and ∼800 m depth (above
R4 in Figure 3), from deeper isolated channel-forms
that exhibit significant lateral offsets, to shallower
aggradational channel-forms that each follows a simi-
lar course to their predecessor (Figure 3A; McArthur
and Tek 2021). The stratigraphy of interest is located
above this transition, where the trench-fill comprises
thick, compound overbank deposits that bound the
aforementioned aggradational channel-forms.

Contour currents have been identified in the
Hikurangi Trench but their locations and orientations
are poorly constrained, and their effects have likely
changed through time (Carter et al. 2002; Lewis and
Pantin 2002; Fernandez et al. 2018; Bailey et al.
2020). For example, based on seafloor geomorphology
and seismic architecture, Lewis and Pantin (2002)
inferred that a shallow branch of the Deep Western
Boundary Current (DWBC) flowed WNW along the
northern edge of the Chatham Rise (Figure 2A). The
DWBC is interpreted to generate waves on the ocean-
ward channel margin, and to have been active during
glacial periods (Lewis and Pantin 2002). However,
modern oceanographic data show that the East Cape
Current (ECC) is currently the dominant contour cur-
rent in the study area (Carter et al., 2002; Fernandez
et al. 2018). The ECC flows SW following the subduc-
tion front before turning anti-clockwise and crossing
the channel near or within the study area (Figure
2A); the exact location of its crossing with the channel
is unclear.

Data

Analysis of the seafloor was conducted using high-res-
olution multibeam bathymetry and backscatter data
covering ∼47,000 km2 (Figure 2A), collected by the
National Institute ofWater and Atmospheric Research
(NIWA) between 2001 and 2013; the data are provided
by New Zealand Petroleum andMinerals (NZPAM) as
part of their 2017 datapack. Within the study area
(Figure 2B), data from two cruises (TAN1207 and
TAN1307 respectively) acquired in 2012 and 2013
using an EM302 multibeam echosounder at 30 kHz
with a 25 m grid size, are primarily used (Bland
et al. 2014; Figure 2B).

Subsurface analysis was conducted using three seis-
mic datasets acquired byWesterngeco: (a) 2600 km2 of
pre-stack Kirchoff depth migrated (broadband) 3D
seismic data (acquired in 2017) with a horizontal res-
olution of ∼25 m and a vertical resolution of ∼7 m
(values accurate at seafloor; Crisóstomo-Figueroa
et al. 2020); (b) depth converted 2D seismic data

NEW ZEALAND JOURNAL OF GEOLOGY AND GEOPHYSICS 3



(3–200 Hz frequency), acquired in 2014; (c) time-
domain 2D seismic data (30–40 Hz frequency),
acquired in 2009. Full-stack data are displayed SEG

positive; a downward decrease in acoustic impedance
is shown as a trough (white reflection). All presented
seismic sections are shown in depth.

Figure 2. Location maps showing: A, the location of the Hikurangi Margin; B, the proximal reach of the Hikurangi Channel, show-
ing its relationship with its feeder canyons, the location of the study area slope-traversing trench-perpendicular systems, the
location of the study area (see C) and the extent of the bathymetry and 3D seismic data used herein; C, seafloor morphology
in the study area, highlighting the ten channel bends referenced throughout the text, the sediment wave fields on the channel
overbanks, and the channels’ relationships with the Hikurangi subduction wedge, the Chatham Rise, and the Pacific Plate. Bathy-
metry data were provided by the New Zealand National Institute for Water and Atmosphere (NIWA) and WesternGeco.
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Methods

Bathymetry analysis and seismic interpretation

Analysis of the bathymetry and backscatter data,
including the generation of depth, slope and hillshade
maps, digitisation and segmentation of sediment wave
crests and the channel trendline, and the generation of
seafloor profiles, were conducted using ArcGISTM.

Three regionally traceable horizons (Overbank
Horizons 1–3) form the basis for the subsurface
interpretation. Seismic interpretation, including the

tracing of reflectors, surface generation, the mapping
of sediment wave fields, and the generation of three-
dimensional images was conducted in Schlumberger
Petrel©. Reflectors were first traced throughout the
3D seismic volume, then extrapolated along the 2D
seismic lines for the purpose of mapping the extents
of the wave fields; ties between the time- and depth-
domain data were conducted by identifying marker
horizons present in both surveys and interpreting
the position of the reflector of interest between those
marker horizons. Analysis of sediment waves, which

Figure 3. A, Interpreted seismic section through the Hikurangi Trench and its fill modified from McArthur and Tek (2021). B, Anno-
tated part of seismic section in A, showing the key geomorphic and seismic features present in and bounding the trench-fill and
the potential sources of trench sedimentation.
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was only conducted within the boundaries of the 3D
survey, was achieved by importing the subsurface hor-
izons into ArcGISTM, where they were analysed in the
same way as the bathymetry data: generation of depth
and slope maps, and digitisation and segmentation of
wave crests.

To ensure consistency in the resolution and spatial
extent of the data, and to negate the potential effect of
the migration of overbank features related to the 2016

Kaikōura canyon flushing event and its associated tur-
bidity current (Mountjoy et al. 2018), a seafloor hor-
izon generated from the 3D seismic data is used
when comparing the orientations and morphologies
of overbank features in the subsurface, to those on
the seafloor.

When referring to the position of waves or profiles
along a channel, those in more proximal channel
reaches are referred to as ‘up-channel’ when compared

Figure 4. A, Uninterpreted seismic section (location on Figure 3B) and B, interpreted line drawing through the Hikurangi Channel
and its landward and oceanward overbanks, highlighting the three subsurface horizons referenced in the text and nine of the ten
channel-forms that have been traced across the study area. C, Map of the thalwegs and edges of the flat bases of the ten traced
channel-forms modified from Tek et al. (2021).
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to more distal, ‘down-channel’ reaches. Within a wave
field, along an overbank transect normal to the chan-
nel, features located close to the channel are referred
to as ‘upstream’, whereas features that are further
away from a channel are referred to as ‘downstream’.

Sediment wave orientations and flow analysis

The plan-view morphology of outer-bend sediment
waves was used to infer modern overbank flow and
palaeocurrent directions, and investigate how the
orientational spread of a sediment wave field relates
to the morphology of the adjacent channel (Figure
5A–C). On the seafloor, this analysis was performed
on four sediment wave fields present on the landward
overbank (WF1a, WF2a, WF3 and WF4; Figure 2).
However, as WF2a is the only field that is imaged
along its entire (up-channel to down-channel) width
within the 3D seismic survey, subsurface analysis
was limited to waves beneath WF2a; it should also
be noted that only the upstream part of WF2a is
imaged by the 3D survey.

Sediment wave crests and the trend of the adjacent
channel bend were digitised and divided into 1 kilo-
metre long segments using ArcGISTM (Figure 5A, B);
the extent of each bend is defined as the along-channel
connection from the midpoint between the apex of the

relevant bend and the adjacent up-channel bend, to
the midpoint between the apex of the relevant bend
and the adjacent down-channel bend (Figure 5A).
Channel trend segments were vectorised via connec-
tion to their down-channel neighbour, their directions
were then extracted using Python programming and
plotted as rose diagrams in Stereonet 10 (Cardozo
and Allmendinger 2013; Figure 5B, C). The spread
of segment directions is inversely proportional to the
mean vector length of the orientations (Fig. 5C);
hence, the inverse of mean vector length is used here-
after as a direct measure of channel bend curvature.
The local overbank flow direction is assumed to be
perpendicular to the local orientation of the sediment
wave crests (Migeon et al. 2000; Normark et al. 2002);
vectors approximating local flow direction were there-
fore generated at 90° to each sediment wave crest seg-
ment (directed away from the channel; Figure 5B)
using Python. When local overbank flow directions
are plotted on rose diagrams, the mean vector orien-
tation indicates the mean flow direction, and the
mean vector length provides an inverse measure of
the bulk curvature of the sediment wave crests (Figure
5C). The relationship between channel bend, and sedi-
ment wave curvature on the seafloor and in the sub-
surface is examined in the ‘outer-bend sediment
waves’ sections.

Figure 5. Schematic, fictitious example showing the methodologies applied on the seafloor and subsurface horizons for sediment
wave orientations and flow analysis, and morphological analysis of the sediment waves. A, Shows the segmentation of the wave
crests shown in B and C, the distributions of the representative longitudinal profiles used to extract wave measurements in D, and
how channel bends are defined. B, Shows the segmentation of the channel bend and how inferred palaeocurrents are extracted
from the segmented wave crests. C, Rose diagrams illustrating analysis of the orientations of overbank flow directions, of wave
crests and of channel trend (data from segments in B). D, Shows how sediment wave wavelengths and wave heights are calcu-
lated in the profiles shown in A.
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Morphological analysis of sediment waves

To analyse the size distribution of sediment waves
within each outer-bend wave field and on each subsur-
face horizon, six longitudinal profiles, distributed
incrementally along the up- to down-channel width
of the field, were digitised perpendicular to the domi-
nant wave crest orientation (Figure 5A). Along each
profile, wave crests and troughs were interpreted
(Figure 5D), with the interpretations validated against
the plan-view expression of the identified waves. Sedi-
ment wave wavelengths are calculated as the distance
between two consecutive troughs. Wave heights are
calculated as the distance from a wave crest to a
straight line connecting two consecutive troughs,
measured normal to the trough-connecting line
(Figure 5D; Ribó et al. 2016). Sediment wave dimen-
sions and their position in their host wave field were
extracted using PythonTM from profiles digitised in
CorelDRAW®. Wave lengths and heights are assumed
to scale with increasing flow thickness (Normark et al.

2002), and hence with (unidirectional) flow velocity,
meaning they can provide insight into modern flow
and palaeoflow dynamics across the wave fields. A
longitudinal profile through the ‘axis’ of each wave
field, defined as the profile containing the largest over-
all wavelengths and wave heights, was also digitised
but was not used in the morphometric analysis.

Results

Large-scale seafloor morphology and seismic
stratigraphy

Observations
The ∼250 km reach of the Hikurangi Channel in the
study area exhibits steep (up to 35°) channel walls
and a relatively flat channel-floor that progressively
narrows from ∼6.5 km in the most proximal parts,
to∼1 km distally (Figures 2B and 6). In the most prox-
imal region of the study area (Figure 2B) the channel is
situated near (e.g. Bend 1; profiles 1–3, Figure 6) or at

Figure 6. A, Map (location shown in Figure 2B) showing locations of the trench profiles shown in B and C. B–C, Longitudinal
profiles through the trench showing the seafloor morphology of: (B) the tops of the channel walls, highlighting the depth differ-
ence between the two channel margins along the channel; (C) trench-perpendicular profiles, each through the apex of successive
bends, showing the channel-perpendicular seafloor expression of the channel overbanks on both margins.
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(e.g. Bend 2; profile 4, Figure 6) the northern margin
of the Chatham Rise. Further down-channel, the chan-
nel is located close to the margin of the subducting
Pacific plate but becomes gradually more central
within the trench distally (profiles 7–12, Figure 6).

The landward (northern) channel overbank is con-
sistently higher than the oceanward (southern) one,
except where the channel is pinned against the Cha-
tham Rise (Figure 6); the height differential is greater
on bends with landward outer-bend overbanks
(profiles 3, 6, 8, 10 and 12, Figure 6). The trench-
floor on the landward overbank either: (a) dips gently
(up to 0.8°), from a poorly defined levee crest away
from the channel (NW) and toward the subduction
front (e.g. profile 3, Figure 6); (b) dips gently away
from the channel for tens of kilometres before becom-
ing subhorizontal (e.g. profile 9, Figure 6); or (c) is
subhorizontal across its entire width (e.g. profile 11,
Figure 6). In all cases, an abrupt contact at the subduc-
tion front sees the seafloor dipping steeply (up to 35°)
to the SE. The oceanward overbank either dips gently
(up to 0.6°) toward the channel (NW) (e.g. profile 8,
Figure 6) or is subhorizontal (e.g. profile 7, Figure
6). Where the trench-floor is bounded by the Chatham
Rise, an abrupt steepening occurs at its boundary (e.g.
profile 5, Figure 6); where it is bound by the subduct-
ing Pacific plate, a subtle steepening occurs (e.g. profile
9, Figure 6). In any trench-perpendicular transect in
the study area, the thalweg of the channel is the dee-
pest point of the trench (Figure 6).

At its landward edge, the trench-fill is bound by
deformed subduction wedge deposits (Table 1); the
contact between the two is typically marked by a fron-
tal thrust; however, minor folding is sometimes
observed in the adjacent trench-fill (Figure 3). At its
oceanward edge, the trench-fill is bound proximally
by the faulted strata that comprise the Chatham Rise
(Table 1), and distally by strata imaged as low ampli-
tude reflectors that top the subducting plate (Table 1).
The trench-fill comprises deposits of the Hikurangi
Channel, made up of channel-fill, sheet and terrace,
and mass-transport deposits (Table 1; see Tek et al.
2021), and the overbank deposits studied here (Tables
1 and 2). The overbank deposits comprise most of the
studied trench-fill, and can be categorised into three
types (Table 2): overbank sediments with sediment
waves; overbank sediments without sediment waves
that terminate against the Chatham Rise or subducting
plate; overbank sediments without sediment waves
that terminate against the subduction front, and that
display compensational wedging patterns and termi-
nate against the subduction front.

Interpretations
The observed channel-bank asymmetry is consistent
with previous studies focused on the Hikurangi Chan-
nel (Lewis et al. 1998; Lewis and Pantin 2002; Tek et al.

2021) and is interpreted to be dominantly due to left-
ward flow deflection by the Coriolis force. Local
enhancement of overspill and aggradation on the
landward margin and concomitant hindrance on the
oceanward margin may be caused by flow reflection
off the Chatham Rise and possibly the subducting
plate, in addition to an overbank gradient that slopes
towards the channel on the oceanward margin, and
away from the channel on the landward margin. Elev-
ated channel overbank heights on outer channel bends
with landward outer-overbanks suggest that the cen-
trifugal force of the flow field also enhances overspill
and aggradation at these locations (Straub et al.
2008; Kane et al. 2010).

Despite the lack of well-defined levees on the
seafloor, the fact that the channel-forms throughout
the studied stratigraphy are bounded laterally by com-
pound overbank deposits, with no master incision sur-
face hosting them (Figures 3 and 4; Table 2) allows
their classification as ‘aggradational’ channel deposits.
The lack of a ‘wing-shaped’, tapering cross-sectional
profile (a common feature of levees adjacent to aggra-
dational channels) is due to aggradation rates being
similar across the entire trench-floor. On the narrow
oceanward overbank, overspilling flows can reach
the edge of the trench-floor (the Chatham Rise or sub-
ducting plate) and deposit over the entire overbank
area (Figure 3B). It is also possible that overbank
flows may also deposit over the entirety of the wider
landward overbank. aggradation near the subduction
front may be accelerated by deposition from fine-
grained distal parts of flows that traversed drainage
networks on the bounding slope (Figure 3B; Mountjoy
et al. 2009; McArthur et al. 2019). Alternatively, over-
spill on the landward overbank may not reach the sub-
duction front, with the interaction of overspilling
flows and slope-traversing flows occurring somewhere
in the trench.

Outer-bend sediment waves on the seafloor

Observations
The four prominent sediment wave fields (WF1a,
WF2a, WF3 and WF4, Figures 2B, 7 and 8) present
on the landward channel overbank collectively cover
3300 km2 of the channel overbank. Individual fields
range from 130 to 1400 km2 and extend up to 28 km
away from the channel. The size (area, length and
width; Figure 7) of the wave fields decreases down-
channel (Figures 7D, E and 8). Waves in WF1a,
WF2a, WF3 and WF4 are concentric around the
outer-overbanks of bends 1, 4, 6, and 8 respectively
(Figure 2C). On the seafloor, WF1a and WF2a are dis-
tinct from the wave fields present on the inner-over-
banks of bends 3 and 5 (WF1b and WF2b
respectively; Figure 2C). Each wave field is separate
from its neighbours.
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Table 1. Descriptions and interpretations of the seven seismofacies observed within and adjacent to the studied trench-fill.

Seismofacies
name Description Amplitude Geometry

Trench-
parallel

continuity

Trench-
perpendicular
continuity

Bound by:
toward
channel

Bound by:
away from
channel Dip/inclination

Internal
structure Interpretation Example

Channel-fill Lens-shaped
High-
Amplitude
Reflector
Packages
(HARPs)

High Lens-shaped, pinch
and swell over 100s
– m to kms
laterally, reaching
< 60 m thick

10–100 s
of km

<3 km N/A; lens-
shaped

Older
channel-fill,
sheet or
terrace,
MTD or
overbank

Concave-up
cross section;
very shallow
(<1°), trench-
parallel dip to
NE

Concave-up
surfaces
within
packages;
unilaterally
migrating
reflectors;
transparent
areas

Coarse-grained
channel-fill deposits
(Flood et al. 1995)

Sheet or
terrace
deposits

Narrow, tabular
reflector
packages
adjacent to
channel-fills

Low –
medium

Tabular Kms – 10 s
of km

Kms – 10 s of
km

Channel-fill,
sheet or
terrace, or
MTD

Sheet or
terrace,
MTD, or
overbank

Horizontal or
very gently
dipping (<1°)
in any
direction

Sometimes
gullies toward
their margin
away from the
channel

Weakly confined, sand-
rich sheet-like
deposits (Pickering
et al. 1995) or
heterolithic terrace
deposits (Babonneau
et al. 2004; Hansen
et al. 2015)

Mass-
Transport
Deposits
(MTDs)

Deformed and
chaotic
reflector
packages

Typically low
to very
low; can
locally
contain
medium or
high

Highly variable:
contorted reflectors
or transparent

Kms – 10 s
of km

Kms – ∼10 km Channel-fill,
sheet or
terrace, or
MTD

Sheet or
terrace,
MTD, or
overbank

Internal dips;
overall dip
toward
channel

Folds; normal
and thrust
faults; and
transparent
zones

Mass-Transport
Deposits, the product
of debris flow,
slumping, and
sliding, comprising
remobilised overbank
and terrace deposits
(Tek et al. 2021)

Overbank Laterally
continuous,
tabular or
undulating
reflector
packages

Low to
medium

Tabular or very subtle
reflector
thickening/
thinning (ms over
kms laterally)

10–100 s
of km

10 s of km –
∼100 km

Chanel-fill,
sheet or
terrace, or
MTD

Subduction
front,
subducting
slab or
Chatham
Rise

Horizontal or
gentle (<1°)
landward
(NW) dip

Sediment
waves; gullies;
sometimes
faults

Fine grained (silt and
clay), heterolithic
external overbank
deposits formed by
overspill from
channel-traversing
turbidity currents
(Normark et al. 1980;
Pirmez and Flood
1995; Migeon et al.
2004)

Plate-top
sediments

Low amplitude,
very
continuous
reflector
packages
with subtle
wedging

Low Tabular or subtle
wedging in all
directions (ms
vertically over kms
laterally)

10–100 s
of km

10–100 s of km Reflectors that terminate
against trench-fill are bound
by overbank; reflectors that
continue under the trench,
terminate against the
subduction front; SE
termination not imaged

Consistent
landward dip
< 3°, sub-
parallel to dip
of subducting
slab

Subtle wedging;
sometimes
faults

Muddy hemi-pelagites
and contourites
deposited on the
pacific plate during
subduction (Barnes
et al. 2020)
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Bend 4 exhibits the greatest curvature (lowest mean
vector length), followed by bends 6 and 8; bend 1 is the
straightest (Figure 8). The down-channel limit of
WF2a and WF3 is further down-channel of the apex
of their associated bends than the up-channel limits
of the wave fields; WF1a andWF3 are more symmetric
about the apex of their associated bends (Figures 7 and
8). The orientations of the segmented wave crests, and
therefore the inferred local flow directions, exhibit the
greatest spread (inversely proportional to mean vector
length) in WF2a, and the least in WF1a (Figures 8, 9A
and C). Except onWF4, the ‘axis’ of the wave field (the
channel-perpendicular transect containing the largest
waves; Figure 5) is consistently orientated down-chan-
nel of the mean flow direction (mean vector orien-
tation; Figures 8 and 9A).

In crest-perpendicular transects (see profiles 1–6;
Figure 8), sediment waves typically have narrow
stoss sides that can be horizontal, or dip gently toward
the channel, and wider lee sides that dip more steeply
away from the channel (Figure 10). Stoss sides exhibit
higher backscatter reflectivity and Root Mean Squared
(RMS) amplitude values than lee sides (Figure 11A, B).

Waves on the seafloor exhibit wavelengths that
range from 6639 to 439 m with a mean wavelength
of 1734 m (Figure 12; Tables 3 and 4). Wave heights
range from 48 m to below the data resolution
(<1.5 m) with a mean height of 9 m (Figure 12; Tables
3 and 4); smaller waves are likely present but undetect-
able at the resolution of the available data (Figures 10
and 12A). No systematic wavelength or wave height
trends are observed between successive bends moving
down-channel (Figure 12A); however, the maximum
wavelength and height in each wave field does
decrease down-channel (Table 3). Most profiles
(Figure 8) display a systematic downstream decrease
in wave height (Figures 10 and 12B). In some profiles
individual wavelengths and the overall range of wave-
lengths also decrease downstream (e.g. WF1a axis;
Figures 10 and 12B); however, a systematic down-
stream variation in wavelength is not apparent (Figure
12B). Wavelengths and wave heights decrease toward
the up-channel and down-channel margins of each
wave field, and therefore away from the bend apex
(Figures 8, 10 and 12C). The decrease in wavelength
and height is more abrupt at the down-channel mar-
gin of the field. The profiles containing the highest
maximum and average wavelengths and heights
(profiles 3, 4 or 5) are located toward the middle of
each sediment wave field (Figure 12C).

Interpretations
The exclusive presence of outer-bend wave fields on
only the landward margin suggests that the velocity
and/or magnitude of the overspilling flow was
enhanced on the landward and hindered on the ocean-
ward overbank. This may have occurred due to: (a) theSu
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Table 2. Descriptions, interpretations, and seismic cross-sections of the three types of overbank geometry observed within the
studied trench-fill.
Overbank type Description Occurrence/context Interpretation

Overbank sediments with
sediment waves

Laterally continuous low to medium
amplitude reflectors that
systematically thicken and thin to
form sigmoidal sediment waves.
While some individual reflectors
may disappear in the thin limb of
the sediment waves, most reflectors
can be traced across the length of
the wave field.

Present through shallowest ∼700 m of
stratigraphy. Dominantly observed on
the landward channel margin. Toward
the channel, reflectors terminate
abruptly against channel-fill, terrace
deposits, or MTDs (Table 1). Away
from the channel, reflectors transition
into overbank sediments without
sediment waves that terminate
against the subduction front.

Fine grained overbank sediment waves
formed by unidirectional overspilling
flow from turbidity currents that
traversed the Hikurangi Channel and
its palaeo-incarnations. Aggradation
occurs faster on their upstream
(toward the channel) limb and they
migrate toward the channel.

Overbank sediments
without sediment waves
that terminate against
Chatham Rise/
subducting plate

Reflectors are tabular or subtly thin
away from channel. On the side
away from the channel, reflectors
thin and either terminate or steepen
abruptly against subducting plate-
top sediments.

This overbank type is only observed on
the oceanward (SE) channel margin.
The contact between overbank
reflectors and plate-top sediments
(Table 1) migrates vertically and
oceanward through the stratigraphy.

‘Confined external levee’ sensu Clark
and Cartwright (2011) deposited by
overspilling flow from turbidity
currents that deposited over the
entire area between the channel and
the oceanward trench margin
(bound by the Chatham Rise or top
of the subducting plate).

Overbank sediments
without sediment waves
that terminate against
the subduction front

Reflectors are generally laterally
continuous and usually thicken
away from the channel (example 1
above). However, reflectors and
reflector packages thin and
occasionally pinch out onto highs
and thicken into lows exhibited by
deeper reflectors (example 2 above).
In both cases, reflectors are
deformed near to, and abruptly
terminate against, the subduction
front.

This overbank type is only observed on
the landward (NW) channel margin.
The expression of deep structures,
typically thrust-cored anticlines, is
muted toward the seafloor, which is
generally subhorizontal. Structures
are more common nearer the
subduction front, sometimes causing
packages of overbank reflectors to
thin away from the channel.

These deposits likely represent a
combination of fine-grained
deposition from overspilling flow
from the Hikurangi Channel, and the
fine-grained, dilute, distal expression
of flows that traverse the trench-
slope basins of the Hikurangi
Subduction wedge. Sediments from
both sources collectively act to heal
the expression of growing structures
and maintain a relatively flat
seafloor.
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influence of the Coriolis force (Wells and Cossu 2013),
or (b) overspilling flow reflecting (Kneller et al. 1991;
Bell et al. 2018) off the Chatham Rise and/or the sub-
ducting plate generating a transverse (landward; to
the northwest) component of flow that likely counter-
acts overspill on the oceanwardmargin, and potentially
aids overspill on the landward margin. scenario (a)
likely affects the whole channel, whereas the effects of
(b) are likely to be spatially variable. The observed
down-channel decrease in wave field size is potentially
a result of flow tuning, whereby the portion of a flow

capable of overspilling systematically decreases down-
channel as the flow thins due to material being lost
from the upper part of the flow as it traversed succes-
sive up-channel bends (Mohrig and Buttles 2007; Kelly
et al. 2019). However, the East Cape Current, a contour
current that flows SW along the subduction front
before turning anti-clockwise and crossing the channel
in the location of the study area (Fernandez et al. 2018),
may counteract overbank flow on the landward margin
in the distal parts of the study area, further inhibiting
sediment wave development in WF3 and WF4.

Figure 7. A–D, Topological maps of the four outer-bend wave fields on the landward channel margin, highlighting their strati-
graphic evolution from Overbank Horizon 1 (A), through Overbank Horizons 2 (B) and 3 (C), to the seafloor (D). E, Dimensions of
the wave fields in A–D, showing area, length (measured away from the channel), and width (measured along the channel).
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The observed pattern of diminishing wave heights
up- and down-channel from the wave field axis is
interpreted as the result of overbank flow travelling
sub-perpendicular to the wall of the channel bend it
originates from, which typically occurs along most of
the length of that bend. Thus, bulk wave curvature
in a wave field generally scales proportionally with
the curvature of its formative bend (Figure 9C). How-
ever, the action of centrifugal force leads to increased
overspill, and consequently the generation of larger

waves, downstream of the bend apex, with overspill
diminishing up- and down-channel from the wave
field axis (Straub et al. 2008).

The wavelengths and heights of the outer-bend
waves observed here are consistent with the ranges
quoted by Wynn and Stow (2002) for those on levees
(<7 km and <80 m respectively). Cores from the over-
banks of the Hikurangi Channel examined by Lewis
and Pantin (2002) and Mountjoy et al. (2018) contain
thin-bedded turbidites that grade from fine sand or silt

Figure 8.Maps showing A, the seafloor expression of wave field 1a, B, wave field 2a, C, wave field 3, and D, wave field 4. For each
wave field, an uninterpreted depth map and an interpreted hillshade map are displayed. On the interpreted map, the wave crests,
the trend of the related channel bend, the locations of the longitudinal profiles shown in Figure 10, including the wave field axis,
and two inset rose diagrams showing the (bi-directional) orientations of the wave crest segments and the vector directions of the
segmented channel bend trend are highlighted.
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to mud (a mixture of silt and clay), which is also con-
sistent with typical grain-sizes observed on submarine
channel overbanks (Wynn and Stow 2002). High
backscatter and RMS amplitude values observed on
the stoss sides of the waves (Figure 11A and B) suggest
that the stoss sides of the sediment waves contain
coarser sediment than the lee sides; this finding is con-
sistent with observations made by Lewis and Pantin
(2002). These patterns may arise due to coarse-grained
sediment being preferentially bypassed on the lee sides
where finer-grained deposits form from the tails of
overspilling flows. Meanwhile, on the upstream-

dipping stoss sides deposition of a wider grain-size
range is permitted.

Outer-bend sediment waves in the subsurface

Observations
In the subsurface, waves are present through the shal-
lowest 800 m of stratigraphy, although only the upper
600 m of stratigraphy is the focus of this study. In
crest-perpendicular cross-sections, they exhibit sig-
moidal geometries with thicker reflectors on their
stoss sides, and their troughs and crests consistently

Figure 9. A, Rose diagrams showing the orientations of interpreted palaeocurrents from wave fields 1a, 2a, 3 and 4 on the
seafloor, calculated from the segmented wave crests. B, Rose diagrams showing the orientations of interpreted palaeocurrents
from wave field 2/2a in the 3D seismic survey Overbank Horizon 1, 2, 3 and the seafloor. C, Graph showing the relationship
between the bend curvature, and the bulk curvature of the wave crests in their associated wave fields, calculated using the
mean vector lengths of the segmented channel trend and the interpreted palaeocurrents from the segmented wave crests. D,
Plan-view of the trend of bend 4 through the stratigraphy, showing an overall increase in bend curvature from Overbank Horizon
1 to the seafloor. E, Hemispheric rose diagrams showing the mean vector orientation and length, interpreted palaeocurrents, and
orientation of wave field axis through the stratigraphy, showing an overall clockwise rotation from the deep stratigraphy (Over-
bank Horizons 1 and 2), to the shallow stratigraphy (Overbank Horizon 3) and the seafloor.
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stack toward the channel (Figure 11C). Reflectors also
exhibit higher RMS amplitudes on their stoss sides
than their lee sides (Figure 11B). The same four
outer-bend wave fields observed on the seafloor have
been mapped in the subsurface (WF1/1a, WF2/2a,
WF3 andWF4; Figure 7) on three subsurface horizons
(Overbank Horizons 1–3; shallowing respectively;
Figures 4 and 7). A down-channel decrease in wave
field size is observed on all subsurface horizons
(Figure 7). The fields appear to show a general upward
increase in area through the stratigraphy (Figure 7E),
but this may be due to diminished data resolution at
depth impeding detection of smaller waves at the
extremities of the field. The wave fields also change
shape through the stratigraphy, from being relatively
wide (along-channel) and short (distance away from
the channel) fields that interfinger with their up-chan-
nel and down-channel neighbours in the deeper stra-
tigraphy (Figure 7A, B), to being narrow and long
seafloor wave fields that are distinct from their neigh-
bours (Figure 7D).

Analysing the 3D distributions and morphologies
of waves through the stratigraphy beneath WF2a per-
mits an examination of the evolution of the wave field.
The curvature of bend 4 (the formative bend of WF2a)
increases through progressively shallower stratigraphy

(Figures 9D and 13), accompanied by: (a) an increase
in the spread of the wave crest segment orientations
and inferred palaeoflow (Figures 9B, C and 13), (b) a
down-channel shift and rotation of the up-channel
and down-channel extent of the wave field, the mean
palaeoflow orientation (mean vector orientation of
palaeocurrents), and the wave field axis (Figures 9B,
E and 13). The axis of WF2/2a is consistently posi-
tioned down-channel of the mean palaeocurrent
orientation and the apex of bend 4 (Figure 9B).

The wave heights and wavelengths (Tables 3 and 4)
in WF2/2a become larger through progressively shal-
lower stratigraphy but appear to be smaller on the
seafloor than in Overbank Horizon 3 (Figures 12A,
13 and 14). Similar trends of wave morphology to
those observed on the seafloor are observed through-
out the subsurface: crest-perpendicular transects typi-
cally display a downstream decrease in wave height
(Figures 12B, 13 and 14), and wave heights and wave-
lengths generally increase toward the centre of the
wave field (Figures 12C, 13 and 14).

Interpretations
The cross-sectional geometries of the waves are con-
sistent with upstream-migrating sediment waves
observed on the overbanks of many other submarine

Figure 10. Crest-perpendicular seafloor profiles (locations shown in Figure 8) through wave fields 1a (A), wave field 2a (B), wave
field 3 (C), and wave field 4 (D). For each wave field, the six profiles used for the extraction of wave dimensions in Figure 12 are
shown in depth and flattened to their upstream and downstream ends, and the wave field axis (profile containing the largest
overall wavelength and wave heights), which is also shown in depth and flattened.

16 D. E. TEK ET AL.



channel systems, wherein deposition on the shallow or
upstream-dipping stoss sides occurs faster than on the
lee sides, where bypass prevails (e.g. Migeon et al.
2000, 2001; Nakajima and Satoh 2001; Normark
et al. 2002). Observed reflector thickness trends
(thicker stoss sides) and RMS amplitude trends
(higher on the stoss sides) can be generated by either
the ‘lee wave’ (Flood 1988; Lewis and Pantin 2002)
or ‘cyclic-step’ (Slootman and Cartigny 2020) models
(Figure 1).

At the time of Overbank Horizons 1 and 2, the
channel was straighter compared to the modern chan-
nel and likely had steeper outer-levee gradients, allow-
ing almost continuous overspill on the landward
overbank, with a slight superimposed increase in over-
spill toward bend apices. Coriolis forcing likely
enhanced overspill on the landward overbank.
Through time, as the channel became more sinuous,
centrifugal force became more dominant causing a

focusing of thicker, faster overbank flow just down-
stream of the bend apices (Hay 1987; Straub et al.
2011), leading to: (a) a separation of the wave fields
from their up-channel and down-channel neighbours,
(b) an increase in wave crest curvature, and (c) a
down-channel shift in the wave field axis, the mean
inferred flow orientation, and the up-channel, and
down-channel limits of the wave fields. Effects of
bend expansion may have been enhanced by dimin-
ishing outer levee gradients as trench sedimentation
from transverse drainage networks became more volu-
minous and suppressed levee growth (see ‘large scale
trends’ section above).

Up-stratigraphy increases in average wave heights
and wavelengths (Figure 12A) may reflect an enhance-
ment in maximum overspilling flow velocities within
each wave field due to increasing centrifugal influence,
or combination of compactional effects and limits in
data resolution; however, temporal variability in the

Figure 11. A, Seafloor backscatter map imaging part of wave field 2a, showing that higher backscatter values occur on the
upstream stoss sides of waves than on their lee sides. B, Root Mean Squared (RMS) amplitude maps from the seafloor and the
subsurface (depth shown in C) showing that, in general, RMS values are higher on the stoss (SW) sides of the waves in wave
field 1. C, Crest-perpendicular seismic section through wave field 1a, showing the locations of the three subsurface horizons
and the locations of the horizons in B.
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Figure 12. A, Violin plots showing the distributions of sediment wave wavelengths and wave heights displayed by wave field on
the seafloor and by measured Overbank Horizon in the subsurface for waves in wave field 2. B, Scatterplots showing wavelengths
and wave heights extracted from bathymetry data (coloured by wave field), seismic data from wave field 2 (coloured by the hor-
izon they were extracted from), and all data. Separate plots of wave height versus distance from channel wall for each wave field
and profile are provided as supplementary material. C, Letter-value plots (Hofmann et al. 2017) showing wavelengths and wave
heights displayed by profile number (profiles 1–6 in Figures 8 and 10) highlighting up- to down-channel variability in the mor-
phology of waves extracted from bathymetry, seismic, and all data; diamonds represent the minimum (resolvable) and maximum
values, and boxes are scaled proportionally to number of datapoints.
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average thickness of channel-traversing flows related
to changes in sediment supply entering the system
from the feeder canyons cannot be discounted.

Inner-bend overbank waves on landward
channel margin

Observations
On the seafloor discrete wave fields are observed on the
inner-overbanks of bends 3 and 5 (WF1b and WF2b;
Figure 2C); these are smaller (∼105 and ∼115 km2

respectively) than adjacent outer-bend fields and are
not present in the deepest studied stratigraphy (Over-
bank Horizons 1 and 2). On Overbank Horizons 1 and
2, the down-channel ends of waves in WF2 interfinger
with the up-channel ends of waves in WF3. Between
Overbank Horizon 2 and 3, WF2 divides into two dis-
tinct fields (Figure 15): ‘WF2a’, within which waves are
arcuate and broadly concentric around the outside of
bend 4 (Figure 13), and ‘WF2b’, where waves are rela-
tively straight and orientated at a high angle to the
channel-wall (WSW-ENE) (Figure 15D). WF1 shows

a similar division into WF1a and WF1b. Wave crests
at the down-channel end of WF2a are orientated
sub-perpendicular to the crests of waves in WF2b,
and terminate abruptly along a boundary that follows
the crests of the waves in WF2b. In Overbank Horizon
3, waves in WF2b interfinger with waves in WF3, but
on the seafloor WF2b and WF3 are distinct (Figures
13 and 15).

Waves in WF2b (visible on Overbank Horizon 3
and the seafloor) exhibit wavelengths of < 1500 m
(mean 1250) and heights of <20 m (mean 10) at
their up-channel (WSW) end. Wavelengths and
heights decrease downstream and down-channel
(Figure 15), where they branch into multiple smaller
waves that interfinger with waves in WF3 (e.g. on
Overbank Horizon 3; Figure 15C) or diminish to
heights below data resolution (e.g. on the seafloor;
Figure 15D). On the seafloor, immediately NE of
WF2a, is a broad, flat area devoid of sediment waves
(Figure 15D) that sits stratigraphically above buried
waves. This area constituted the upstream part of
WF3 in Overbank Horizon 3 (Figure 15C).

Table 3. Minimum (resolvable), maximum and average wavelengths and heights of the sediment waves in each wave field.
Wavelength (m) Wave Height (m) No. of

readings (N)Name Minimum Maximum Mean Median Minimum Maximum Mean Median

Measured From
Bathymetry

Wave Field 1 460 6639 1730 1430 1.5 48.3 8.0 5.2 43
Wave Field 2 439 4240 1919 1763 2.3 28.6 10.3 8.5 59
Wave Field 3 484 2829 1589 1352 2.1 17.7 7.6 7.3 38
Wave Field 4 447 5013 1461 1266 2.3 26.1 10.3 7.5 19
All From Bathymetry 439 6639 1734 1439 1.5 48.3 9.0 6.6 159

Measured From
Seismic

Overbank Horizon 1,
Wave Field 2

299 3454 1142 949 1.2 19.8 6.3 4.7 40

Overbank Horizon 2,
Wave Field 2

299 2793 1172 1088 0.7 25.2 6.2 3.7 42

Overbank Horizon 3,
Wave Field 2

705 4455 1981 1571 0.7 42.8 9.0 4.5 24

Seafloor, Wave Field 2 534 3718 1739 1571 0.6 28.8 9.8 6.1 26
All From Seismic 299 4455 1422 1142 0.6 42.8 7.5 4.7 132

All Data 299 6639 1592 1314 0.6 48.3 8.3 5.9 291

Table 4. Minimum (resolvable), maximum and average wavelengths and heights of sediment waves across all fields, displayed by
profile (shown in Figures 8 and 13); profile 1 is furthest up-channel and profile 6 is furthest down-channel.

Wavelength Wave Height

No. of readings (N)Name Minimum Maximum Mean Median Minimum Maximum Mean Median

Measured From Bathymetry Profile 1 439 5013 1416 968 2.1 25.2 6.3 5.0 17
Profile 2 546 4240 1747 1604 2.6 26.1 8.0 5.9 22
Profile 3 622 6639 1878 1687 2.4 28.6 9.2 7.1 29
Profile 4 460 4033 1764 1540 1.5 28.5 9.5 6.9 36
Profile 5 447 4179 1993 2044 2.3 48.3 11.6 8.9 28
Profile 6 473 3483 1462 1383 1.7 39.2 8.0 6.5 27

Measured From Seismic Profile 1 490 3483 1049 896 0.6 11.6 3.0 2.3 27
Profile 2 598 3718 1700 1482 0.8 15.6 5.1 3.8 14
Profile 3 577 3454 1995 2016 2.0 28.8 10.9 9.1 13
Profile 4 597 3868 1844 1887 1.4 28.0 14.0 12.7 16
Profile 5 299 4455 1328 1194 0.7 42.8 10.4 6.5 31
Profile 6 299 3227 1255 1109 0.7 15.3 4.7 3.6 31

All Waves Profile 1 439 5013 1191 896 0.6 25.2 4.3 3.1 44
Profile 2 546 4240 1729 1550 0.8 26.1 6.9 5.0 36
Profile 3 577 6639 1914 1725 2.0 28.8 9.7 7.7 42
Profile 4 460 4033 1789 1606 1.4 28.5 10.9 8.4 52
Profile 5 299 4455 1644 1337 0.7 48.3 10.9 8.6 59
Profile 6 299 3483 1351 1196 0.7 39.2 6.2 5.0 58
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In crest-perpendicular cross-section, waves in
WF2b exhibit the same sigmoidal reflector geometries
with upstream-stacking troughs and crests, similar to
outer-bank wave fields (cf. Figures 11C and 16). The
crest and trough trajectories of waves in WF2b con-
tinue uninterrupted through ∼500 m of stratigraphy,
and the orientations of their peaks and troughs are
concordant through the separation of WF2 into

WF2a and WF2b (Figure 16), suggesting the waves
in WF2b have remained relatively static, while waves
in WF2a have rotated clockwise. In cross-sections
orientated obliquely to wave crests in WF2a and
WF2b, the waves from the two fields appear concor-
dant (Figure 16A). However, in sections orientated
at higher angles to wave crests in WF2b, there is
an abrupt lateral transition between sigmoidal

Figure 13. Maps showing the seafloor expression of wave field 2/2a within the extent of the 3D seismic survey on Overbank
Horizon 1 (A), Overbank Horizon 2 (B), Overbank Horizon 3 (C), and the seafloor (D). For each horizon, an uninterpreted slope
map with depth overlay and an interpreted slope gradient map are displayed. On the interpreted map, the wave crests, the
trend of the related channel bend, the locations of the longitudinal profiles shown in Figure 14, including the wave field axis,
and two inset rose diagrams showing the (bi-directional) orientations of the wave crest segments and the vector directions of
the segmented channel bend trend are highlighted.
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wave-bearing reflectors of WF2b that dip away from
the channel, to apparently flatter, mounded or tabular
reflectors that represent the crest-parallel expression
of waves in WF2a (Figure 16B, C). Reflectors (and
packages thereof) in WF2a are thicker than contem-
poraneous reflectors in WF2b, causing the transition
between the wave fields to step channelward through
progressively shallower stratigraphy, coinciding with
the areal growth of WF2a and shrinkage of WF2b
(cf. Figure 15C and D). This transition is marked by

a subtle trough (Figure 15D), at which reflectors
associated with both wave fields terminate, although
the onlap of reflectors in WF2a onto those in WF2b
may be mis-interpreted (Figure 15B, C).

Interpretations
Accompanying the expansion of bend 4, WF2 divided
into distinct outer-bend (WF2a) and inner-bend
(WF2b) fields as overspill on the outer-bank of bend

Figure 14. Crest-perpendicular profiles (locations shown in Figure 13) through wave field 2/2a, within the extent of the 3D seismic
survey, measured on Overbank Horizon 1 (A), Overbank Horizon 2 (B), Overbank Horizon 3 (C), and the seafloor (D). For each wave
field, the six profiles used for the extraction of wave dimensions in Figure 12 are shown in depth and flattened to their upstream
and downstream ends, and the wave field axis (profile containing the largest overall wavelength and wave heights), which is also
shown in depth and flattened.
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4 became focused downstream of the bend apex due to
an increase in the influence of centrifugal force.

Wave crest-perpendicular overbank flow at the
location of WF2b is interpreted to have occurred con-
sistently since sediment wave initiation (deeper than
Overbank Horizon 1). The waves in WF2b formed
and migrated upstream (SSE) through crest-perpen-
dicular, NNW directed overspill on the inside of bend
5, in a similar manner to the outer-bank sediment
waves described above. Overspill on inner-bend over-
banks flowing away from the apex of bend 5 can only
occur on the landward overbank, due to flow enhance-
ment by the Coriolis force. As WF2a separated from
WF2b and rotated, an area of flow interaction was gen-
erated between the two fields (Figure 17). Thick over-
spilling flows that traversed WF2a likely spread out
due to flow relaxation (Pohl et al. 2019), generating

an ESE directed component of flow at the down-chan-
nel end of the wave field. This ESE-directed flow com-
ponent interacted with NNW-directed flow traversing
WF2b, hindering the development of sediment waves,
and forming a trough in which flow originating from
both wave fields travelled ∼NE (Figure 17A, B, D).
Such troughs may represent areas of higher velocity,
and potentially contain deposits of coarser grain size.

Based on the thicknesses of contemporaneous
reflector packages (Figure 17B), sedimentation rates
in WF2a are interpreted to be higher than in WF2b.
As WF2a expanded, the outer-levee gradient on the
landward channel margin was progressively healed.
The disappearance of the up-channel part of WF3
and establishment of a large, waveless area likely
occurred as combined overbank flow from WF2a and
WF2b became dominant, inhibiting channel-

Figure 15. A–D, Slope maps with depth overlays centred on wave field 2/2b showing its relationship with field 2a and field 3, and
three ∼ crest-perpendicular profiles extracted from: Overbank Horizon 1 (A), Overbank Horizon 2 (B), Overbank Horizon 3 (C), and
the seafloor (D).
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perpendicular unidirectional flow on the up-channel
outer-overbank of bend 6 (the formative bend of
WF3) (Figure 17A, B); down-channel focusing of over-
spill accompanying the expansion of bend 6 likely aug-
mented this process. Some flow fromWF2a and WF2b
likely re-enters the channel at the down-channel end of
WF2b; much of the sediment is, however, interpreted
to be deposited in the flat areas on the up-channel
outer-overbank of bend 6 (Figure 17A, B, C).

Inner-bend waves on oceanward channel
margin

Observations
Sediment waves are also present on the oceanwardmar-
gin, on the inner-overbanks of bends 4, 6 and 10

(Figure 18A, B, C). Oceanward inner-bend waves are
observed on the seafloor (Figure 18A) and within Over-
bank Horizon 3 (Figure 18D); they are likely present in
deeper stratigraphy (to depths below Overbank Hor-
izon 1) but their 3D geometries are uncertain. The
crests of these waves are typically oriented SW-NE to
NW-SE at the up-channel end of the field, where they
are aligned at orientations sub-perpendicular to oblique
to the channel. They curve down-channel and are typi-
cally oriented E-W to NW-SE at the down-channel end
of the field, where they are aligned subparallel to obli-
que to the channel (Figure 18). On the inner-overbank
of bend 4, at their up-channel end, the troughs of these
waves form depressions in the oceanward channel-wall
on the straight reach between the apices of bends 3 and
4, reaching over 50 m deep where they intersect the

Figure 16. Annotated seismic sections at different angles to the wave crests in wave field 2a and 2b: A, is orientated oblique
(∼45°) to crests in both fields, B, is orientated oblique to crests in both fields, but at a higher angle (∼70°) to crests in field
2b, and a lower angle to those in field 2a, C, is orientated ∼ perpendicular to crests in field 2b and ∼ parallel to those in field
2a. Differences in sediment wave height and wavelength are related to the sections being located at different positions along
the channel. Note that these sections do not correspond to the profile locations in Figure 15.
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channel-wall (Figure 19A, B). The wavelengths and
heights of these waves decrease down-channel, and
waves branch to form multiple, smaller waves (Figures
18A, B, C, and 19A, B).

In wave crest-perpendicular cross-sections, at their
up-channel end, the waves exhibit sigmoidal geome-
tries similar to those observed in waves on the land-
ward margin (cf. Figures 11C and 16 with Figures
18E and 19C). However, on the oceanward margin
the wave troughs and crests stack vertically and away
from the channel (S to SE), with thicker reflectors
on their lee sides, which dip away from the channel
(Figure 18E, F).

At the top of packages of terrace deposits, relatively
tabular reflectors that form the main body of the ter-
race transition vertically into lenticular packages of
reflectors that are thickest (up to 20 m) immediately
channelward of the adjacent terrace-bounding surface
(Figure 18E, F). These reflectors thin abruptly (over
tens to a couple of hundred metres) away from the
channel and terminate against their adjacent terrace-
bounding surface, and gradually thin and pinch out
(over hundreds of metres to two kilometres) toward
the channel. The thickest part of these lens-like reflec-
tors stacks vertically and away from the channel
(southward) (Figures 18E, F and 19C). Through

Figure 17. A, Part of Overbank Horizon 3 (same as shown in Figure 15C) displayed in 3D looking down-channel over the inner-
overbank of bend 5, annotated with interpreted overbank flow orientations and velocities, and locations of aggradation. B, Part of
the seafloor (same as shown in Figure 15D) displayed and annotated in the same way as A. C, Interpreted seismic sections through
the locations displayed in A and B, showing the thickness of depositional packages between Overbank Horizon 1 and the seafloor,
highlighting an overall down-channel decrease in package thickness and that reflector packages associated with wave field 2a are
thicker than those of equivalent age in field 2b. D, Schematic section showing the interpreted nature of overbank flow interaction
between wave fields 2a and 2b.
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progressively shallower stratigraphy, the deepest part
of these lens-like reflectors transition into the troughs
of the waves observed on the seafloor and Overbank
Horizon 3; the reflectors themselves transition into
the thick lee sides of the waves near the seafloor
(Figure 18E, F). The terrace-bounding surfaces, the
deepest parts of lens-like reflectors, and the wave
troughs follow a common trajectory that exhibits a

progressively gentler inclination up-stratigraphy and
away from the channel (Figure 18E, F). Small waves
in the down-channel parts of the field are relatively
symmetrical, and do not appear to exhibit distinct
differences in reflector geometries on their lee and
stoss sides (Figure 19C), although this could be due
to geometric variability being below the resolution of
the data.

Figure 18. A–C, Seafloor maps displayed as slope (A), or hillshade (B and C) maps with depth overlays, showing inner-bend waves
on the oceanward margin, on the insides of bends 4, 6 and 10; crest-perpendicular profiles are also included. D, Slope map with
depth overlay showing the waves on the inner-overbank of bend 4 on Overbank Horizon 3; two ∼ crest perpendicular profiles
included. E, Annotated seismic section and F, interpreted line drawing thereof, showing the seismic expression of the waves
on the inner-overbank of bend 4 orientated perpendicular to the wave crests.
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Interpretations
Overspill on the oceanward margin is enhanced in the
straight channel section between bends 3 and 4 by the
influence of centrifugal force downstream of the apex
of bend 3. The point of maximum overspill may have
also been shifted further down-channel by the influ-
ence of the Coriolis force, shifting the point of maxi-
mum shear stress on the outside of bend 3 further
down-channel. Higher velocity and potentially coar-
ser-grained parts of the overbank flow on the inner-
overbank of bend 4 were funnelled through the wave
troughs that form depressions in the channel wall
(Figures 19A, B and 20A, B). On the channel over-
bank, higher concentration, higher velocity, domi-
nantly bypassing parts of the overbank flow
(McArthur et al. 2020) travel through the axis of the
wave troughs. However, a more dilute component of
flow, generated dominantly by deflection due to the

Coriolis force and, potentially aided by flow reflected
off the Chatham Rise and the subducting plate, and
the influence of the DWBC, flows toward the channel
(Figure 20A). This transverse component of flow leads
to faster deposition on the lee sides of the waves (away
from channel), than on the stoss sides; deposition in
the axis of troughs is suppressed by the axial flow com-
ponent (Figures 19A, B and 20B). Through time, these
processes build the sigmoidal reflector geometries and
troughs that stack away from the channel that are
observed in the subsurface (Figure 19C); this
migration pattern differs from the interpreted
toward-channel migration of waves on the oceanward
overbank (Figure 16).

The aforementioned waves evolve from terraces.
Terraces aggrade faster than levees in the Hikurangi
Channel, as evidenced by observed vertical transitions
from terrace to overbank deposits (Figure 18E, F; Tek

Figure 19. A, Interpreted part of Overbank Horizon 3 (same as shown in Figure 18D) displayed in 3D looking down-channel over
the inner-overbank of bend 4, annotated with interpreted overbank flow orientations and velocities, and locations of aggradation.
B, Interpreted part of the seafloor (same as shown in Figure 18A) displayed and annotated in the same way as A. C, Interpreted
seismic sections through the locations displayed in A and B, showing the thickness of depositional packages between Overbank
Horizon 1 and the seafloor, highlighting an overall down-channel decrease in the sediment wave wavelengths and heights.
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et al. 2021). Flow on terraces is complex, commonly
comprising a primary component that flows down-
channel and away from the channel, and a secondary
component that flows down-channel and toward the
channel after being reflected off the terrace-bounding
surface (Figure 20C; Hansen et al. 2015). When a ter-
race has aggraded to near the height of its adjacent

levee, the primary flow component dominates the
reflected flow component, causing flow convergence
(sensu Kneller 1995) adjacent to the terrace-bounding
surface. Accumulative flow leads to a high-velocity
component of flow that travels down-channel, parallel
to the confining terrace-bounding surface (Kneller and
McCaffrey 1999), where erosion and/or bypass is

Figure 20. Diagrams showing the formation and evolution of inner-bend waves on the oceanward overbank, specifically on the
inside of bend 4. A, Three-dimensional schematic showing the context of the inner-bend waves detailed in B, and the cause of
transverse flow toward the channel and its relationship with trough-axial flow. B, Detailed schematic diagrams (location on Figure
19A and B; stratigraphic evolution based on upstream section in Figure 19C; note perspective change from Figure 19 to looking
up-channel) demonstrating how the sediment waves evolve from terraces, and how the interaction between axial flow through
the wave troughs and transverse flow toward the channel causes sediment wave migration away from the channel. C, Schematic
showing how flow accumulation against the terrace-bounding surface generates a high-velocity component of down-channel
flow leading to bypass at the terrace edge and mounding in the centre.
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enhanced, and deposition is hindered (Figure 20C).
This process generates mounded reflectors on the ter-
races and concave-up surfaces adjacent to terrace-
bounding surfaces, which are filled with lens-like
reflectors (T2 in Figure 20B). High-velocity down-
channel flow is also sheltered from a Coriolis-induced
transverse component of overbank flow (potentially
influenced by other processes) that travels toward the

channel (responsible for deposition on the lee sides
of the waves; see above) by the terrace-bounding sur-
face. As the terrace aggrades further, the influence of
this transverse flow component becomes greater. As
such, the mounded, middle part of the terrace becomes
an inner-overbank wave crest, and the area of
enhanced bypass adjacent to the terrace-bounding sur-
face becomes a trough (T3 and T4 in Figure 20B).

Figure 21. Schematic diagrams showing eight of the nine processes interpreted to control overspill from the Hikurangi Channel:
A, flow size relative to conduit size, B, overbank gradient, C, flow tuning, D, the Coriolis force, E, contour current, F, centrifugal
force, G, flow reflection, H, interaction with externally derived flows. The interaction of flows originating from different parts of the
channel is demonstrated in Figure 23.
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Further down-channel, the influence of flow
through the axis of the troughs is interpreted to dimin-
ish progressively, causing fanning of the waves and
rotation of the wave crests to be oriented subparallel
to the reach of channel downstream of the bend
apex. The less well-pronounced waves in down-chan-
nel parts of the field are interpreted to have formed
dominantly by the transverse, toward-channel com-
ponent of flow (Figure 19). The more symmetrical
shape of these waves suggests that overbank flow
away from the channel on the up-channel outer-

overbank of bend 5 may have generated a competing
component of flow, impeding strong unidirectional
flow and leading to more even deposition (Figure 19).

Discussion

Controls on overspill processes on the
overbanks of the Hikurangi Channel

Nine factors that control the nature of overbank flow
and the resultant overbank depositional architecture

Figure 22. Schematic diagrams showing the distribution of sediment waves and interpreted overbank flow in the deep stratigra-
phy, on Overbank Horizon 1 (A), and on the seafloor (B).
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of the Hikurangi Channel have been identified
(Figure 21).

Flow size versus conduit size
The thickness of a turbidity current relative to the depth
of its host conduit is a fundamental control on the mag-
nitude and velocity of overbank flow. Larger flows gen-
erate thicker and likely higher velocity overbank flow,
meaning coarser parts of stratified flows can escape
the conduit (Figure 21A; Dennielou et al. 2006).

Overbank gradient
Flow velocity may be enhanced on channel overbanks
with steep outer-levee gradients that slope away from
their conduit and hindered on overbanks that slope
toward the channel (Figure 21B; Kane et al. 2010;
Nakajima and Kneller 2013). In the studied reach of
the Hikurangi Channel, the oceanward overbank is
horizontal, or slopes toward the channel throughout
the studied stratigraphy. This appears to have hin-
dered overbank flow and inhibited the formation of
sediment waves on the oceanward overbank (Figure
22). On the landward margin, the outer-levee gradient
is interpreted to have shallowed progressively as slope-
traversing drainage networks were established, and
overbank flow downstream of the apex of expanding
bends acted to redistribute sediment in the trench,
leading to a largely flat trench-floor and gently-sloping
to flat outer-levees (Table 2, Figures 3B and 22).

Flow ‘tuning’
A systematic down-channel decrease in the magnitude
and velocity of overspill from the Hikurangi Channel
is attributed to the process of flow ‘tuning’. This arises
from the loss of material from the dilute, upper parts

of flows in up-channel locations, causing the range
of flow heights to decrease down-channel as flows pro-
gressively lose material, with thicker flows losing more
than thinner-ones (Figure 21C; Mohrig and Buttles
2007; Kelly et al. 2019). Flow tuning has generated a
down-channel decrease in the size of the outer-bend
wave fields (Figure 22).

The Coriolis force
The leftward deflection of overbank (and potentially
in-channel) flow characteristic of the Coriolis force
in the southern hemisphere (Figure 21D; Klaucke
et al. 1998; Cossu et al. 2015) has exerted a significant
control on overbank architecture throughout the
depositional period along the studied channel reach
(Figure 22); this control was also recognised by
Lewis and Pantin (2002). This flow deflection contrib-
uted to the generation of large, outer-bend wave fields
solely on the landward overbank. It was also instru-
mental in the generation of transverse flow toward
the channel that forms inner-bend waves on the
oceanward channel margin (Figures 19 and 22), and
in maintaining continual flow away from the channel
on inner-bend overbanks on the landward margin
(Figures 17 and 22).

Contour currents
Contour currents may locally hinder overspill that
flows counter to them and augment overspill in the
same direction (Figure 21E; Miramontes et al. 2020).
While the locations and orientations of contour cur-
rents in the studied part of the Hikurangi Trench are
poorly constrained, two currents have potentially
affected the study area at different times. Lewis and
Pantin (2002) inferred that a shallow branch of the

Figure 23. Schematic diagram showing how overbank flow originating from different parts of a channel interacts on the
overbanks.
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DWBC flowed W along the northern edge of the Cha-
tham Rise, which controlled the formation of inner-
bend sediment waves on the oceanward margin
(Figures 2 and 22). The detailed observations made
herein allow for the interpretation that the DWBC
helped generate a toward-channel component of over-
bank flow that contributes to the formation of inner-
overbank waves (Figure 20). However, the presence
of similar waves on the inside of bends 6 and 10,
where the DWBC would be unlikely to act, suggests
that its effect may have been relatively minor. Further-
more, the DWBC is not observed to be presently active
in the study area (Fernandez et al. 2018), meaning its
potential effect would vary temporally. The ECC, in
contrast, is currently active and likely flows SE across
the channel in the study area, but the location of the
crossing is unclear (Figure 2). If the ECC crosses the
down-channel parts of the studied channel reach, it
may be partially responsible for the down-channel
decrease in wave field size on the landward overbank
(Figure 22). If the ECC crosses the channel in a
location further up-channel, its effects are likely negli-
gible and are not recorded by the sediment wave dis-
tributions. Bailey et al. (2020) tentatively interpreted
that a bottom current crossed the Hikurangi Channel
at bend 4, which they inferred locally modified the
channel and overbank wave field. However, analysis
of the morphology and distribution of these sediment
waves herein suggests they are more likely related to
overbank flow, meaning that if the ECC crosses the
channel at bend 4 it is unlikely to significantly affect
overbank sediment wave development. Definitively
determining the influence of contour currents on
overbank sedimentation in the Hikurangi Trench
requires additional oceanographic data.

Centrifugal force
Accompanying a channel bend’s expansion, centrifu-
gal force causes a focusing of overspill downstream
of bend apices (Figure 21F; Timbrell 1993; Kane
et al. 2008). Through time, as the channel became
more sinuous, the wave fields on the landward channel
overbank became spatially separated from one
another, and some divided into distinct outer-bend
and inner-bend fields (Figure 22). The plan-view mor-
phologies and distributions of wavelengths and wave
heights in each field also changed concomitantly
with increased channel sinuosity (Figure 22). The
effect of centrifugal force on sediment wave geome-
tries on the seafloor in the study area was originally
noted by Lewis and Pantin (2002).

Flow reflection
The Chatham Rise and the less prominent subducting
Pacific plate generate seafloor topography that runs
along the oceanward margin of the channel. Overbank
flow reflects off this topography, generating

(potentially in conjunction with other factors) a com-
ponent of flow toward the channel (Figures 21G and
22). This toward-channel component of flow may
inhibit the formation of outer-bend sediment waves
on the oceanward overbank, and contribute to the
formation of inner-bend waves on the oceanward
overbank (Figure 20). The thickness of contempora-
neously formed reflector packages (Table 2 and
Figure 3) suggest deposition rates are generally higher
on the flat trench floor than on the steep Chatham Rise
and subducting plate. Therefore, largely tabular reflec-
tors were generated, allowing the classification of the
oceanward overbank deposits as ‘confined external
levees’ (Table 2; Clark and Cartwright 2011).

Interaction with externally derived flows
The interaction with turbidity currents of different
origins (Figure 21H; Okon et al. 2021) may exert a
control on overbank flow in the Hikurangi Channel.
The dilute, distal parts of SE flowing, slope-traversing
turbidity currents may interact with distal, NW
flowing overbank flow near the subduction front
(Figure 2). Interaction of these turbidity currents
may reduce the velocity of unidirectional overbank
flow and restrict the size of outer-bend wave fields
(Figure 22). Alternatively, flow of these different ori-
gins may not interact, but their deposits may stack
compensationally; more data are needed to determine
which process is dominant in the Hikurangi Trench.
Regardless of whether the individual flows interact,
combined deposition from slope-traversing and over-
bank flows may occur over the entire trench floor
(outside of the channel), suppressing the development
of steep outer-levee gradients and leading to a rela-
tively flat trench floor (Table 2, Figures 3 and 6). In
systems where two contemporaneously active chan-
nels run parallel to one another, overspill derived
from the two channels may also interact on their
mutual overbank, causing flow complexity.

Interaction of overspill from different locations
Overbank flows originating from different locations
along the channel may generate areas of complex
flow interaction, inhibiting the development of sedi-
ment waves. In the Hikurangi Channel, overspill
down-channel of a landward facing bend may interact
with lower velocity up-channel overspill from the next
down-channel (landward facing) bend (Figures 22 and
23). This interaction could initially occur due to bend
expansion causing a separation of the wave fields and
focusing flow on the downstream sides of bends, gen-
erating a complex zone of flow interaction (Figure 23).
Consistent unidirectional flow does not occur in these
zones and consequently they are devoid of sediment
waves (Figure 22). Interaction of flow from different
bends is likely to be more common in channel systems
with relatively flat, laterally-confined overbanks like
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the Hikurangi Channel, where the gradient of the
outer-levee does not cause overspill to flow consist-
ently away from the channel.

Spatio-temporal variability and interaction of
controls

The subsurface architecture and seafloor expression of
the studied overbank deposits are a product of the
complex interaction between the controls listed
above. The effect of most controls will also differ
between individual flows as the flow height fundamen-
tally dictates the volume of overspill (Figure 21A);
tuning effects may eventually suppress such differ-
ences. The influence of some controls, such as the Cor-
iolis force, is also partially dependent on the nature of
channel-traversing flows (Cossu et al. 2015; Davarpa-
nah Jazi et al. 2020). Variations in flow thickness and
nature can also occur cyclically, in response to sea-
level fluctuations and climatic changes (Romans
et al. 2016). The effect of some controls, such as con-
tour currents, may also vary over a range of distinct
timescales. For example, the ECC is highly variable
on interannual and decadal timescales (Fernandez
et al. 2018), and the shallow branch of the DWBC
invoked by Lewis and Pantin (2002) may only be
active during glacial periods. However, the analysis
of sediment waves and sesimic-scale architecture
herein has allowed the spatio-temporal variability of
the influence of different controls on net overbank
flow and sedimentation over longer timescales to be
determined. This helps to mitigate uncertainty related
to variability at timescales between individual flows.

Spatial variability in the magnitude at which con-
trols operate is inferred on the seafloor and in the sub-
surface. Coriolis forcing (Figure 21D) is the only
control that is not spatially restricted at the scale of
observation, and consistently affects overbank flow
across the entire area. The effect of some controls
changes up- or down-channel. For example, by
definition, flow tuning (Figure 21C) generates a
down-channel decrease in the magnitude of overspill.
However, some controls, such as centrifugal force
(Figure 21F), overbank gradient (Figure 21B) and
interaction of overspill from different locations
(Figure 23), are inherently linked to the morphology
of the channel and its overbanks. As such, they can
produce more localised effects and are subject to feed-
back effects. For example, the influence of centrifugal
force is dependent on bend curvature, meaning its
effect will vary between adjacent bends (tens of km)
(Figure 22). Other controls that present localised
effects but are not directly related to channel mor-
phology include contour currents (Figure 21E) and
flow reflection (Figure 21A). For example, in this set-
ting flow reflection is likely to influence flow domi-
nantly on the oceanward overbank (Figure 22).

Additionally, as topography generated by the Cha-
tham Rise is steeper, taller, and closer to the channel
than the Pacific plate, the strength of reflected flow
likely also decreases downstream.

Changes in sediment wave morphology are
observed through the studied stratigraphy. These
changes are caused by long-term temporal variations
in the relative influence of some controls; other con-
trols have affected overbank flow and sedimentation
consistently throughout the depositional period. For
example, the Coriolis force (Figure 21D) has consist-
ently affected overbank flow and sedimentation
throughout deposition (Figure 22). However, the
influence of centrifugal force has increased with
increasing channel sinuosity. The effect of other con-
trols may have been constant throughout deposition
in some areas, but variable in other areas. For example,
the effect of toward-channel overbank gradients on the
oceanward margin has been constant, whereas the
away-from-channel gradient on the landward over-
bank is interpreted to have progressively shallowed
through time, changing its influence on overbank
flow (Figure 22).

Multiple controls that influence overbank flow in a
given location can either augment or act against one
another. For example, on the oceanward overbank
the effects of the Coriolis force (Figure 21D), an over-
bank gradient that sloped toward the channel (Figure
21B), and flow reflecting off the Chatham Rise and the
Pacific plate (Figure 21G), combine to generate a com-
ponent of flow that travels toward the channel (Figures
20 and 22). These three factors counteract the effect of
centrifugal force on the oceanward margin, inhibiting
the formation of outer-bend sediment waves on the
oceanward margin (Figure 22). In addition to separate
controls competing for dominance in a given area, the
effect of some controls is directly dependent on the
presence of others. For example, the interaction of
overspill originating from different bends (Figure 23)
is effectively dependent on channel sinuosity and the
effect of centrifugal force; an increase in sinuosity,
and therefore centrifugal force, will consequently
increase the interaction of down-channel overbank
flow from up-channel bends, and up-channel flow
from down-channel bends, leading to a progressive
loss of sediment waves in the location of interaction.

Overall, the complex interaction between controls
that have affected overspill on different parts of the
overbank area consistently through time, vs. those
that are temporally variable has led to the complex
sediment wave distributions and depositional archi-
tectures described herein. It is therefore difficult to
rank the importance of all controls. However, granted
that overspill is occurring, evidence for leftward flow
deflection is observed across the entire overbank
area meaning that, while the effects of other controls
locally augmented its effects, the Coriolis force is
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dominantly responsible for enhanced landward over-
bank flow and hindered oceanward overbank flow.
Through progressively shallower stratigraphy, accom-
panying an increase in channel sinuosity, the mor-
phologies of the waves on the landward margin have
changed accordingly. Therefore, the interaction
between Coriolis and centrifugal forcing are inter-
preted to have produced the most significant effect
on overbank sediment wave distribution and overbank
architecture, particularly on the landward overbank.
These interpretations are generally in accordance
with those of Lewis and Pantin (2002).

Inner-bend sediment wave fields

Identification of inner-bend wave fields on both sides
of the channel was permitted by using high-resolution
bathymetry and 3D seismic data. Inner-bend wave
fields on each side of the channel are interpreted to
have different mechanisms of formation, but both
form as a result of multiple components of overbank
flow originating in different locations and travelling
in various orientations (Figures 17, 19 and 20). As
such, they record more complex patterns of overbank
flow and sedimentation than outer-bend waves and
the morphologies of their constituent waves do not
show simple relationships with the orientations of
their formative flows.

Lewis and Pantin (2002) interpreted that waves that
migrate away from the channel on the oceanward
margin on the inside of bend 4 (this study), were pro-
duced solely by westward flowing contour currents (a
shallow branch of the DWBC). However, in-depth
analysis of these waves and their 3D subsurface archi-
tecture suggests that these waves are the product of the
complex interaction between two different overbank
flow components: some overspilling flow generates
an axial flow component that is funnelled through
the wave troughs; some is deflected by the Coriolis
force, reflected off the Chatham Rise or subducting
plate, and possibly influenced by the DWBC, generat-
ing a transverse flow component toward the channel
(Figures 19 and 20).

On the landward margin, inner-bend sediment
wave fields have formed and become separated from
wave fields on the outer-overbanks as the shape and
distributions of outer-bend wave fields have progress-
ively rotated and migrated down-channel (Figures 7,
9, 13, and 22). The inner-bend waves are formed
and maintained by overspill on the inner-overbank
of bends, the velocity of which in the study area is aug-
mented by the Coriolis force. However, a subtle trough
marks the contact between the outer- and inner-bend
wave fields, which is interpreted to funnel relatively
high-velocity parts of the flow (Figures 17 and 23);
the crests of waves in the outer-bend fields are
oriented normal to those in the inner-bend fields.

The separation of outer bend fields and the complexity
of inferred flow within them and at their boundary is
due to the interaction of flow components originating
from different parts of the channel (Figure 23).

Sedimentological implications

The many controls listed above act to control flow
processes and the development of sediment waves
on the overbank areas of the Hikurangi Channel.
The effect each control exerted on the overbank
deposit architecture varied along the channel and
through time, generating overbank deposits with a
complex three-dimensional architecture. These depos-
its, their trends, and their sedimentary structures, may
differ from those portrayed in conventional models
derived from studies using outcrop, seafloor, or 2D
seismic data.

On the seafloor, the Hikurangi Channel apparently
lacks well-defined levees along much of its length.
However, this bears no reflection on how effectively
channel-traversing flows overspill, nor the nature of
the channel and overbank deposits in the subsurface.
It is merely a result of deposition by slope-traversing
flows derived from the subduction margin and over-
spilling from the Hikurangi Channel occurring across
the floor of a laterally-confined trench, and effectively
filling the lateral accommodation space therein
(Figure 3); the Hikurangi Channel is highly aggrada-
tional (cf. Casciano et al. 2019). The fact that highly
aggradational channels such as the Hikurangi Channel
can be bordered by effectively flat overbank areas on
the seafloor means the seafloor profile of submarine
channel overbanks can be an unreliable predictor of
subsurface channel and overbank architecture.

The orientation of overbank flow from the Hikur-
angi Channel is interpreted to vary substantially. On
the oceanward and landward overbanks, the inter-
action of flows from different bends, flow reflection,
and the Coriolis force generate areas with complex
multidirectional flow. Deposits in these areas may
exhibit highly variable palaeocurrents and may con-
tain ‘combined flow’ bedforms such as hummocky
cross-stratification (Muzzi Magalhaes and Tinterri
2010). In outcrop, palaeocurrent variability has been
used to distinguish ‘internal levees’ or ‘terraces’,
which typically exhibit highly variable palaeocurrents,
from ‘external levees’, which exhibit less variability
(Kane and Hodgson 2011). However, in outcropping
confined channel systems with low overbank gradi-
ents, that are analogous to the Hikurangi Channel,
this criterion may not be reliable.

In high latitude systems, the dominance of Coriolis
forcing upon cross channel flow results in preferential
deposition along one channel overbank (Cossu et al.
2015) and hinders sinuosity development (Peakall
et al. 2012). In low latitude settings, Coriolis forces
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are negligible, and flow dynamics are dominated by
centrifugal forces, leading to preferential overspill at
bend apices on opposing sides of the channel, in suc-
cessive bends (Keevil et al. 2006; Cossu and Wells
2010). The overbank architecture of the mid-latitude
(sensu Menard 1955; Savoye et al. 1993) Hikurangi
Channel displays evidence of the effect of both Corio-
lis and centrifugal forces on overbank architecture.
The relative influence of these competing controls var-
ied through time as a result of changing channel mor-
phology, generating a more complex architecture than
can be predicted by either of the aforementioned end
member controls.

On the seafloor and in the subsurface of the Hikur-
angi Channel, evidence for the interaction of overbank
flow and deposition from different locations along the
channel are observed (Figure 23). Interacting packages
of overbank deposits can thin toward, and interfinger
with, each other (Table 2 and Figure 16). In 2D seismic
sections or in outcropping sections, these depositional
architectures may be interpreted to be derived from an
extra-channel source. Evidence for the interaction of
contemporaneous overspill from different parts of
the channel (Figure 23) is also observed. In outcrop
or core, these areas of interaction may exhibit complex
paleocurrent variability and contain complex combi-
nations of sedimentary structures and architectures
that appear uncharacteristic of classic levee deposits.

Therefore, in the Hikurangi Channel, and probably
in channels in other confined basins in mid-latitudes,
simple models explaining bed thicknesses and sand-
stone distribution, palaeocurrent orientations, and
sedimentary structures cannot be applied universally.
This has implications for the interpretation of over-
bank deposits and therefore palaeogeographic recon-
structions in outcropping ancient channel systems,
but also for categorising channel types and inferring
flow processes in channels and on their overbanks
from bathymetric data alone.

Conclusions

Integration of high-resolution bathymetry, 2D, and
3D seismic data is used to investigate the controls on
overbank flow processes and depositional architecture
on the overbank areas of the Hikurangi Channel.
Novel techniques for the quantitative analysis of sedi-
ment wave orientations and morphologies are con-
ducted on the seafloor and on three, regionally-
traceable subsurface horizons, and are used to inter-
pret the three-dimensional subsurface architecture,
and infer overbank flow processes.

Nine factors are interpreted to have controlled over-
bank flow processes on the overbanks of the Hikurangi
Channel: flow size versus conduit size, overbank
gradient (magnitude and orientation), flow tuning,
the Coriolis force, contour currents, flow reflection,

centrifugal force, interaction with externally derived
flows, and interaction of overspill from different
locations along the channel. These controls mutually
interact, and their relative importance has varied sig-
nificantly throughout the depositional period, and in
different parts of the studied overbanks, generating
complex patterns of overbank flow and sedimentation.

In deeper stratigraphy the Hikurangi Channel was
straighter and was bordered on the landward margin
by four sediment wave fields, with no wave fields pre-
served on the oceanward margin. Overspill that
formed sediment waves on the landward margin
occurred along the whole studied channel reach, and
flowed away from the channel over relatively steep
external levees; overbank flow velocities decreased
down-channel and increased toward the apices of
the then poorly-developed bends. Sediment wave for-
mation was inhibited on the oceanward and enhanced
on the landward margin by the combined effects of the
oceanward channel overbank sloping toward the
channel, flow reflection off the Chatham Rise and
the subducting plate, and leftward flow deflection by
the Coriolis force.

Through progressively shallower stratigraphy,
focusing of overbank flow downstream of bend
apices led to the spatial separation of the four wave
fields on the landward margin, the division of the
most up-channel two wave fields into distinct
inner-and outer-bend fields, and the development
of inner-bend waves on the oceanward margin.
These morphological trends chiefly arose due to an
increase in channel sinuosity, augmented by a
reduction in gradient on the landward margin as
the trench-floor became flat; other controls such as
the interaction of overbanks flow with slope-traver-
sing turbidity currents near the subduction margin,
and two contour currents (the East Cape Current
and the Deep Western Boundary Current) may
also have exerted some control.

This study builds on work by Lewis and Pantin
(2002). However, detailed observations from high-res-
olution data have permitted new quantitative analysis
of wave morphologies and distributions, and interpret-
ation of how the influence of each control has varied
through time. It has also allowed the novel identifi-
cation of distinct inner-bend wave fields. The nature
of inner-bend fields on the landward margin is con-
trolled by the interaction of Coriolis-enhanced overspill
on wave-hosting inner-bends, and flow from the down-
channel outer-bend overbank of the adjacent, up-chan-
nel bend. Inner-bend wave fields on the oceanward
margin originate as terraces then evolve and migrate
through the combined effects of axial flow funnelled
through the wave troughs, and transverse flow toward
the channel created by dilute overspill reflected off the
Chatham Rise or subducting slab, and deflected by
the Coriolis force.
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Some or all of the controls on overbank flow and
overbank deposit architectures identified in the Hikur-
angi Channel are common to most modern and
ancient channel systems, and particularly those in
mid-latitude and/or confined basins. This work has
implications for the interpretation of overbank flow
processes from seafloor data, and palaeoenvironmen-
tal reconstructions from ancient, outcropping over-
bank deposits.
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