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ABSTRACT
The continental margin of SE New Zealand is strongly influenced by the Southland Current and associated water masses. This

new seismic stratigraphic study of the margin has revealed a range of depositional mounds and erosional channels that document

the close interaction of turbidity and bottom currents in shaping the margin from the Mid-Eocene onward. Bottom-current influ-

ence was initiated with the onset of the Antarctic Circumpolar Current, following the opening of the Tasmanian Gateway.

Following this event, four stages of evolution are identified: (1) the Mid-Eocene saw the onset of the first mixed depositional

system with a series of levee-drifts adjacent to downslope channels, alongslope-oriented contourite-dominated drifts, and an

alongslope contourite moat; (2) the Early to Late Oligocene saw the continued vertical growth and incision of these mixed depo-

sitional and erosional elements; (3) the Late Oligocene to Mid-Miocene saw a significant change to a more turbidite-dominated

mixed system, with a weakened bottom-current influence; and (4) theMid-Miocene to Recent saw a resumption in bottom-current

activity, and development of a more contourite-dominated system. The changes observed in margin evolution reflect variations in

tectonic activity and source area uplift, variation in continental slope topography, and evolving bottom-current systems.

1 | Introduction

Numerous continental margins, including those offshore
Argentina, Nova Scotia, Brazil, Antarctic Peninsula, Mozambique
and Tanzania, have a well-documented history of mixed deposi-
tional systems formed by the interaction between downslope grav-
ity induced flows and alongslope bottom-current-driven circulation
(Campbell and Mosher 2016; Chen et al. 2020; Fierens et al. 2019;
Rodrigues, Deptuck, et al. 2022; Rodrigues et al. 2021;
Uenzelmann-Neben 2006). These systems develop a broad spec-
trum of morphological features whose evolution is controlled by
various combinations of erosion, deposition, and aggradation
(Hernández-Molina et al. 2022b; Rodrigues, Hernández-Molina,
et al. 2022). These processes shape the overall morphological char-
acter and modify the complex architecture of mixed depositional

systems. The complex nature of their interactions makes it difficult
to identify and characterize the sedimentary features in mixed
depositional systems. However, most mixed depositional systems
seem to comprise two categories of primary and secondary mor-
phological features. The primary morphological features comprise
four depositional elements: downslope elongated mounded drifts
(e.g., Argentina, Nova Scotia, and Antarctic Peninsula), channel-
drifts (e.g., South China Sea and Mozambique), elongated channel
levees (e.g., SE Greenland, Weddell Sea, and SW Brazil) and
reworked submarine fans or depositional lobes (e.g., Gulf of
Mexico and SW Brazil (Fonnesu et al. 2020; Miramontes et al.
2021; Rodrigues, Hernández-Molina, et al. 2022; Rodrigues et al.
2021). The major erosional features consist of submarine channels
and submarine canyons. The secondary morphological features
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include gravitational deposits, channel overbanks, sediment waves,
scours, furrows, gullies, scarps, and terraces.

Much work has been done on the geometries of the main depo-
sitional and erosional features (Rodrigues, Hernández-Molina,
et al. 2022). For example, their internal architectures may be dif-
ferentiated into two main geometries: asymmetric or symmetric.
These geometries are frequently constrained by the lateral migra-
tion of the system. In fact, several authors have observed that
mixed systems may migrate down- or up-current (in relation
to the bottom-current direction), due to spatial and temporal var-
iations in bottom-current strength, gravitational flow frequency,
and many other factors (Fonnesu et al. 2020; Gong et al. 2018).
For instance, the studies done on the mixed systems of
Mozambique, Tanzania, and Antarctic Peninsula reported an
up-current migration (Fonnesu et al. 2020; Fuhrmann et al.
2020; Miramontes et al. 2021; Rebesco et al. 1998; Rebesco
et al. 2002; Sansom 2018; Thiéblemont et al. 2020), whereas
the works focused on the mixed systems of Uruguay,
Argentina, South China Sea, and SE Greenland documented a
down-current migration (Creaser et al. 2017; Gong, Wang,
Zheng, et al. 2016; Gong et al. 2013; Rasmussen et al. 2003).
Although seismic data provide valuable insight into the spatial
and temporal evolution of mixed systems, the complexity and
variability of these systems mean that many features and mor-
phologies remain poorly documented, so clear and universally
applicable diagnostic criteria at the seismic scale are still lacking
(Fuhrmann et al. 2022; Pandolpho et al. 2021; Rodrigues,
Hernández-Molina, et al. 2022), particularly in underexplored
regions like the New Zealand margin.

The New Zealand continental margin provides an important
opportunity to add to the repository of mixed systems, as it will
allow us to better understand the processes involved in the for-
mation and evolution of mixed deposits, further identify and
characterize the spatiotemporal variability observed in mixed
turbidite–contourite systems, and improve our knowledge on
the role of bottom currents in continental margin construction.
Southeast New Zealand uniquely combines a well-imaged mixed
turbidite–contourite record with direct bottom-current influence
(Carter, McCave, et al. 2004), turbidite systems (Carter and
Carter 1996; Deng et al. 2024) and exceptional age control
(Constable et al. 2013), which will allow us to resolve how
changing alongslope currents shape downslope routing pathways
and the seismic scale architecture of the Late Paleogene to
Quaternary.

In this study, our primary aim is to characterize the large-scale
mixed depositional system preserved in the Late Paleogene to
Quaternary record of the southeast New Zealand margin in order
to resolve the interactions between alongslope and downslope
processes and thereby reconstruct paleo-oceanic circulation.
This study also aims to shed light on the onset timing of the
Antarctic Circumpolar Current (ACC). Earlier estimates
proposed that the ACC began between 41 and 37 Ma (Barker
et al. 2007; Nicholson and Stow 2019; Pfuhl and McCave
2005; Scher and Martin 2006). Importantly, the onset of the
ACCmarks the shift to ACC-dominated circulation, which estab-
lished alongslope boundary conditions on the margin, making its
timing essential for interpreting bottom-current strength relative
to turbidity delivery and for decoding the stratigraphic architec-
ture of the mixed system. In doing so, this article delivers the first
holistic seismic and stratigraphic synthesis of the southeast New

Zealand margin’s Late Paleogene to Quaternary mixed turbidite–
contourite system, defining its architecture and process interac-
tions and advancing process-based models for its evolution.

To achieve these aims, we have defined the following objectives:
(i) establish the seismic stratigraphy and chronostratigraphy of
Mid-Eocene to Quaternary deposits; (ii) characterize the mixed
depositional system with respect to its physiographic features, sed-
imentary stacking pattern, and distinct depositional and erosional
features; (iii) constrain the precise timing of ACC onset on themar-
gin; and (iv) interpret the depositional evolution and related palae-
oceanographic changes along the southeast New Zealand Margin.

2 | 2. Geologic and Oceanographic Setting

2.1 | Geologic Context

The Great South Basin (GSB), positioned on the southeastern
margin of New Zealand’s South Island, covers approximately
100,000 km2 in area (Figure 1). Its depth ranges from 100m at
the shelf edge to >2500 m on the lower slope, with sediment fill
reaching up to 8.6 km and spanning from the Mid-Cretaceous to
the Quaternary (Bostock et al. 2019; Carter, Fulthorpe, et al.
2014; Sahoo et al. 2014). Originating along the eastern margin
of Gondwana, the GSB’s formation was driven by continental
extension that marked the structural separation of the
Australian, Antarctic, and Zealandian plates (Eagles et al. 2004;
Mortimer 2004; Mortimer 2020; Strogen et al. 2023).

The basin’s complex basement, formed from back-arc volcanism
and NW–SE-oriented prerift accreted terranes, reflects subduc-
tion processes along Gondwana’s eastern margin that were active
from the Late Paleozoic through the Early Cretaceous (Mortimer
et al. 2017). This basement composition, which includes the
Torlesse Supergroup composed of schists and metasediments,
significantly influenced the structural and depositional evolution
of the basin. The GSB has undergone three principal phases of
geodynamic evolution: a syn-rift phase, multiple stages of postrift
development, and a syn-orogenic phase, each reflecting shifts in
the local stress field and plate motions (Bache et al. 2014; Cook
et al. 1999; Cox and Sutherland 2007).

The syn-rift phase began in the Mid-Cretaceous (~112 Ma) with
the rifting that led to the separation of the Australia, Pacific, and
Antarctica plates, resulting in the formation of isolated rift basins
characterized by SW–NE- and WSW–ENE-oriented en-echelon
half-graben and horst block systems (Mortimer et al.
2017; Sahoo et al. 2020). This rifting continued until the Late
Cretaceous (~83 Ma), eventually forming connected depocenters
filled initially with alluvial, fluvial, lacustrine, and deltaic sedi-
ments, and later by fluvial, estuarine, deltaic, and shallow marine
deposits during a major Santonian drowning event (Sahoo et al.
2022 and refrences therein).

From the Late Cretaceous, the postrift phase involved thermal
subsidence influenced by active basement faults inherited from
the rifting phase. As a result, the GSB was structured into three
domains: the Central sub-basin, the Maitai Trough, and the east-
ern margin, each experiencing variable subsidence rates until the
Early Miocene (~19 Ma). High thermal subsidence in the Central
sub-basin led to sagging facilitated by local rift shoulders and tilt-
ing. Subsidence in the Maitai Trough was comparatively less but
evolved from the Oligocene onward due to slope instabilities
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triggering detachments and sediment deposition shifts
(Constable et al. 2013 and refrences therein). Depositional
sequences during this phase ranged from transgressive sediments
at the end of rifting to lowstand deltas, slope channels, basin floor
fans, and finally widespread calcareous sediments due to sedi-
ment starvation (Cook et al. 1999).

From the Mid-Miocene (~15 Ma) to the present, the syn-orogenic
phase was characterized by selective transpression along inher-
ited syn-rift faults. The uplift associated with movement along
the Alpine Fault led to the development of anticlinal structures
and influenced sedimentation patterns. This phase’s depositional
sequence included calcareous sediments in the central and

eastern parts, with shelf-margin clastic wedges along the western
margin (Cook et al. 1999).

This study focuses on the sedimentary sections from the Middle
Eocene to the Quaternary, including the Laing Formation (cal-
careous shales and argillaceous limestones), the Tucker Cove
Formation (siliceous limestone), the Penrod Formation (argilla-
ceous, cherty limestone), and overlying Neogene to Quaternary
deposits (Figure 2). Collectively, these units encapsulate a range
of pelagic to hemipelagic processes as well as sediment gravity
flows and contourites, spanning environments from the shelf
to the continental slope and reflecting dynamic deposition from
the Eocene to Recent periods.

FIGURE 2 | Stratigraphic chart of the GSB, modified from (Cook et al. 1999). The dashed lines refer to the seismic stratigraphic surfaces interpreted

in this work. Smoothed sea-level curve from (Miller et al. 2020). Mapped seismic surfaces and units are from this study.

FIGURE 1 | (A) Bathymetric map of the GSB, offshore southeast New Zealand, showing the main dataset used for this study, including seismic

profiles and exploration wells. Seismic lines used for figures are highlighted, including line numbers and figure numbers in brackets. Inset figure

(B) shows the present-day oceanographic setting in the region.
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2.2 | Oceanographic Context

The oceanographic dynamics off the southeast South Island of
New Zealand are primarily influenced by the interaction between
the Subtropical Front (STF) and the Southland Current
(SC), alongside upwelling from intermediate-depth waters
(Figure 1). Specifically, the STF and the SC are within approxi-
mately the upper 200m. The SC often energizes the upper few
hundred meters locally to about 500–600m, and the nearby
Subantarctic Front (SAF) occupies shallow to intermediate
depths from the surface down to 1200 m (Chiswell et al.
2021; Stevens et al. 2021). The STF delineates the cooler, fresher
subantarctic waters from the warmer, saline subtropical waters,
creating pronounced temperature and salinity gradients (Sutton
2001). This front supports the northeastward-flowing SC, which
is bathymetrically constrained along the shelf-edge and upper
slope, with a flow rate of 8.3 Sv predominantly composed of
Subantarctic Water (Sutton 2003). The regional oceanography
is also shaped by the submerged Campbell Plateau, which serves
as a topographic barrier influencing water mass distribution and
the hydrodynamic regime across the GSB and adjacent areas
(Hadfield et al. 2007; Sutton 2001; Weaver et al. 1998).
Constrained to deeper waters, the Deep Western Boundary
Current and the ACC flow in a broadly east to northeastward
direction to the south of the study area (Chiswell et al.
2021; Sokolov and Rintoul 2009).

2.3 | Physiography

The principal physiographic domains in the GSB are the conti-
nental shelf, slope, and rise (Figure 1). A large and relatively flat
continental shelf trends N–S from the coastline to 150 m water
depth, with an average slope of 0.8° in the southwestern and cen-
tral sectors and up to 1.7° in the northeastern region. It exhibits a
variable width, wider in the SW area at around 60 km, narrowing
to 30–40 km in the central area and to 20–30 km in the NE area
(Carter et al. 1985; Chiswell et al. 2021).

Several structural highs, such as the Tūātara Volcanic complex,
Tākapu High, Toroa inverted anticline, and Tara High, occur
between 46º and 47ºS latitude. These structural features can
be grouped into two categories. The Late Cretaceous to Early
Eocene geological features align with WNW–ESE structural
domains, reflecting the orientation of the underlying Paleozoic
basement structures inherited from earlier tectonic events
(Phillips and Magee 2020). In contrast, the Oligocene to
Miocene topographic highs are associated with localized dextral
strike-slip movements that exploited NW-oriented zones of
weakness in the surrounding basement rocks (Carter 1988).
These structural highs have created depocenters, which are con-
sidered mini sub-basins (Carter 1988; Cook et al. 1999).

The shelf edge is located at a depth of around 150 m and exhibits
a rugged, arcuate morphology. The continental slope is located
between 150 and 2500m depth below sea level (m SSL). The
upper slope has a gradient of 2°–4°, situated between 150 and
500m SSL with an average width of ca. 8 km. The middle slope,
from 500 to 1000m SSL, is narrow in the northern part of the
region (10–30 km) with a gradient of to 0.8° and broadens into
an extensive very low-gradient (<0.2°) area in the south up to
150 km wide, known as the Southland Terrace. The smooth
lower slope is located between 1000 and ≥2500m water depth.

The slope is cut by a series of downslope channels in the north
and an alongslope-oriented moat in the south.

3 | Data and Methods

3.1 | Dataset

The data used in this study have been obtained from the New
Zealand Petroleum and Minerals (NZMP) authority and from
the National Institute of Water and Atmospheric Research
(NIWA). The seismic reflection data consist of several old surveys
and recently reprocessed data with different vintage quality.
Single and multibeam bathymetric data from NIWA and reports
from wells used (Kawau, Toroa, Tara, Pakahā, and Pūkaki) in the
integration contained check shot information, logs, and forma-
tion tops (Hunt International Petroleum 1977a, 1977b, 1977c,
1978; Placid Oil 1984).

This study used five 2D poststack time-migrated (PSTM) datasets
obtained from the 2016 New Zealand Petroleum Exploration
Data Pack (New Zealand’s Minerals and Petroleum Industry
2016), which are summarized with their acquisition parameters
in Table S1. These datasets are all located in the South Island
covering the entire SE offshore GSB (Figure 1). They were
obtained as exploration surveys and are characterized by moder-
ate vertical and horizontal resolution. The seismic surveys were
processed to zero phase with SEG normal polarity, according to
the European polarity convention.

Hydrographic data comprised high-resolution salinity cross-
sections created in Ocean Data View 4.0 to illustrate the distri-
bution of the main water masses throughout the GSB (Figure S1).
These cross-sections were also used to identify vertical or lateral
changes in the water masses, in particular for salinity and tem-
perature. These were overlain with seismic data, taking into
account the different domains (time vs. depth) to allow visual
comparison of oceanographic and morphosedimentary features
(Schlitzer 2011).

3.2 | Methodology

This study mapped the Mid-Eocene to Holocene succession. The
main discontinuities were constrained by well data and previous
chronostratigraphic studies (see Table S2; Constable and
Crookbain 2011; Cook et al. 1999). Well-to-seismic ties were car-
ried out using checkshot data from the Toroa and Tara wells
(Figure S2), which provided a direct shelf to slope correlation,
and further refined by creating synthetic seismograms. The
key horizons or bounding surfaces identified are: R6 (T50, which
corresponds to ~45 Ma), R5 (T70, ~33.7 Ma), R4 (T80, ~27 Ma),
R3 (T90, ~12 Ma), R2 (T100, ~12 Ma), and R1 (seafloor, 0 Ma).
The “T” notation is their equivalence to those identified in pre-
vious studies (Constable et al. 2013; Strogen 2014) and is used to
mark project specific seismic sequence boundaries whose ages
were constrained by well ties and chronostratigraphic calibra-
tions. They are identified through their geometrical relationships
with the underlying and overlying strata, and characterized
either by the reflection terminations observed at the boundaries
or by the contrasting seismic facies between the adjacent strata
above and below the surface (Embry 2009). The seismic units and
bounding surfaces are shown in the regional line interpretation
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(Figure S2). Seismic time maps were converted to approximate
depth thicknesses following the procedure of Cook et al. (1999)
utilizing the equation where Depth= −21+ 1.48TW+ 1.80648
(TR–TW)+ 0.0008347 (TR–TW)2. Here, TR represents the one-
way travel time (ms) to the reflector and TW is the one-way travel
time (ms) to the seafloor.

Isochronmaps were created to identifymajor depocenters and sed-
imentary routing pathways between the outer shelf/upper slope
and the deep basin. Analysis of the seismic facies (Figure S3),
which changed both laterally and vertically through time, served
as the foundation for the creation of morphosedimentary maps.

4 | Results

The results are presented in two parts: first, the seismic strati-
graphic analysis (Section 4.1) and second, the morphological and
depositional elements observed within those units (Section 4.2).
Brief interpretations are provided as required.

4.1 | Seismic Stratigraphic Analysis

Bounding surfaces R1–R6 are used to define four primary seismic
units (U1–U4) and two subunits (U4A and U4B) (Table S3 and
Figures 3–7). Based on well ties and correlation with previous
studies, the succession ranges fromMid-Eocene to Recent, where
R1 is the seafloor. The subdivision of U4 into U4A and U4B is on
the basis of significant stratal terminations exhibited along differ-
ent portions of the physiographic domains.

4.1.1 | Seismic Unit 1: Mid- to Late Eocene

Seismic Unit 1 (U1) is bounded by seismic horizons R6 and R5
(Figures 3–7 and Table S3). The basal reflection R6 is defined by a
marked change in acoustic facies (Figures 3 and 4). This surface
has been dated as Middle Eocene, at approximately 45 Ma
(Constable et al. 2013), and marks the Early to Middle Eocene
boundary. It has been previously named discontinuity T50
(Constable and Crookbain 2011; Constable et al. 2013). This hori-
zon is characterized by a moderate-amplitude reflection that has
a smooth surface, locally cut on the middle slope by concave-up
depressions, which we interpret as channel-like erosive features.
Several structural highs were already developed by this time
(Figure 3A,B), which can be clearly observed on the isochore
(time thickness) map of R6 (Figures 8 and 9).

The seismic character of U1 varies across the various physio-
graphic domains of the margin (Figures 3–7). Beneath the shelf,
U1 is characterized by moderate-amplitude parallel, continuous
reflections, more rarely chaotic, that thin northwestward and
locally onlap a Miocene structural high, the Tākapu High
(Figure 3A). In the far northwest, about 60 km landward from
the shelf edge (Figure 3A), this unit also shows onlap and toplap
geometries, where reflections terminate against overlying reflec-
tions. At the shelf edge (Figure 3B), its section steepens into
prominent sigmoid reflections, and on the upper slope
(Figure 3B), its reflections dip and diverge with local downlap
and onlap against a broad domal structural high with gentle
flanks. Below the middle slope, U1 is approximately 600–700m
thick. It shows a vertical change in reflection configuration from
low-amplitude parallel to subparallel continuous reflections

upward into variable amplitude discontinuous to chaotic reflec-
tions (Figure 3B). The unit is capped by high-amplitude laterally
extensive reflections that exhibit toplap truncation against the
overlying R5 surface. In places, several reflections are truncated
by the overlying R5 surface and form concave-up geometries
(Figure 4B–D). Downlap terminations occur mostly along the
SE flank, at the base of U1 (e.g., Figure 3B,E).

Many faults have been identified in U1 (Figures 3B and 4B). The
faults do not reach the seafloor, lacking any organized large-scale
fault orientation and are localized within the unit along the mid-
dle slope. This fault system comprises several layer-bound arrays
of closely spaced small normal faults with small offsets in the
seismic reflections (Figures 3B, 4B, and 5B). Below the lower
slope, U1 is characterized by high-amplitude, high-frequency, lat-
erally continuous concordant reflections (Figures 5 and 6). This
unit is approximately 370 m thick on the lower slope.

The isochron map of U1 shows thicknesses up to 350 m below the
middle slope in the northern region and as much as 750m in the
south (Figure 9). Areas with reduced thicknesses appear to follow
downslope channels, and therefore signify sediment erosion or
nondeposition.

4.1.2 | Seismic Unit 2: Early to Late Oligocene

Seismic Unit 2 (U2) is bounded by seismic horizons R5 and R4.
R5 corresponds to a discontinuity at the Eocene–Oligocene
boundary of ~33.7 Ma and has been previously identified as
the T70 discontinuity (Constable and Crookbain 2011) and
labeled as the TE discontinuity in other studies (Sarkar et al.
2019). It is characterized by a high-amplitude reflection (HAR)
and exhibits concordant and discordant relationships with U1
(Figures 4 and 6). Reflection R5 also exhibits incised, erosional
surfaces with HARs along its base (Figure 4B,C).

Moderate-amplitude, parallel to wavy continuous reflections are
the defining feature of U2 (Figures 4–7). Internally, this unit con-
sists of vertically stacked alternating sequences of moderate- to
low-amplitude seismic facies. U2 has been partially eroded and is
completely absent in the WNW (Figures 3 and 9). Along the con-
tinental shelf, U2 is characterized by thin, laterally continuous,
parallel to divergent reflections, commonly disrupted by evenly
spaced normal faults. This unit onlaps the underlying disconti-
nuity R5. Across the upper slope U2 is particularly thin, consist-
ing of moderate-amplitude, continuous, parallel and divergent
reflections, whereas across the middle slope, the thickness is
highly variable. This unit exhibits its greatest thickness ≥ 350m
across depressions along the underlying surface, which were
filled during its deposition (Figure 9). Within these depressions,
U2 is characterized by stacks of low-amplitude, discontinuous,
subparallel to parallel and divergent aggrading reflections, which
infill a concave-upward basal boundary R5 (Figure 4).

The isochron map of U2 (Figure 9) shows thinner sediment
across the southwest and northwest areas of the shelf. The main
depocenters, up to 350 m in the middle slope, are located in areas
(Figure 9) that were previously eroded and subsequently infilled
during the development of U2.

4.1.3 | Seismic Unit 3: Late Oligocene to Mid-Miocene

The Late Oligocene to Mid-Miocene succession (~27–12 Ma),
deposited between the R4 discontinuity at the base and the R3
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discontinuity at the top, is defined by seismic Unit 3 (U3). The
underlying discontinuity R4 has been dated as Late Oligocene
(~27 Ma) and labeled as T80 in previous studies (Constable
and Crookbain 2011). Its acoustic character is highly variable.
It is primarily distinguished by parallel reflections of moderate
amplitude, though HARs are occasionally seen (Figures 4B,C

and 5B). The reflections against the R4 discontinuity downlap
or onlap and range in amplitude from moderate to high across
the shelf (Figure 3A).

Subhorizontal, parallel, continuous, moderate to high-
amplitude reflections are the hallmark of U3 (Figures 4–7).
It exhibits both concordant and discordant relationships

FIGURE 3 | Interpreted seismic lines extending from the shelf, across the continental slope and into deep water. Seismic line locations are shown in

Figure 1. (A) Shelf profile showing thinning to the NW and onlap onto a Miocene structural feature, the Takapu High. (B) Seismic profile intersecting two

deep exploration wells, from the shelf to deepwater. Note the steep shelf margin with prominent clinoforms, inboard of a prominent contourite terrace.

(C) Seismic profile and line sketch of the contourite terrace, with the U3 sequence exposed at the seabed. (D) MTC located between the slope break and

contourite terrace, indicating repeatedmass failure of the upper slope, possibly due to the combination of high sedimentation rates and bottom-current erosion.
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with its bounding discontinuities. Local toplap and downlap
truncations are identified in certain sectors across the
margin. Across the upper slope, U3 presents variable thick-
ness, mainly due to incision of the R2 and R1 surfaces
against the underlying discontinuity R3. Its thickness tends
to increase basinward, and it thins toward the middle slope
(Figure 6).

The isochron map of U3 reveals that the shelf area in the west is
particularly thin or absent (Figure 9). Toward the upper and mid-
dle slope, the sediment thickness is up to 50 m on average,
whereas local depressions and lens-shaped reflection packages
(Figures 4B,C and 5B) contain moderate sediment thicknesses
up to 100m. U3 thickens to the northeast and southeast below
the lower slope, locally reaching ~450–500m (Figure 9).

FIGURE 4 | Seismic profiles across the middle slope (water depth ~750–1400 m) displaying the erosional and depositional features of the mixed

depositional system, primary seismic units (U1–U4), discontinuities (R6 to R1) and the system’s ultimate burial in the Oligocene. Line locations are

shown in Figure 1.
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4.1.4 | Seismic Unit 4: Mid-Miocene to Recent

Seismic Unit 4 (U4) encompasses the Mid-Miocene to Recent suc-
cession (~12−0 Ma), deposited between the R3 basal horizon and
the seafloor (Figures 3–7). Horizon R2 subdivides U4 into two sub-
units (namely, U4A and U4B) (Figure 4E). The R2 discontinuity is
characterized by high-amplitude, concave-upward reflections
across several parts of the study area (Figures 4E and 6).

The reflection character of U4 is highly variable and difficult to
generalize. Across the shelf (~0–150 m), U4 consists of oblique
and sigmoid progradational, low- to high-amplitude reflections
(Figure 3A,B). Its foresets comprise steeply dipping reflections that
transition toward the bottomset and downlap against the under-
lying R3 discontinuity (at the toe of the upper slope), while the
topset truncates against the top R5 discontinuity or becomes con-
formable across the more proximal parts of the shelf (Figure 3A,B).

Along the upper slope (150–500 m), U4 is subdivided into
subunit 4A below and subunit 4B above (Figure 6). Subunit
4A consists of low- to moderate-amplitude, chaotic reflections
truncating at the flanks of mounds with HAR tops (Figure 6),
whereas subunit 4B consists of moderate-amplitude, divergent
to oblique reflections truncating against the flanks of the
mounds (Figure 6). Along the middle slope (~500–1000 m),
sub-unit 4A is dominated by moderate-amplitude, parallel
reflections that transition upward into high-amplitude, drape-
like reflections infilling and truncating against the sides of sev-
eral depressions (Figure 4C,E), whereas subunit 4B consists of
moderate-amplitude, parallel reflections (Figure 4C,E). On the
lower slope (1000–≥2500 m), U4 shows an alternation of mod-
erate to high-amplitude, parallel reflections, commonly trun-
cated by concave-up depressions at the present-day seafloor
(R1) (Figures 4–6).

FIGURE 5 | Interpreted seismic lines across the middle continental slope in the northern part of the basin, displaying the erosional and depositional

features of the mixed depositional system in U1–U4. The sections also show deeply canyon systems incising the U4 and U3 seismic units. See Figure 1 for

line locations.

FIGURE 6 | Interpreted seismic lines across the entire shelf to deep basin in the central part of the basin, displaying a range of erosional and

depositional features. See Figure 1 for line locations.

8 of 27 New Zealand Journal of Geology and Geophysics, 2026

 11758791, 2026, 1, D
ow

nloaded from
 https://rsnz.onlinelibrary.w

iley.com
/doi/10.1002/jgo2.70024 by H

eriot-W
att U

niversity, W
iley O

nline L
ibrary on [19/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The isochron map of U4 reveals depocenters around 500–700m
thick in the southern and central (lower slope) sectors (Figure 9),
with some indication of an orientation parallel to the bathymetric
contours. Along the outer shelf and shelf edge, its thickness
reaches ~900 m, while it reduces to ~200 m or less on the upper
to middle slope (Figure 9).

4.2 | Morphological Elements: Paleogene

4.2.1 | Nondepositional Elements

A series of concave-up depressions bounded by basal HARs are
the primary features occurring within seismic Units 1, 2, and 3
(Figures 4–7). Seismic sections (Figures 4 and 7) show they also
contain internal packages of chaotic, discontinuous, or divergent
prograding reflections that infill the depressions, with local onlap
against their walls (Figure S3G,H). These depressions also display
HARs at their base that extend laterally into the adjacent depo-
sitional mounds (Figure S3C).

These features are interpreted as NW–SE downslope-oriented
channels developed along the continental margin, crossing
from the upper (150–500 m) to the lower continental slope
(1000–≥2500m) (Figures 4, 5, and 7). On average, the channels are
25–60 km long, 3–20 km wide, and <300 m deep (Figures 4–9).

They emanate from the upper slope as low sinuous channels
(~1.05), increasing to ~1.2 across the middle slope (500–1000
m) where several distributaries are observed (Figures 8 and 9).
They evolve downslope from relatively narrow V-shaped channels
(with aspect ratios of ~1.5–1.8; Figure 4B,C) to broader U-shaped
channels (with aspect ratios ~2.1–2.4; Figures 4D and 7), becoming
progressively wider and shallower along the lower continental
slope (Figures 8 and 9).

In map view (Figures 8 and 9), some channel margins show lat-
eral offsets of ~2–5 km, expressed as overlapping or stepped ter-
races, particularly across the middle to lower slope. These offsets
indicate episodes of lateral migration, mainly toward the south-
west although in places individual channel complexes are pref-
erentially offset to the northeast, where they are locally
associated with vertical aggradational stacking (Figure 4B,C).
These observations demonstrate that the channels are not purely
erosional in origin, but instead record mixed erosional and depo-
sitional processes.

4.2.2 | Depositional Elements

Eleven prominent elongated mounded sediment bodies are evi-
dent within units U1 and U2, mostly along the middle continen-
tal slope (500–1000 m) (Figures 4–7). Table 1 summarizes the

FIGURE 7 | Interpreted seismic lines along the middle continental slope, displaying the primary seismic units (U1–U4), morphological features of

the mixed depositional system represented by mounds, channels, and channel-fill deposits. See Figure 1 for line locations.

New Zealand Journal of Geology and Geophysics, 2026 9 of 27
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morphological relationship of these mounded sediment bodies.
These mounded features, here designated Mounds A–K, display
thicknesses of 350–700m, widths averaging between 8 and 24 km
and lengths of 18–80 km. They are oriented downslope perpen-
dicular to the SW–NE trending continental margin (Figures 8, 9).

Mounds A, F, G, H, I, and J are asymmetric in cross section, dis-
tinguished by a smooth, gently dipping north-eastern flank with
average slopes of 0.1°–0.8°, and a steeply dipping southwest flank
with average slopes of 1°–2°. The crest is closer to the steeper,
southwestern flank. Internally, they comprise low- to high-
amplitude reflections that alternate in a sub-parallel pattern
(Figures 4–7). These mounds are aggradational, exhibiting a sub-
tle migration of crests in a northeastward direction (Figure 4B,C).

Mound K is a larger asymmetric body located toward the SW sector
of the middle slope. It covers an area around 4200 km2, approxi-
mately 130 km long, 75 km wide, and 750m thick (Figure 4E).
It has an elongated asymmetric mounded geometry, oriented par-
allel to the slope, with a gentle smooth side in the southwest

direction (0.1°–0.8°) and a steep side in the northeast direction
(1°–2°). Mound K is associated with a subsidiary drift approxi-
mately 40 km long, 15 kmwide, and about 500m thick (Figure 4E).

Mounds B, C, D, and E are more symmetric in shape, some hav-
ing double crests that are only slightly elevated (Figure 4B,C).
These show migration in a northward direction or oblique to
the margin.

There is another broad and slightly mounded body within U2
that is plastered onto and across the lower to middle slope in the
southern part of the study area (Figure 5B). This is distinguished
by an asymmetrical morphology, smooth flat top, a gently sloping
depositional flank to the southeast, and steeper flank to the
northwest. It has an average thickness of around 350m, length
over 50 km, and widths up to 25 km. Internally, it has parallel,
continuous seismic reflections with moderate to high amplitudes
and an overall aggradational pattern (Figure S3E). On its seaward
side there are smaller sediment mounds that appear to diverge
from the main body.

FIGURE 8 | Depth maps of seismic horizons R6-R3, showing the size and scale of buried mounds and channels/moats in the GSB between the

Middle Eocene and Middle Miocene.
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Seismic profiles show packages of stacked asymmetric wavefields,
comprising low- to high-amplitude, aggradational reflections evi-
dent within U2 and U3 (e.g., Figures 6 and S3F). This reflection

pattern is characterized by a short and thick upslope flank and a
thin, longer downslope flank. Wave heights are on average <15 m
high and 1–2 km long, and the wave fields consist of 6–8 rows of

FIGURE 9 | Isochron maps of seismic units U1–U4. Large mounds formed in the Eocene–Oligocene (U1, U2) before being largely buried in the Late

Oligocene (U3). A new CDS formed since the Middle Miocene (U4) in association with the development of the Otago Canyon system.

TABLE 1 | Summary of the morphometric character of the mounds.

Mound Area, km2 Maximum width Length Maximum height, m Morphology Orientation to margin

A 1773 24 80 300 Asymmetric Oblique

B 137 8 19 277 Asymmetric Oblique

C 296 7.95 43 225 Symmetric Oblique

D 499.7 16 34 255 Symmetric Oblique

E 370 17.5 27.7 292.5 Symmetric Oblique

F 272 14.9 24.5 292.5 Asymmetric Parallel

G 517 15.1 52 232.5 Asymmetric Parallel

H 333 16.4 29.6 198 Asymmetric Parallel

I 151 13 17.8 177.75 Asymmetric Parallel

J 920.8 24 62 300 Asymmetric Oblique

K 4200 75 130 500 Asymmetric Parallel

New Zealand Journal of Geology and Geophysics, 2026 11 of 27
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waves (Figure S3F). These features, interpreted as sediment waves,
occur within the elongated mounds and appear to be oriented obli-
que to the downslope elongation of the mounds.

4.3 | Morphological Elements: Neogene to Recent

4.3.1 | Nondepositional Elements

Four main channel complexes cut across the continental slope in
the eastern sector of the GSB (Figure 10). These are designated as
submarine canyons in the literature (Mitchell 2012), so we
continue to use this terminology. From west to east, they include
the South Molyneux Canyon (SMC), North Molyneux Canyon
(NMC), South Brodie Canyon (SBC), and North Brodie
Canyon (NBC). Each canyon possesses a head region character-
ized by a narrow, elongated headward scarp displaying fused
scars, from which the canyon initiates as a V-shaped feature with
several tributaries that emanate from the upper slope (Figure 11).
Notably, the heads of the SMC and NBC extend across the shelf
edge, whereas the NMC and SBC remain confined to the slope
(Figure 11).

Across the upper slope, these canyons exhibit gradients of 7°–14°
(Figure 11). The gradient decreases rapidly into the middle
(3°–5°) and lower slope (1°–2°) regions (Table 2), where the chan-
nels ultimately merge as tributaries to the Bounty Channel
(Figure 10B). Their lengths vary between 67 and 78 km, and their
depths range from 150 to 380 m. They are typically 1–3 km across

but widen to as much as 10 km where they merge into the sub-
marine Bounty Channel (Figure 10B). Overall, the canyons dis-
play straight (1.02–1.04) to moderately sinuous (1.08–1.19)
pathways throughout their course. A summary of their morpho-
metric characteristics is provided in Table 2.

The present-day submarine canyons have discontinuous HARs
along their axes (Figure 11). Within the slope succession of
U4 (and in between channels), there are channels at the surface,
buried channels, channel terraces, and scars along canyon walls
(Figure 11). The infill of the buried channels is characterized by
chaotic to discontinuous high- to low-amplitude seismic reflec-
tions (Figure 11A,B). These buried channels are interpreted as
paleo-channels, while the inactive surface channels are regarded
as abandoned (Figure 11B). Drape-like facies filling them suggest
episodic infill. Terraces are identified as step-like, flat structures
with low- to moderate-amplitude reflections (Figure 11A), while
scars disrupt reflection continuity and occur adjacent to faults in
canyon walls (Figure 11D). Terraces are interpreted as channel-
margin features linked to canyon development, and the canyon
wall scars are consistent with slope failure associated with fault-
ing. In most cases, the canyons appear to have consistently
migrated southwestward over time (Figures 4 and 5).

4.3.2 | Depositional Elements

Wedge-shaped reflection packages, thinning progressively away
from the channel axis (Figure 11), are prominent morphological

FIGURE 10 | 3D shaded relief of the study area revealing: (A) contourite terrace, MTC and an alongslope moat in the southwest sector; and (B) the

four main canyons, channel-lobe sector, and possible slumps in the northeast. (C) zoomed-in image of the bathymetric map in B revealing the distribu-

tive channel-lobe system at the southern end of the SBC canyon. (D,E) a schematic interpretation of C identifying the main channels (CH1 and CH2) and

their various distributaries (TCH1−5) and the main lobes (GFCL1 and GFCL2) and their various depositional lobes (LB1−4).
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elements flanking the submarine canyons and forming on both
sides of the channels but with a marked asymmetry in relief, and
varied reflection character. In some areas, moderate-amplitude,
parallel to subparallel reflections onlap against the canyon walls,
while in other locations, discontinuous reflections become offset
by faulting (Figure 11B). Furthermore, mounded seismic geom-
etries with concave, moderate-amplitude divergent reflections
and zones of chaotic to transparent reflections are also observed
(Figure 11B).

These packages are interpreted as channel levees, typically
~20 km wide and ~100 m thick (Figures 10B and 11). The eastern
levees typically exhibit greater elevation (~40–60 m) than the
western levees (Figure 11B). Levee crests display two distinct

forms: smooth, constructional crests or degraded, rugose crests.
The crests are commonly tapered, with pointed edges that slope
outward over several kilometers from the channel axis
(Figure 11B).

Asymmetric wavy reflections, ranging in height from 10 to
30 m and in wavelength from 1 to 3 km, are common on the
overbank areas of the levees (Figure 11C,D). These reflections
form well-developed packages on the eastern levees, creating
trains of undulations that exhibit a downslope decrease in
both wavelength and wave height. Their seismic reflections
are characterized by undulating, moderately to highly
continuous reflections with moderate to high amplitude
(Figure 11C,D).

FIGURE 11 | Seismic profiles across submarine canyons in the northern GSB: (A) seismic line SW to NE across the canyons revealing the various

tributaries; (B) seismic line SW to NE across the canyons revealing key reflection patterns in the channel axis and interchannel areas, and prominent

features such as terraces, failed scars and channel migration; and (C,D) seismic features of the NMC and SMC, showing sediment waves developed at

their eastern flank.

New Zealand Journal of Geology and Geophysics, 2026 13 of 27
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These features are interpreted as sediment waves, exhibiting
upslope migration marked by an increasing asymmetry and
aggradational patterns higher in the stratigraphic section, near
the channel axis (Figure 11C,D). The thickness of sediment wave
packets gradually decreases toward the downslope flank, several
kilometers away from the channel axis.

Lobe-like features, designated GFCL1 and GFCL2, are situated
between two principal channel networks (CH1 and CH2) on
the middle slope (500–1500 m) (Figure 10C–E). Bathymetric data
indicate that GFCL1 and GFCL2 each comprise multiple stacked
lobes and numerous channel-like features (Figure 10D,E).
Specifically, GFCL1 consists of a single lobe (LB1), whereas
GFCL2 encompasses three lobes (LB2, LB3, and LB4). These
lobes extend 15–16 km in length and measure 8–11 km in width
and are separated by five channel features (TCH1–TCH5). CH1
and CH2 measure approximately 45–55 km in length, 10–40 m in
depth, and 1–3 km in width (Figure 10C).

GFCL1 and GFCL2 are interpreted as extensive channel–
lobe systems. The stacked lobes are considered depositional
in origin, and the channel-like features are interpreted as
distributary channels in planform. The principal channels
(CH1 and CH2) likely represent an older, abandoned
course of the South Molyneux Canyon and appear to have
originated from a single-entry point on the middle slope
(Figure 10B–E).

A large chaotic feature is identified within the stratigraphically
younger unit of SU4 (Figure 3D), along the upper slope (500–750m;
Figures 10D and 12D), and subdivided into two main bodies,
MTD-A and MTD-B. MTD-A is characterized by high-amplitude,
chaotic, and discontinuous reflections (Figure 3D). It is bounded
at the top by the R1 reflection surface and at its base by a poten-
tial erosional surface defined as R2 (Figure 3D). A potential
scour, identified by a steeply inclined erosional surface, separates
MTD-A from the underlying MTD-B. The thickness of MTD-A
varies from about 120m where the scour is identified and thins
toward the NE (Figure 3D).

MTD-B is characterized by chaotic HARs, commonly disrupted
by faults, while away from these faulted zones the reflections
tend to be discontinuous with low to moderate amplitudes
(Figure 3D). It lies beneath MTD-B and is bounded at the top

by the R2 reflection and at the base by an irregular surface
(reflection R3; Figure 3D).

These two bodies are herein interpreted as a mass transport com-
plex (MTC). The localized areas of disruption within MTD-B are
interpreted as syndepositional thrusts.

4.3.3 | Composite Elements

A broad, relatively flat feature occurs in SU4 (Figures 3B,C
and 6) along the middle slope of the southern region, at a
depth of 550–900 m SSL (Figure 10D). Its seismic reflection
character varies across the slope (Figure 3B,C). Toward the
southwest, it comprises aggradational, parallel, moderate-
amplitude reflections, which are mostly conformable along
the southeast and downlap against older surfaces in the
west. Locally, on the toe of the upper slope (Figure 3B,C),
chaotic and transparent seismic reflections appear to interfere
with its conformable reflections. Here, this feature exhibits a
convex, slightly folded and deformed seismic facies. Toward
the east, its reflections are truncated by undulating concave-
up like reflections or onlap and form pinch-out wedges
(Figure 3B,C).

These variations in reflection character suggest that this feature
shows aspects of both erosion and deposition. This feature is
thus interpreted as a gently sloping terrace, with a mean gradi-
ent of 0.2°–0.8°, which increases gradually toward the north
(Figure 3B,C). Its proximal and distal boundaries are limited
by the upper and lower slope scarps, which are characterized
by steeper gradients. The terrace widens toward the west and
south, where it reaches ~85 km in width, and narrows further
northward to around ~30 km upslope of the northeast Canyon.
It is partly covered by a large MTC and clusters of conical domes
(Figure 6).

Seaward of the terrace on the lower slope, there is an alongslope
channel or moat, with a gradient ranging from 2.25° to 2.46°, at
water depths of 1000–1250m (Figures 3B and 6). It has an asym-
metric cross section, extending for an average length of ~250 km,
with a width of 5–7 km and a depth of 40–60 m, displaying a
slightly sinuous morphology. The moat is closely associated with
a broad sheeted drift (Figures 3B and 6), reflecting the interplay
of erosional and depositional processes.

TABLE 2 | Main morphometric characteristics of canyon in the GSB.

Submarine canyon
South Molyneux

Canyon
North Molyneux

Canyon
South Brodie

Canyon
North Brodie

Canyon

Total length, km 78.3 73 67.5 69

Canyon indenting style Shelf indenting Slope confined Slope confined Shelf indenting

No. of tributaries 3 2 2 3

Min–max water depth, m 124–1252 242–1252 202–1392 166–1392

Max incision, m 200 380 220 250

Max width, km ~9 ~8 ~7 ~7

Upper slope gradient, ° 14 11.2 8 8.8

Middle slope gradient, ° 3°–5° 3°–5° 3°–5° 3°–5°

Lower slope gradient, ° 1°–2° 1°–2° 1°–2° 1°–2°

Average sinuosity 1.15 1.13 1.12 1.15
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5 | Discussion

5.1 | Characteristics of the Paleogene Mixed
System

Our observations above indicate that the New Zealand continental
slope of the South Island in the GSB has been influenced by both
alongslope bottom currents and downslope turbidity currents since
Middle Eocene times. We identify many characteristics of the

depositional system and its morphological elements that are
considered diagnostic of mixed systems elsewhere in the world
(Fonnesu et al. 2020; Miramontes et al. 2021; Rodrigues,
Hernández-Molina, et al. 2022; Rodrigues et al. 2021). There are
five essential characteristics: (1) external morphology, (2) orienta-
tion, (3) lateral migration, (4) seismic facies, and (5) stacking pat-
terns (Hernández-Molina et al. 2022a). We explore each of these in
turn with reference to New Zealand’s Paleogene record.

FIGURE 12 | Morpho-sedimentary maps illustrating the various erosional and depositional features that were formed along the GSB since the

Middle Eocene.
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 11758791, 2026, 1, D
ow

nloaded from
 https://rsnz.onlinelibrary.w

iley.com
/doi/10.1002/jgo2.70024 by H

eriot-W
att U

niversity, W
iley O

nline L
ibrary on [19/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5.1.1 | External Morphology

The Paleogene system has several drifts that are distinctly
contouritic in external morphology—a large elongate mounded
drift (Figure 4) and a smooth plastered drift with subsidiary
mounded drifts (Figure 5B). Others, with downslope and oblique-
slope orientations, are smaller mounded bodies that possess an
almond-shaped profile, which resembles the lateral accretion
pattern of contourite drifts. This is distinct from normal turbidite
levees that typically display a gull-wing-shaped or cuspate profile.
Both the asymmetric and symmetric types (Figure 4B,C), with
one or more crests, have most likely been modified in shape
by the action of alongslope currents and are therefore considered
levee-drifts.

5.1.2 | Orientation

The drifts identified in this study exhibit a range of orientations:
perpendicular, oblique, and parallel to the margin (Figure 12).
The variation in drift orientation across different parts of the
basin reflects the dominant depositional processes at play. In
areas where drifts align parallel to the margin (Figure 12), bottom
currents are likely the primary shaping force. In contrast, perpen-
dicular or oblique (Figure 12) alignments indicate significant
contributions from turbidity currents, which can override or
modify the influence of bottom currents. In the southwest sector,
drifts are aligned parallel to the trend of the margin, indicative of
a dominant bottom-current influence. In the central sector,
levee-drifts are aligned either perpendicular or oblique to the
margin, indicative of a downslope and/or mixed influence. In
the northeast sector, the levee-drift orientation is influenced
by turbidity currents, bottom currents, and an underlying
fault-controlled geomorphology. As a result, the drifts in this area
align parallel to the margin, similar to the southwest, but for dif-
ferent underlying reasons.

5.1.3 | Lateral Migration

Most mixed depositional systems display a clear pattern of
unilateral migration with respect to the bottom-current flow,
which may be either up-current or down-current (Rodrigues,
Hernández-Molina, et al. 2022). This directed migration is a nota-
ble feature that reflects the prevailing bottom-current flow and
associated sediment supply. In up-current migration, sediments
transport counter to the dominant current direction, which may
result from high downslope sediment supply that surpasses the
sediment transport in the bottom current, or as a result of local-
ized bottom-current reversals. Conversely, down-current migra-
tion suggests a dominance of sediment transport within the
bottom current, and lesser downslope influence.

The mixed levee-drifts identified in this study reveal migration in
an up-current direction (Figures 13 and S3). The bottom
current flows toward the northeast at right angles to the south-
east trending direction of the turbidity current channels, and the
principal sedimentation occurs on the SW flank of the levee
into the channel. The implication is that downslope sediment
supply was abundant and diverted onto the channel margin
by alongslope bottom currents. Similar scenarios have been
identified along a number of continental margins (Fonnesu
et al. 2020; Fuhrmann et al. 2020; Miramontes et al. 2021;
Rebesco et al. 1998; Rebesco et al. 2002; Sansom 2018;
Thiéblemont et al. 2020).

5.1.4 | Seismic Facies

Within-channel seismic facies are chaotic to high-amplitude
short reflections at the base, overlain by layered to transparent
channel-fill reflections (Figures 13 and S3). The basal reflections
show a progressive lateral shift from high to low amplitude from
the central axis to off-axis, indicative of lateral shift of facies from
coarser-grained axial to finer-grained off-axial. Similar character
of gradual amplitude dimming is well documented in the
Mozambican (Fonnesu et al. 2020) and Nova Scotian mixed sys-
tems (Rodrigues, Deptuck, et al. 2022).

The levee-drifts seismic facies is one of low- to moderate-
amplitude, well-layered reflections that pass laterally into sig-
moid clinoform reflections (Figures 13 and S3). They are
subparallel across the levee-drift and show a sigmoid prograda-
tional encroachment from the levee-drift crest into the channel
axis—from NE toward the SW.

5.1.5 | Stacking Pattern

The seismic facies noted above show a very consistent stacking
pattern. The levee-drift seismic reflections consistently migrate
southwestward into and over the adjacent channel along the
entire observable length. The basal channel facies also migrates
to the southwest. Both are aggradational in their stacking pattern
resulting in lateral accretion on the left-hand side of the channel
and aggradational migration of the channel toward its right-hand
side (Figures 13 and S3).

Most turbidity current channel systems show a more variable
stacking pattern due to frequent alterations of the channel axis
resulting from recurring lateral shifts (Fonnesu et al. 2020).
These shifts are commonly linked to sinuous channel-levee sys-
tems and/or to within-channel deposition and obstruction. The
consistent lateral stacking pattern observed in the New Zealand
channels and channel levee-drifts (Figure 13) is interpreted as
evidence for the influence of sediment deflection due to strong
bottom current action in an across channel direction. In these
southern hemisphere channels, the sense of deflection is
enhanced by the Coriolis Effect.

A similar depositional pattern was documented in the northern
South China Sea margin. Gong, Wang, Steel, et al. 2016 attributed
the deposition of accreting clinoforms along one side of the
channel to be controlled by bottom-current-induced helicoidal
flow circulation, which induces the deep-water channel to
migrate and stack in one direction. In this case, erosion occurs
on the left side while deposition develops on the right side,
typical of the northern hemisphere. This case also emphasizes
the significance of the Coriolis Effect as well as bottom-current
deflection.

The collected evidence (Figure 13) noted above serves as diagnos-
tic indicators for simultaneous interactions between turbidity
currents and bottom currents. A northeast-flowing bottom cur-
rent linked with intermediate water masses is inferred here to
be responsible for the observed interactions. This current has
flowed alongslope at least since the Middle Eocene. The flow
interaction resulted in significant flow-stripping, where the
higher, more turbulent section of the turbidity current (i.e., the
portion laden with suspended fine-grained sediments) is diverted
by the alongslope bottom current. As a consequence, this fine-
grained suspension cloud is transported northeastward away
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from the downslope turbidity current, and plastered against the
aggrading levee-drift. As a result, this mechanism produces
asymmetrical levee-drift mounds (Figures 13 and S3), rather than
the typical bilateral levees that grow symmetrically on both sides
of a channel due to lateral overspill from turbidity currents.

Moreover, the interplay between down-slope turbidity currents
and alongslope bottom currents has greatly affected sediment
deposition patterns and channel migration in our study area.
This dynamic interaction explains the consistent and one-
directional offset stacking observed in both large- and
medium-scale sedimentary sequences. In this situation, the chan-
nel system shows a lateral migration toward the south, moving
opposite to the prevailing bottom current. This southward shift is
aided by the sideways buildup of fine-grained sediments within
drift mounds, located on one side of the channel. As these fine
sediments accumulate, they effectively confine the paths of sub-
sequent turbidity flows, acting as natural barriers. The presence
of these aggrading sediment deposits forces the channel axis to
shift sideways. This lateral deflection causes the channel system
to systematically migrate southwestward.

The GSB mixed system compares closely with other well-
documented global examples, where channels and mounded
drifts interact to shape margin architecture. Like the Cretaceous
record of Argentina (Rodrigues et al. 2021) and the Upper
Cretaceous to Paleogene system of Tanzania (Fuhrmann et al.
2020; Sansom 2018), the GSB exhibits large asymmetric drifts
flanking erosional channels (channels that are erosional and
depositional in configuration). Its oblique drift orientations

(Figure 12) and southwest-directed channel migration (Figure 13)
parallel features of the Eocene to Oligocene system of Mozambique
(Chen et al. 2020; Fonnesu et al. 2020) and the Miocene to Recent
succession of SE Greenland (Rasmussen et al. 2003), while its scale
and stacking patterns are comparable to modern mixed systems in
Borneo (Nugraha and Maulin 2025). Together, these similarities
highlight that the GSB fits within the spectrum of globally recog-
nized mixed turbidite to contourite systems, while its consistent
oblique stacking and alongslope to downslope coupling mark it
as regionally distinctive.

The lateral migration and stacking patterns observed in the GSB
are consistent with trends described in other mixed systems glob-
ally. Channel-levee complexes (Figure 13) in the GSB show con-
sistent migration to the southwest with some localized
aggradation. This pattern is similar to laterally migrating chan-
nels with hybrid levees in the Pearl River Mouth Basin, South
China Sea (Gong et al. 2013), the Congo channels (Gong,
Wang, Steel, et al. 2016), and canyons in SE Australia
(Harishidayat et al. 2024). Similarly, their oblique drift migration
configuration is similar to patterns in the Mozambique Channel
(Fonnesu et al. 2020; Miramontes et al. 2021) while differing from
systems with little or variable migration such as Nova Scotia
(Deptuck and Kendell 2020; Rodrigues, Deptuck, et al. 2022)
and NE Brazil (Alves et al. 2023). A similar oblique margin drift
migration pattern can also be drawn from the adjacent
Canterbury Basin (Lu et al. 2003), further reinforcing that the
GSB exhibits both globally typical features and regionally distinc-
tive stacking patterns.

FIGURE 13 | Seismic stratigraphic interpretation of the Eocene–Oligocene record of the SE New Zealand margin at three different scales: large,

medium, and small scale.
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5.2 | Characteristics of the Neogene–Recent
Mixed System

The continental slope of the GSB continued to be influenced by
both alongslope and downslope processes throughout the
Neogene and Quaternary periods. However, the effects of these
processes appear to be more distinctly separated than during
development of the Paleogene mixed system—alongslope
processes dominate in the southwest and central sectors, and
downslope processes in the northeast sector. The principal mor-
phological elements and their origin are discussed below.

5.2.1 | Southland Contourite Terrace

The development of contourite terraces has been attributed to
various mechanisms, including geostrophic bottom currents,
eddies, and internal waves generated at water mass interfaces
(Preu et al. 2013; Wilckens et al. 2021; Yin et al. 2019). The con-
tourite terrace in the GSB, herein called the Southland Terrace, is
a prominent mixed erosional and depositional feature, situated
on the middle slope at water depths of 600–800 m (Figure 14).
Hydrographic analysis (Figures 5 and 14) reveals that the terrace
lies along the pathway of the SC and near the interface between
Subantarctic Water and Antarctic Intermediate Water. Such
water mass interfaces are characterized by steep vertical density
gradients due to marked temperature and salinity contrasts.
These zones are associated with a high degree of turbulence,
which plays a significant role in erosion and sedimentation pat-
terns on the terrace. These processes are further strengthened by
the SC, which extends down to the terrace floor. Driven by wind
stresses and steep vertical sea surface temperature gradients, this

current generates high velocities, creating a dynamic and ener-
getic environment in the uppermost 500–600 m of the water
column. Evidence of the dynamic environment is reflected in
the sedimentary characteristics on the proximal part of the
Southland Terrace, where toplap terminations on seismic reflec-
tions point to erosional processes while downlap termination on
the distal section suggest deposition (Figure 3C). Supporting this
interpretation, seismic oceanographic sections across the terrace
reveal distinct lens-shaped, bowl-like reflective features. Gorman
et al. (2018) identified these features as sub-mesoscale eddies
formed by the upwelling of cold, dense Subantarctic Mode
Water, creating abrupt density contrasts with the overlying water
mass and enhancing turbulence in the region. The Subantarctic
Mode Water is a circumpolar feature of the Subantarctic Zone,
forming through deep winter mixing over the Campbell Plateau
(Chiswell et al. 2021 and references therein).

5.2.2 | Southland Contourite Moat

Moats are erosional features commonly associated with
mounded drifts, typically forming in areas with high slope relief
or near topographic barriers that guide and intensify bottom cur-
rents (Hernández-Molina et al. 2008; Miramontes et al. 2021).
These features often occur at water mass interfaces, where
deflected currents become stronger and more turbulent, trigger-
ing secondary processes such as helicoidal flows (Hernández-
Molina et al. 2006).

In the GSB, the contourite moat, herein called the Southland
Contourite Moat, is a prominent erosional feature located on
the lower slope at depths of 1000–1250 m (Figure 14). It aligns

FIGURE 14 | (A) Seismic-hydrological transect, based on salinity-depth measurements taken across the slope of the GSB, and the corresponding

morphosedimentary sectors developed on this margin. Salinity data from Ocean Data View (ODV) (Schlitzer 2020). Location of seismic lines shown in

Figure 1. (B) Processed migrated section of OMV8-42 (Gorman et al. 2018) overlain with seismic time section of the same survey to reveal oceanographic

features. The sections have been divided into water mass regions based on reflectivity and interpretation of area where the various morphological

features occur. The continuous high-amplitude reflection seen at the surface in line OMV-08-42 has been identified as a surface layer (SL). STW, sub-

tropical water; SAW, sub-Antarctic water; SAMW, sub-Antarctic mode water; AAIW, Antarctic Intermediate Water; transparent reflections bounded in

black box are possible eddies.
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with the path of Antarctic Intermediate Water (AAIW) and is
likely influenced by a strong intermediate-depth current.
Seismic data reveal its erosional nature, with well-stratified, par-
allel reflections truncating against the moat walls (Figures 6
and 14). In this case, the moat is found adjacent to a very
low-mounded or sheeted drift, rather than a more prominent
mounded drift.

5.2.3 | Slope Canyons

A series of slope canyons have developed through the Neogene to
Recent in the GSB. Two primary mechanisms govern canyon
development: retrogressive slope failures, which form shelf-
indenting canyons, and turbidity currents, which deepen and
extend canyon systems. These processes are influenced by the
interaction of tectonic, sedimentary, and oceanographic factors.
Where bottom currents are active, they can serve to further sculpt
and modify canyon systems.

Tectonic activity plays a key role in determining canyon location
and orientation by creating structural pathways for incision. On
the New Zealand margin, canyon profiles exhibit steep gradients
exceeding 11° and convex-upward topography, features indica-
tive of tectonic influences. Such gradients enhance slope instabil-
ity, triggering mass movements, and retrogressive downcutting
that result in amphitheater-shaped canyon heads. Similar pro-
cesses have been observed in the Cook Strait Canyon on the
Hikurangi Margin (Micallef et al. 2012; Mountjoy et al. 2009).

Evidence of turbidity currents shaping canyon morphology is
highlighted by the presence of terraces, which reflect dynamic
erosional processes contributing to canyon incision and wall
instability. Terraces, characteristic of submarine canyon systems,
preserve a record of canyon incision and meander evolution
(Deptuck et al. 2003).

In this study, terraces are commonly observed on the eastern
outer bends of canyons, with well-stratified seismic reflections
overlying chaotic facies at their base (Figure 11A). This
configuration suggests their formation began with slope failures,
such as slides or slumps, and was subsequently modified by pro-
gressive canyon incision and lateral migration. Similar features
have been identified in other canyon systems, illustrating the
interplay between sediment failure, turbidity currents, and depo-
sitional processes in shaping canyon morphology over time
(Babonneau et al. 2010; Clark and Pickering 1996; Friedmann
2000; Hansen et al. 2017).

5.3 | Development of a Mixed Depositional
System

Four main stages of evolution can be outlined for theMid-Eocene
to Recent succession of the GSB (Figures 12 and 15): (1) onset and
development of a mixed system, (2) vertical growth stage,
(3) inactive/burial stage, and (4) development of a new contourite
system.

5.3.1 | Onset and Development (45–33.7 Ma)

From the Mid-Eocene to the Late Eocene (~45−33.7 Ma), seismic
unit 1 (U1) documents the initiation of a mixed turbidite–
contourite system along the middle continental slope.

U1 is marked by downslope submarine channels and elongated
levee-drifts in the middle sector (Figures 4 and 5). The channels
show preferential migration to the SW while the levee-drifts
show aggradation and slight progradation to the NE. The exten-
sion of HARs from the channels (Figure 13) and the progressive
fading of the reflection draping onto the NE mounded levee-drift
suggest a syndepositional interaction between NE-directed
bottom-current and SE-directed turbidity flows. The bottom-
current influence appears relatively weak at this stage and the
levee-drifts under strong turbidity current control.

Further SW, the presence of a relatively large and thick mounded
contourite drift, with a subsidiary drift at its distal end, supports
the interpretation of bottom-current activity, perhaps splitting
into an east directed and northeast directed flow that contour
around the drift. The sediment supply to this contourite drift
is most likely from the adjacent Campbell Plateau by alongslope
transport, especially as there was no obvious terrestrial supply at
that time. The basin is known to have experienced gradual ther-
mal subsidence at this time, which created long-lasting accom-
modation space and was therefore able to trap large amounts
of sediment (Cook et al. 1999).

Hemipelagic settling associated with weaker bottom-current
activity led to aggradation and the development of a plastered
contourite drift. A rise in sea level through the Eocene further
promoted hemipelagic deposition. The higher sea levels resulted
in marine transgression and landward retreat of the shoreline
(Cook et al. 1999). Elongated mounded drifts were in existence
in the central and SW sector, prior to the deposition of U1
(Figures 3B and 4E). Although not the focus of this study, their
eastward-oriented crests strongly support the existence of a
northeast-flowing bottom current.

The current that formed this mixed system was most likely asso-
ciated with intermediate water masses, mainly comprising an
early AAIW and Sub-Antarctic Mode Water (SAMW). In order
to check this hypothesis, the depth of the seafloor (~1000 ms)
was subtracted from the depth of the R6 reflection (~2100ms)
in order to obtain the average water depth (around ~1000 ms
in time or ~750 m in depth) at the time of deposition of this mixed
system. This estimate represents a minimum value, as tectonic
subsidence and sediment compaction since R6 are expected to
have increased paleowater depths by several tens to a few hun-
dred meters, consistent with backstripping and decompaction
results from the nearby South Island and Canterbury Basin
(e.g., IODP Exp. 317; Christie 2007; Dvorak et al. 2024;
Fulthorpe et al. 2010). This depth supports the hypothesis that
the bottom current was associated with intermediate waters,
as SAMW and AAIW tend to flow within these depths (700–
1200 m) at present (Chiswell et al. 2021 and references therein).
In addition, evidence of intermediate water circulation appears
as early as ~45 Ma, particularly northbound intermediate-depth
flows of AAIW circulating between the topographically
constrained deep boundary current and the proto-Ross Sea
gyre (Horn and Uenzelmann-Neben 2015; Huber et al. 2004;
Uenzelmann-Neben et al. 2009). Prior to 45 Ma, the GSB
experienced differential subsidence, which may have led south-
ern-sourced deep western boundary bottom currents being chan-
nelled into the GSB, across the Pukaki Saddle, establishing an
intermediate cyclonic flow in a clockwise direction (Sarkar
et al. 2019). Evidence of this early deep western boundary current
and its clockwise circulation was supported by a numerical
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simulation and by the presence of cold water dinocyst diatom
taxa in the sediment cores of Ocean Drilling Program (ODP)
Leg 189 (Huber et al. 2004; Sijp et al. 2011). An even earlier
Deep Western Boundary Current has been identified since
~65 Ma, driving drift deposition at greater depths (>2 km)
(Horn and Uenzelmann-Neben 2015). This current advected
southern-sourced waters further north, as a branch of that cur-
rent circulated around the Campbell Plateau and entered the
GSB during a period of anomalous basin subsidence (~55−45
Ma; Sutherland et al. 2010). The onset of southwest Pacific drifts
occurred at ~45 Ma in the GSB, providing strong evidence for an
active equatorial flow of Southern Pacific deep and intermediate
waters (as the Tasmanian Gateway was still closed).

5.3.2 | Vertical Growth Stage (33.7–27 Ma)

From the Late Eocene until the Mid-Oligocene (~33.7–27 Ma),
seismic unit 2 (U2) recorded continued vertical growth, which

was accompanied by a transition from turbidite-dominated
levee-drifts in U1 to hybrid levee-drifts with more bottom-current
influence in U2. Small, confined drifts built up in the channels
(Figure 4B,C), probably influenced by both bottom currents and
turbidity currents. There was persistent southwest channel
migration and aggradation coupled with accretionary clinoform
progradation of the levee-drifts into and over the channel axes
(Figure 13). This southwestward migration is consistent with
deflection of turbidity currents by a northeastward flowing bot-
tom current, in line with paleoceanographic reconstructions of
proto–Antarctic circulation during the Eocene to Oligocene
(Sarkar et al. 2019). We infer downslope turbidity current activity
and sediment supply coupled with marked influence by along-
slope bottom currents.

Most of the channels developed during U1 appear to be filled
during U2 (Figure 13). The thickness attained during U2 is com-
parable to that of the underlying U1 and is attributable to active

FIGURE 15 | Event chart summarizing the palaeoceanographic implications of each depositional sequence (U1U4) and facies. This shows a possible

link to eustatic sea level with episodes of enhanced alongslope activity and other allogenic factors that control margin evolution. Climate proxies

are represented by Cenozoic benthic foraminiferal 18O and sea level records ( from Miller et al. 2020); HST and LST refer to highstand systems tract

(~interglacial) and lowstand systems tract (~glacial), respectively.
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downslope systems supplying sediments that fill the channels as
well as facilitate drift growth and aggradation. The presence of
sediment waves over the levee-drifts may be the result of along-
slope bottom currents and/or turbidity current overspill. The
existence of plastered drifts (Figures 5B and 12B) in parts of
the southeastern sector clearly suggests the operation of a con-
tinuous, active bottom-current system, which grew more robust
during U2.

Taken together, the U1 to U2 transition reflects a shift driven by
the Eocene to Oligocene climate transition and associated base-
level change, which enhanced bottom-current circulation and
slope reworking (L. Carter et al. 2004). Sediment supply was
mixed, with siliciclastic input from emergent parts of southern
Zealandia superimposed on background carbonate sedimenta-
tion (Cook et al. 1999), consistent with paleogeographic recon-
structions that indicate recurrent onshore sources and deltaic
progradation into the GSB during the Mid-Eocene to Early
Oligocene (Strogen et al. 2023). Net accumulation rates remained
low to moderate (250–350 m Myr−1), typical of Oligocene starved
margins (Christie 2007), but locally increased where channels
aggraded and drifts accreted.

The lower boundary of U2 is marked by a prominent erosional
surface that correlates with the Eocene–Oligocene (E/O) transi-
tion at 33.7 Ma (Figures 3 and 15), a period characterized by a
major global sea-level fall of approximately 40m drop. This
regional erosional surface and gap in the stratigraphic record
is known as the Marshall Paraconformity (Fulthorpe et al.
1996; Lever 2007). It has been identified in sedimentary records
throughout the Tasman Sea, Lord Howe Rise, eastern South
Island, and the North Chatham and Rekohu drifts, as recorded
by ODP Leg 181 (Carter 1985; Fulthorpe et al. 1996; Kennett
1977; Kennett and von der Borch 1986). The onset of this erosive
bottom current was driven by the opening of the Tasmanian
Gateway and accompanied by associated significant climatic
and oceanographic shifts (L. Carter et al. 2004; Carter and
McCave 2002). The establishment of a circum-Antarctic marine
circulation markedly facilitated the cooling of Antarctica and the
ensuing formation of vast Antarctic ice sheets (Miller et al.
2020; Miller et al. 1991). The newly developed circum-
Antarctic circulation led to further isolation of Antarctica,
strengthening the cooling trend and resulting in additional cli-
matic alterations (Carter et al. 2004). Additionally, the cooling
of the Antarctic region enhanced atmospheric thermal gradients,
resulting in increased wind intensity over the Southern Ocean
(Carter et al. 2004). This enhanced wind activity, particularly
the intensification of the westerly winds, played a crucial role
in driving surface wind stress, a key factor in the initiation
and strengthening of the ACC and also significant in the ampli-
fication of the proto-deep water circulation.

During glacial episodes and periods of lowered sea level, turbidity
currents would have been more active on the GSB slope
(Fulthorpe et al. 1996; Hutchinson et al. 2021). Coupled with
enhanced bottom-current activity (Carter, McCave, et al. 2004),
the margin developed as a distinct mixed turbidite–contourite
system.

5.3.3 | Inactive/Burial Stage (27–12 Ma)

From the Late Oligocene until the Late Miocene (~27−12 Ma),
seismic unit 3 (U3) recorded the burial of the mixed systems

developed across the middle continental slope (Figure 15). The
sediments deposited during U3 filled the submarine channels
of the mixed system and present little to no lateral migration
of either channels or levee-drifts. The channels were slowly filled
with sediments and gradually transitioned toward flatter mor-
phologies. The channel fill was accomplished by hemipelagic
sedimentation in association with contribution from less active
downslope and alongslope processes. Rates of sedimentation over
the slope decreased as less sediment was being routed either
downslope or alongslope. U3 is characterized by alternation of
low- to moderate-amplitude parallel reflections, suggesting the
cyclic alternation of hemipelagic processes and either weak
bottom-current activity or infrequent turbidity currents. Several
periods of erosion, each accompanied by accumulation of drape-
like seismic facies, support this hypothesis. The drape-like facies
are interpreted as hemipelagic deposits, and become more domi-
nant upward through U3 (Figures 4–7). Accordingly, hemipela-
gic settling was widespread throughout the margin and dictated
the morphology of the Miocene deposits.

Bottom-current circulation was inactive or less active during this
period as it did not significantly affect or control sediment depo-
sition and redistribution (Cook et al. 1999). However, localized
erosion related to a regional tectonic reorganization (propagating
subduction and initiation of the Alpine Fault at ~23–22 Ma) and
the evolving proto–Antarctic circulation may have occurred nev-
ertheless (Batt et al. 2004). The climate reached its optimum dur-
ing this time. This optimum is most likely linked to the closure of
the Indonesian Gateway between the Pacific and Indian Oceans
(Bialik et al. 2019; de la Vara et al. 2013). This closure caused
warm equatorial waters to be refunneled southward into the
Tasman Sea (Nelson and Cooke 2001). This stage was also char-
acterized by relative sea-level high stands (Cook et al.
1999; Fulthorpe et al. 1996), and therefore its broad and shallow
shelf would have also experienced rapid evaporation. Some parts
of the outer shelf and upper slope might have been exposed or the
warmer climate might have led to heat exchange, which resulted
in rapid evaporation of surface waters. The remaining dense sea
water would have sunk, generating diffuse and less vigorous
intermediate and deep waters (Brackenridge et al. 2011).

5.3.4 | A New Contourite Depositional System (12–0 Ma)

A new evolutionary stage, represented by seismic unit 4 (U4), was
established in the Late Miocene to Late Pliocene, which was
maintained until the present-day. U4 exhibits pronounced vari-
ability across the study area. Along the shelf off South Island,
renewed sediment supply led to the development of a thick
clastic wedge (Figure 3A,B). This wedge is characterized by
basinward-prograding clinoforms, indicating a sustained influx
of sediments and the outward growth of the shelf. The prograding
clinoforms reflect the depositional processes associated with high
sedimentation rates and the progressive advancement of the shelf
margin into the basin over time. During this stage, sedimentation
rates of 180–220 cm/kyr have been recorded in this area (Lu et al.
2005). These rates were linked to the uplift of the South Island,
mountain glaciations and moderate convergence rates (Nelson
et al. 2000). As global climate cooled and eustatic sea level
fluctuated widely through glacial-interglacial episodes, there
would have been distinct cyclicity in sediment input and across
shelf transfer. The northeast sector was dominated by downslope
processes.
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Further south and, the southwest and central sectors of the
continental slope saw the establishment of a new contourite
depositional system (CDS) during the Neogene (Figures 12, 14,
and 15). This comprises a contourite terrace and contourite
moat across the middle slope, and a sheeted drift across the
lower slope. The contourite terrace is confined by a relatively
steep upper slope, and is associated with mass wasting of the
adjacent continental slope. This suggests that the currents on
the upper slope were strong enough to erode and undercut
the continental slope, resulting in multiple submarine landslide
events (Brackenridge et al. 2020; Nicholson et al. 2020). This
may represent a previously unrecognized submarine hazard in
this area.

These features are indicative of dynamic alongslope sediment
transport conditions, that existed during this period. The active
currents include the northeast-flowing SC, northeast-flowing
sub-Antarctic and Antarctic Intermediate Waters (AAIW) and
their associated cyclonic gyres (Figure 1).

5.4 | Mixed System Depositional Models

Two depositional models are proposed for the interactions
between downslope and alongslope processes that occurred dur-
ing the Mid-Eocene to Early Oligocene (Figure 16).

The first model (Figure 16A) suggests that siliciclastic input into
the basin was provided by active downslope gravity flows. The
frequent occurrence of turbidity currents along the continental
shelf margin is primarily attributed to the rapid erosion and
transport of sediment from the South Island of New Zealand
and from regional highs, with paleogeographic reconstructions
indicating that emergent land in southern Zealandia supplied
the GSB during the Mid-Eocene to Early Oligocene through
recurrent onshore sources and deltaic progradation (Strogen
et al. 2023). The steepness of the upper slope promoted the gen-
eration of turbidity currents and erosion of submarine channels.
The accumulation of sediment at the base of slope is augmented
by a sharp gradient change and associated hydraulic jump in tur-
bidity currents (Pudsey and Camerlenghi 1998). Modification of
the depositional architecture is due to bottom-current influence,
with synchronous interaction between downslope gravity flows
and a NE-directed bottom current. This interaction results in NE
and SE redistribution of suspended fine-grained portions,

stripped from the turbidity flows. This action eventually leads
to the development of asymmetric mounded levee-drifts between
the submarine channels, as observed on this margin (e.g.,
Figures 4 and 11).

Turbidites deposited within the channels and in proximity to
channel mouths also undergo winnowing and reworking as a
result of bottom-current activity. This asynchronous interaction
eventually leads to redistribution and redeposition of sediment
along the course of the bottom currents.

Moreover, bottom-current reworking and redistribution along
the margin exerts a strong influence on lateral migration of
the channels and on the evolution of the asymmetric levee-drifts.
This effect is principally a result of synchronous interaction, and
is recorded along the channel axes, where HARs gradually
reduce in thickness and amplitude as they extend laterally into
the adjacent drifts. This model is similar to that proposed for the
Antarctic Peninsula Pacific margin and the South China Sea
(Creaser et al. 2017; Hernández-Molina et al. 2017; Rebesco
et al. 2002; Wang et al. 2023).

The second model (Figure 16B) relates to the NE part of the mar-
gin and, more specifically, the Mid-Eocene to Early Oligocene
turbidite–contourite system developed in this sector. The model
suggests a strong bottom current interacting synchronously with
frequent turbidity currents. Considering the size, internal seismic
configuration, and elongation of the giant drifts within this sec-
tor, it is possible to infer that they are mostly composed of muddy
sediments. On this part of the margin, it is furthermore evident
that eastward-directed submarine channels were captured by a
margin-parallel moat formed in between two separated drifts
and deflected northward (Figure 16B). The channels terminate
against two distinct moats, suggesting a strong control of bottom
currents, overwhelming the turbidity currents. Normal faults
below the channel could have diverted the bottom current
around channel ridges and thus led to the strengthening of
the bottom current. Therefore, the Mid-Eocene to Oligocene
mixed system established in the NE sector of the margin shows
a mixed turbidite–contourite system strongly controlled by the
topography of the drift. The model reflects coeval interaction
between bottom currents and turbidity currents. However, the
morphological features developed across the NE sector (such
as the giant mounded drifts and margin-parallel moats) suggest
that this system corresponds to a contourite-dominated mixed

FIGURE 16 | Model of the Late Eocene mixed depositional system developed along the (A) central sector, (B) northeast sector of the New Zealand

continental slope, formed by interactions between downslope gravity flows and alongslope bottom currents.
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system, with the development of slope-plastered drifts developed
from the pirating of fine-grained material carried in suspension
by turbidity currents and by reshaping any turbidites that have
collected along the contourite moats. This model aligns closely
with the configuration proposed for the Tanzanian margin
and Mozambique Channel (Fonnesu et al. 2020; Sansom 2018),
where channels remain deflected by contour currents.

6 | Conclusions

This work described the Eocene–Present evolution of the south-
east New Zealand margin, focused on the process interaction that
led to the development of a mixed depositional system along the
GSB. The mixed system resulted from both synchronous and
asynchronous interactions between alongslope (bottom current)
and downslope (turbidity current) processes. In the central area
of the basin, downslope turbidity currents exerted the strongest
influence on the depositional system, while alongslope processes
were more influential toward the northeast. In the southwest, the
system was entirely dominated by alongslope processes with
no or very little influence from turbidity currents. Despite
differences in dominant processes, these mixed systems all
exhibited down-current migration, with only a few exceptions
showing up-current migration. The final distribution of morpho-
logical elements and the lateral migration of the system reflect
not only the imprint of the most influential process but also
the balance of velocity, frequency, and timing between the
two processes and, more significantly, the influence of variations
in sediment supply.

The margin has undergone four different evolutionary stages
from Mid-Eocene to Recent. The onset stage, Mid- to Late
Eocene, was characterized by predominantly by gravity-driven
downslope processes and the onset of levee-drift growth. This
was followed by a more active vertical growth stage, with
levee-drift aggradation in the Early to Late Oligocene, marked
by an increased influence of bottom currents and enhanced
downslope sediment supply. The subsequent burial stage, Late
Oligocene to Mid-Miocene, involved the burial of earlier deposi-
tional features, possibly resulting from changes in sediment sup-
ply and/or sea level fluctuation. Finally, from Mid-Miocene to
Recent, the development of a more prominent CDS signified
the establishment of a new oceanographic scenario dominated
by strong bottom currents.

This study of mixed systems developed along the southeast New
Zealand continental margin represents the first holistic overview
of the margin and advances our understanding of the interaction
between alongslope and downslope processes. The two deposi-
tional models developed herein show process interaction on this
particular margin. Although elements of the models may be
applicable elsewhere, every margin will show its own unique
character.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: NW-SE hydrographic-seismic
intersection across the Great South Basin. The colour gradient represents
salinity variations (in PSU). The watermasses comprise: STW – Subtropical
Water, SAW – Sub-Antarctic Water, SAMW – Sub-Antarctic Mode Water,
AAIW – Antarctic Intermediate Water, and TZ – transition zone between
SAMW and AAIW. Supporting Fig. S2: Uninterpreted and interpreted
section of a seismic profile running along the Toroa and Tara wells show-
ing the correlation between the main discontinuities (R1, R3, R4, R5, and
R6). This seismic profile is also shown in Figure 3B. The scatter diagram
shows the time-depth data for these wells, and the trend line (red dashed
line) used to depth-convert the data. Supporting Fig. S3: Seismic facies
scheme devised for interpretation of depositional environments in this
study. Supporting Table S1: Details of the main 2D seismic acquisition
parameters for the Great South Basin. Supporting Table S2: Regional
stratigraphic discontinuities defined by Constable et al. (2013), Cook
(1999), Omosanya and Harishidayat (2019) and McMillan and Wilson
(1997) for the Great South Basin, New Zealand continental margin.
Supporting Table S3: Summary of the bounding discontinuities, seismic
units and reflection termination patterns.
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