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Sediment conduits like erosive canyons and channels are common morphological elements of submarine land-
scapes down to abyssal depths. While canyon-channel systems connected to slopes and shallow water are well
studied, detached sediment-routing systems emerging in deeper waters have received less attention, especially in
carbonate settings. We study the sedimentary architecture and evolution of an extensive canyon-channel system
in the ‘Willis Passage’, a marine strait between the Magdelaine and Willis carbonate banks (Queensland Plateau,
northeast Australia). The canyon-channel system is detached from the slopes of the carbonate banks, emerges at
depths of >500 m and runs over more than 100 km towards the slope break of the carbonate plateau. The canyon
is several kilometres wide and several tens of metres deep. Morphological edges (knickpoints) occur along the
canyon course; one with a plunge pool at its downstream foot wall. Current ripples and coarse-grained lag de-
posits at the floor of the canyon indicate bottom-current activity and possibly winnowing of fine-grained sedi-
ment. The seafloor outside the canyon is intersected by bundles of grooves (linear seafloor cuts), tens of
kilometres long. Sedimentological and morphological characteristics indicate that canyon-channel system and
grooves are shaped by eastward-flowing bottom currents, which is in a direction counter to the dominant
westward-flowing oceanic current regime. We propose that eastward-flowing sediment-laden bottom currents
originate from the channelization of oceanic currents by the carbonate edifices of the Queensland Plateau, paired
with tidal pumping in the narrow passages between the banks. This mechanism is most efficient during episodes
of lowered sea level, while bottom currents are much weaker during sea-level highstand. Our seismic data reveal
the existence of buried individual canyon-channel systems and document that the Queensland Plateau underwent
episodic changes in the local current regime since the upper Miocene. Based on new geophysical and oceano-
graphic data, as well as video observations of the seafloor, we show that slope-detached deep-water canyon-
channel systems act as a conveyor, routing sediment from carbonate platforms to the deep ocean. As a link
between the neritic realm and abyssal depths, these systems are important agents of dismantling and degradation
of carbonate platforms and underline the role of bottom currents in shaping these depositional environments.

1. Introduction

Erosive canyons and channels are prominent morphological ele-
ments of submarine landscapes, from continental shelves and slopes to
abyssal depths. While the term canyon describes an erosive landform
that has been created by incision and lateral erosion over long periods of
time, channels are sediment conduits that at least temporarily carry a
considerable amount of sediment in comparison to their dimensions
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(Shepard, 1981; Menard, 1955). Channels are common architectural
elements of submarine canyons and deep-sea plains and are sometimes
considered the sub-aqueous equivalents of terrestrial rivers regarding
their morphology and their role in sediment routing (Imran et al., 2007;
Peakall, 2015; Peakall and Sumner, 2015; Gardner et al., 2020). Sub-
marine canyon-channel systems are integral parts of sediment source-to-
sink conveyors and conduits for sediment transport from shelves to
abyssal depths (Wynn et al., 2007; Meiburg and Kneller, 2010; Gardner
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et al., 2020; Heijnen et al., 2022; Peakall, 2015; Peakall and Sumner,
2015; Watson et al., 2017). Sediment transport in some of these systems,
for example at the flanks of the Bahamian carbonate banks or down-
stream of the Mediterranean Outflow, is generated by saline density
currents (Habgood et al., 2003; Flood et al., 2009; Peakall and Sumner,
2015). Most shelf- or slope-attached channels, however, are formed by
turbidity currents and sediment-laden density flows, triggered by slope
failures or shallow-water or riverine sediment input (Wynn et al., 2007;
Puga-Bernabéu et al., 2011, 2013; Peakall and Sumner, 2015; Heijnen
et al., 2020, 2022). Other processes involved in generating sediment-
laden deep-water flows include the resuspension of sediment by con-
tour currents, internal waves, or tidal bottom currents (Shanmugam,
2003; Miramontes et al., 2020; Normandeau et al., 2024).

The focus of most previous research has been on attached canyon-
channel systems starting mid-slope or are connected to shallow waters
via shelf- or slope-channels (Payros and Pujalte, 2008; Flood et al., 2009;
Puga-Bernabéu et al., 2013; Micallef et al., 2014; Peakall and Sumner,
2015; Watson et al., 2017; Mulder et al., 2017, 2019; Counts et al., 2018;
Jorry et al., 2020; Heijnen et al., 2020, 2022). Detached sediment-
routing systems emerging in deeper waters of 100 s to 1000s of m
depth have received considerably less attention (Habgood et al., 2003;
Stow et al., 2013; McArthur and McCaffrey, 2018; Gardner et al., 2020;
Yu et al., 2022).

We study a deep-water carbonate canyon-channel system and asso-
ciated submarine landforms from the Queensland Plateau, northern
Australia. The canyon-channel system emerges at a low-relief seafloor in
depths >500 m and appears detached from the slope sediment-routing
system of the carbonate banks. We hypothesize that 1.) sediment
transport in this canyon-channel system is active during sea-level low-
stands; 2.) canyon formation is driven by a bottom-current flow being
opposite to the prevailing oceanic current direction; and 3.) the canyon-
channel system act as a conveyor, routing sediment from the platform
surrounding towards the deep ocean. We present new geophysical data
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and seafloor imagery and examine the morphology and sedimentary
architecture of the canyon, its channels, and the surrounding seabed.
The most plausible explanations for the formation of this canyon-
channel system are determined and it is shown that these canyons
represent an important agent in carbonate platform dismantling.

2. Study area
2.1. Geological setting

The Queensland Plateau is part of the East Australian carbonate
province in the Coral Sea, which also includes the Great Barrier Reef and
the Marion Plateau. The study area encompasses the deep-water passage
between Willis and Magdelaine carbonate banks, here termed the ‘Willis
Passage’ (Fig. 1).

The Queensland Plateau was detached from the Australian mainland
by the late Cretaceous and presently encompasses about thirty isolated
carbonate banks and atolls. These carbonate edifices unconformably
overlay a much larger carbonate platform partially drowned in the early
Late Miocene, between 13.6 and 12.7 Ma, coeval with the strengthening
of the regional bottom-current regime (Mutter, 1977; Davies et al.,
1989, 1991; Betzler et al., 1993, 2024a). Development of the modern
high-relief carbonate banks in the middle Pliocene (post 3.61 Ma; Bet-
zler et al., 2024a) followed a period where carbonate sedimentation at
the Queensland Plateau was characterized by small, low-relief banks,
mounds and sediment drifts.

Neritic carbonate production and export is highly dependent on sea
level and generally peaks during sea-level highstand (Schlager, 2005).
With lowered sea level, bank tops emerge and the neritic carbonate
factory is restricted to a narrow zone along the platform slope. Present
water depth on top of the carbonate banks in the study area is between
50 and 60 m. During the last glacial period, lagoonal areas were
therefore almost continuously subaerial exposed for about 65 kyrs, until
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Fig. 1. Overview of the study area. A) location of the Queensland Plateau (QP), northeastern Australia; B) Bathymetric overview of the study area. The marine strait
between Willis and Magdelaine banks is referred to as ‘Willis Passage’; FR: Flinders Reefs; white circles mark CTD stations S0292-065CTD (65) and S0292-067CTD
(67) (see Supplement 3); C) Distal continuation of canyon-channel systems C1 and C2; see text for discussion; arrow points north; D) Westward-draining canyon-
channel system north of Flinders Reefs; Bathymetric data used in B, C is from the gbr100 dataset (Beaman, 2010); data used in D is from RV Falkor cruises FK200802

and FK200429 (Brooke, 2020; Beaman and Schmidt Ocean Institute, 2024).
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about 10 ka BP, when post-glacial rising sea level flooded the bank edges
(Lambeck et al., 2014; Grant et al., 2014; Hinestrosa et al., 2022; Sup-
plement 1). Today, bank tops are covered by extensive Halimeda
meadows and mounds, while sand cays and small coral reefs line the
outer rim of the banks (Fig. 2; Supplement 2). Sea-level highstand car-
bonate production of the modern carbonate banks of the Queensland
Plateau is therefore considered mesophotic, and highstand sediment
export from the banks is limited (Orme, 1977; Reolid et al., 2024).

Sediment at the modern seafloor surrounding the carbonate banks is
a fine-grained carbonate ooze (Betzler et al., 2022). Major components
are planktonic foraminifera, pteropods, and bioclasts, while benthic
foraminifera, ostracodes, sponge spicules, as well as few gastropods,
otoliths and volcanoclastics in the form of pumice are minor
components.

2.2. Oceanography

The trade winds are the main drivers of the surface circulation in the
Coral Sea (Wolanski, 1982). The regional oceanic current pattern over
the Queensland Plateau, however, is controlled by the South Equatorial
Current (SEC; Fig. 3A). When passing the Coral Sea and reaching the
Queensland Plateau, the SEC comprises the North Vanuatu Jet (NVJ)
and the North Caledonian Jet (NCJ), which both show large seasonality
(Schiller et al., 2015; Colberg et al., 2020). The NVJ is a broad, upper
thermocline current, whereas the NCJ is narrow and extends to water
depths of at least 1500 m (Kessler and Cravatte, 2013). The current
system of the SEC bifurcates east of the Queensland Plateau (around 17
to 18°S; Brinkman et al., 2001). As a result, the NVJ flows northwards
and forms the Gulf of Papua western boundary current (Andrews and
Clegg, 1989; Kessler and Cravatte, 2013; Colberg et al., 2020). The NCJ
turns south, enters the Queensland Plateau, and eventually becomes the
East Australian Current (EAC; Wyrtki, 1962; Boland and Church, 1981;
Church, 1987).

Data from float drifters show that the carbonate banks of the
Queensland Plateau are bathed by westward-flowing waters of the NCJ,
with maximum speeds of 5to 11 cm st (Kessler and Cravatte, 2013 and
references therein). No long-term current measurements are available
for inter-reef oceanic and tidal currents of the Queensland Plateau,
which are expected to be highly influenced by the rugged topography of
the banks. Numerical modelling of tidal imprint on surface and upper
thermocline currents (down to c. 100 m of water depth), however, shows
a strong semi-diurnal cyclicity of the surface flow in the passages be-
tween larger banks, with a primarily west- to south-directed flow and
subordinate counter currents (AIMS, Australian Institute of Marine
Science, 2024; Sandery et al., 2019). Modelled current velocities in the
passages between the banks and atolls fluctuate over the tidal cycle
between almost zero and about 0.6 m s~ ! (Fig. 3B).

Water masses in the study area comprise the Tropical Surface Water
(TSW, down to approx. 100 m), the South Pacific Tropical Water (SPTW,
c. 100-280 m), and the Western South Pacific Central Water (WSPCW;
below 280-300 m; Gasparin et al., 2014; Betzler et al., 2022; Supple-
ment 3). Water masses at depths exceeding about 500 m are influenced
by the Antarctic Intermediate Water (AAIW). The water is very clear
with turbidity in the range of 0.03 to 0.10 NTU (Nephelometric
Turbidity Unit; with 3 NTU being equivalent to 1 mg 171). Turbidity is
slightly increased near the seafloor; potentially due to sediment resus-
pension by bottom currents (Betzler et al., 2022). Calculated water
density (sigma-theta) increases from 22.5 to c. 26.8 kg m~> down to
water depths of 500 m and reaches 27.3 kg m™> at about 1000 m
(Supplement 3).

3. Methods
3.1. Multibeam bathymetric data

Multibeam bathymetric data were acquired at a speed of 2.8 to 4.1 m
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s~1 (5.5 to 8 kn) using the Kongsberg EM122 swath echosounder of RV
Sonne. The EM122 has a nominal frequency of 12 kHz, an angular sector
coverage of up to 150°, and beam widths of 1.0° x 0.5°. Equidistant
beam spacing and dual swath mode was used for all lines. In general,
spatial resolution of multibeam data is governed by sounding density,
the acoustic footprint of each sounding, and depth resolution (Mosher,
2011). The EM122 depth accuracy is 0.2 % of depth for inner beams (up
to 45° from ship nadir) and increases to 0.6 % of depth for the outermost
beams (Kongsberg Maritime, 2011). The cross-track sounding density,
determined by the sounding density and the effective acoustic footprint,
is assumed to be better than 7 m for water depths of 400 m and better
than 18 m for water depths of 1000 m (for angular coverage 140°;
Kongsberg Maritime, 2011). The along-track sounding density, depen-
dent on acoustical footprint, cruise speed and ping rate, is about 4 m at
depths of 400 m and about 10 m at depths of 1000 m (for dual swath
mode and cruise speed of 4.1 m s 1).

Sound-velocity profiles (SVP) and salinity profiles of the water col-
umn were obtained from both the CTD measurements and XSV-02
probes (Sippican Inc., Lockheed Martin). Sound profiles throughout
the central Queensland Plateau were similar, which implies a uniform
water-mass stratification in the area (Betzler et al., 2022).

The software Qimera (v2.4.8, QPS software) was used for processing
bathymetric data. Gridded surfaces have cell sizes of 20 m and were
created using the CUBE algorithm in Qimera. All bathymetric data were
corrected for astronomic tides using tidal predictions with the software
AusTides (Australian Hydrographic Office). Tidal predictions for sta-
tions 57,845 (Magdelaine Cays) and 57,850 (Willis Islet) were used.
Bathymetric data collected by RV Sonne cruise SO292 were supple-
mented by Kongsberg EM302 multibeam data collected during RV Fal-
kor cruises FK200429 and FK200802 (Brooke, 2020; Beaman and
Schmidt Ocean Institute, 2024). Remaining gaps in the multibeam ba-
thymetry were filled for visualisation using the gbr100 dataset (Beaman,
2010), which has a grid cell size of 100 m. For combined multibeam
coverage of the bathymetric dataset used for this study see Supplement
4. The bathymetric data were visualized as shaded reliefs to enhance the
visibility of the seafloor morphology.

3.2. Parametric sediment echosounder and reflection seismic data

Sub-bottom profiles were recorded using an Atlas Parasound PS70
parametric sediment echosounder with a beam width of 4.5° and a
desired secondary low frequency of 4 kHz (see Supplement 4C for spatial
coverage of Parasound dataset used for this study). The PS70 was
operated in single pulse mode with a transducer voltage of 100 V, and a
transceiver amplification of 30 to 40 dB. Sub-seafloor penetration during
S0292 was around 10 m on the top of the carbonate banks (water depth
around 50-60 m), almost 0 m at steep- and/or lithified parts of the
slopes, and 80 to >140 m in the pelagic sediments surrounding the
platforms. Vertical resolution of Parasound data is about 15 cm
(manufacturer specifications).

Data were converted to SEG-Y format using the tool ps32segy (Hanno
Keil, University of Bremen, Germany). Data processing was performed
using the software ReflexW (Sandmeier Software) and comprised data
editing, compensation for trace header delay, gain adjustment and
along-profile amplitude normalization. Time-depth conversion of Para-
sound data was done with a sound velocity of 1500 m s .

Reflection seismic data were acquired using a SeaMUX 144-channel
system (Hydroscience Technologies) with an active length of 600 m. The
seismic signal was generated equidistantly every 18.75 m by a source
array comprising two GI guns with primary volumes of 45 in® and 15 in®,
respectively. The recording length was 4 s with 1 ms sample interval.
Processing of seismic data was done using VISTA desktop seismic data
processing software (v2021; Schlumberger; for details on acquisition,
processing, and extend of seismic dataset acquired during cruise SO292
see Betzler et al., 2022). Effective wavelengths between 10 and 20 m
resulted in a realistic vertical resolution of 5 to 10 m. Time-depth
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Fig. 2. Details of the study area. A) Bathymetry of Willis Passage and surrounding areas. g: bundles of linear seafloor cuts (grooves); sd: submarine dunes; sc:
headwall scarps of submarine landslides; C1, C2: canyon-channel systems mentioned in the text; bf: block field; X, Y, Z: bathymetric profiles shown in B, C, D. Inset
A.1 shows submarine dunes north of Willis Bank with a bathymetric cross section. The high-resolution bathymetry is from RV Sonne cruise SO292 and RV Falkor
cruises FK200802 and FK200429; data for background bathymetry and bank-top bathymetry are from the gbr100 dataset (see Fig. 1). See Supplement 2 for an
unlabelled bathymetric map; B) Bathymetric cross section (Y1-Y2) of Willis Passage with maximum slope angles; C) Bathymetric cross section (Z;-Z,) of grooves with
higher vertical exaggeration; D) Along-channel profile (X;-X5) of canyon-channel system C1. Blue line is the bathymetric profile, black bars give the thalweg gradient
calculated over 50 m increments; kp: knick points; grey insets show bathymetric cross profiles (view direction is upstream) of the canyon channel system. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. A) Current regime of the Coral Sea. The 1500 m isobath indicates the Queensland Plateau slope break. 811/825 are ODP Leg 133 Site 811/825; blue arrows
indicate upper thermocline currents and orange arrows indicate surface to intermediate (c. 1500 m) currents; SEC: South Equatorial Current; NVJ: North Vanuatu Jet;
NCJ: New Caledonia Jet; EAC: East Australian Current. Currents after Kessler and Cravatte (2013); Bathymetric data used is from gbr100 dataset (Beaman, 2010); B)
Modelled current direction and velocity at 103 m depth at 6 h intervals 17:00, 23:00, 05:00 for day 2022.07.02/03. Note change in current speed with tidal state in
the marine passage between Diane Bank (DB) and Willis Bank (WB). Model results and modified visualisation are from AIMS, Australian Institute of Marine Science
(2024). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

conversion was done using a p-wave velocity of 1500 m s in the water
column and the velocity log and integrated two-way traveltime function
of ODP Site 811/825, as provided by Davies et al. (1991). The latter
recorded p-wave velocities between 1500 m st (at the water-sediment
interface) and 2750 m s ! in average (peaks up to 4000 m s~ for the
sediment column at depths exceeding 400 m below the seafloor. Depths
exceeding the data of Davies et al. (1991) were extrapolated using the
traveltime to depth function derived from velocities noted.

3.3. Seafloor imagery

Seafloor imagery data were acquired using the Ocean-Floor Obser-
vation System (OFOS) of RV Sonne, a passively towed frame equipped
with down-looking video- (Marshal CV350-5X) and still-frame (Canon
EOS R5) cameras, and light (Sealite Sphere 5150). The system was
lowered to 2-3 m above the seafloor and towed at a speed of up to 0.26
cm s ! (0.5 kn) along a profile line (for details see Betzler et al., 2022).
The OFOS position was tracked using iXBlue Posidonia (IXSEA SAS). For
scaling, three laser dots were projected equidistantly (40 cm) onto the
imaged area. OFOS imagery were also used to generate textured digital
outcrop models of the seafloor by means of structure-from-motion al-
gorithms using PIX4D (Pix4D SA). These models are based on series of
images obtained along the profile track with large overlap (>60 %).

4. Results and interpretation
4.1. Bathymetry and submarine landforms

The Willis Passage is framed by the carbonate edifices of Willis and
Magdelaine banks (Fig. 1). There is an asymmetry in the water depth
surrounding Willis Bank: while the marine passage west of Willis Bank,
towards Diane Bank, is between 250 and 350 m deep, water depth north
of the bank and in the Willis Passage is about 500 to 1000 m (Fig. 2A).
The shallowest part of Willis Passage is at its western entrance, where a
north-south trending bathymetric high separates the Willis Passage from
the western Queensland Plateau. The seafloor west of this bathymetric
high is intersected by morphological channels that strike northeast-
southwest, while similar features east of the high orient in easterly di-
rections (Fig. 2; Supplement 2). The bathymetric high is therefore
referred to as a drainage divide.

Seafloor gradients in Willis Passage are highest at the upper slopes of
the carbonate banks (up to more than 30°), decrease to about 7° along
the middle and lower slope, and flatten out to values less than 2° at the
toe of slopes (Fig. 2B). The bottom of Willis Passage dips with 0.2 to 1.4°
towards two northeast-trending canyon-channel systems referred to as
C1 and C2. Both canyon systems are separated from each other by
another drainage divide and appear detached from the sediment-routing
systems of the bank slopes. Bathymetry of the lower-resolution gbr100
dataset (Beaman, 2010) allows following the canyon-channel systems of
Willis Passage until the slope break of the Queensland Plateau, a further
130 km towards the northeast (Fig. 1C). With the data available,
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however, it remains unclear whether canyons C1 and C2 merge before
reaching the edge of the plateau. The studied C1 canyon-channel system
of Willis Passage serves as an exemplary model for similar deep-water
landforms of the Queensland Plateau. The prominent canyon north of
Flinders Reefs at water depths of 900 to 1200 m, which runs west to-
wards the Queensland Trough, is another example (Fig. 1A, D).

The western, southern and south-eastern slopes of Willis Bank are
framed by block fields, which extend up to 25 km away from the toe of
slopes (Fig. 2). The size of individual blocks reaches 10s to 100 s of m
and in general decreases with increasing distance from the bank (Fig. 4).
Similar block fields are common around the carbonate banks of the
Queensland Plateau and were described as the debris of bank margin
failures (Betzler et al., 2024a). Isolated standing blocks in the marine
passage west of Willis Bank are surrounded by circular seafloor de-
pressions up to 4 m deep and 80 and 120 m wide. These depressions are
interpreted as current scours; i.e. erosional bedforms formed by the
acceleration of bottom currents around obstacles and subsequent sedi-
ment winnowing (Allen, 1984; Euler and Herget, 2012). While the
relative depth of the current scours is constant around the blocks, the
adjacent seafloor is about 2 to 4 m deeper on the southern side of the
blocks (Fig. 4C). Seafloor photographs from west of Willis Bank show
current ripples (decimetre-scale, with sharp crests) that cover the sea-
floor in between the blocks and scour marks around cobbles and rocks,
more pronounced on the southern side of the obstacles (Fig. 4B).

North of Willis Bank, there is a field of submarine dunes, that

2 km
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migrated along the toe of slope of the bank (Fig. 2A.1). These dunes are
about 2 to 4 m high and have wavelengths in the range of 180 to 220 m.
While most dune cross sections appear symmetrical, some show an
asymmetry pointing either east or west.

The most prominent landform in Willis Passage is the canyon-
channel system C1, which emerges south of Willis Bank, crosses the
Willis Passage and bends towards the northeast while passing the
northern tip of Magdelaine Bank. This canyon is up to several km-wide
and several tens of m deep (see canyon cross sections in Fig. 2D). The
thalweg gradient of the C1 canyon is 0.14° to 0.35°, which is comparable
to other canyons of the Queensland Plateau (canyon C2 has a gradient of
0.3 to 0.4°, the canyon north of Flinders Reef c. 0.2°). The thalweg
gradient of canyon C1 locally increases to more than 8° where there are
morphological steps in the canyon bed (Fig. 2D). These steps represent
an abrupt lowering of the canyon bed, and are therefore seen to
resemble knickpoints in the canyon thalweg, following the terminology
of Grimaud et al. (2015) and Heijnen et al. (2020).

The seafloor in the area of the emergence of the C1 canyon near the
south tip of Willis Bank has a low gradient of <0.3° and a very rough
relief (Fig. 2). Here, the canyon is 2 km wide and bordered by steep (up
to 37°) flanks, which are up to 75 m high and terraced in parts (Fig. 5). In
Parasound data, the sediment of the eastern canyon flank appears
chaotic, whereas the western flank shows truncated layers. A mounded,
elongated well-stratified sediment body unconformably overlies the
floor of the canyon. This sediment body is up to 40 m thick, composed of

% Current scour
<
& 300 Current scour
a
-310 T T T .
cC o 200 400 600 Besance. ()

Fig. 4. A) Seafloor morphology west of Willis Bank (Fig. 2 for location). Note current-related circular scours (3 to 5 m deep) around larger blocks (water depth is c.
300 m); B) Seafloor at 258 m with current ripples and current scour marks (sm) around blocks (view is from 3 m above the seafloor). Arrow indicates the assumed
bottom-current direction. Image is from RV Falkor cruise FK200429, ROV dive 361 (see Beaman and Schmidt Ocean Institute, 2024 for details); C) Topographic
profile over one block (see red line in A) based on multibeam bathymetry. Note that the seafloor is lowered on the south side of the block. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Area of emergence of canyon-channel system C1 south of Willis Bank (Fig. 2 for location). A) Multibeam bathymetry; s: erosional scarp (up to 75 m high); bse:
back-stepping erosion upstream of a scarp; d: drift sediment body. Note linear grooves on the canyon-channel floor; B) Part of Parasound line SO292-PS104A. See
black line in A) for location; IV: informal stratigraphic unit (see Fig. 10).
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Fig. 6. A, B) Parasound lines SO292-PS087 and SO292-PS089 (Fig. 2 for location). Note erosional terraces and truncation of sedimentary beds on one side of the
canyon, and canyon-ward thinning and amalgamation of sedimentary beds on the opposite side. III, IV are informal stratigraphic units (see Fig. 10). MTC: mass-
transport complexes; C1: canyon-channel system C1.
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convex-upward curved beds, and flanked by channels (Fig. 5B).

The canyon C1 widens down-course and reaches almost 7 km-wide at
the eastern limit of the study area (Fig. 2). The canyon is wide and u-
shaped in cross section in some parts, in others it becomes v-shaped and
deeper incised (Fig. 2D). Walls in the outer curve of canyon bends were
affected by erosion, as indicated by truncated beds and the presence of
erosive terraces (Fig. 6). Canyon inner curves, by contrast, are charac-
terized by a thinning and dipping of sedimentary beds towards the
canyon, resulting in an amalgamating stacking pattern. Grooves inter-
sect some segments of the canyon wall (Figs. 7, 8). Parasound data show
that these canyon-parallel grooves represent outcropping sedimentary
beds (basset edges), which are likely more resistant to erosion than the
intermediate layers (Fig. 8B).

Scalloped head scarps left by submarine landslides intersect the
seafloor beside the canyon (Figs. 2, 8). These scarps open towards the
canyon, are up to 30 m high and have slope angles between 5 and 25°.
Similar scarps have been described from carbonate ooze of the Maldives
carbonate platform as well as from the southern slope of Tregrosse Bank
(Lidmann et al., 2022a; Betzler et al., 2024a). No talus fans of these
landslides are preserved inside the canyon.

The bottom of canyon C1 is intersected by axial channels and linear
striations (Figs. 2A, 5A, 7A, 8A). These striations are up to 12 km long,
erosively cut up to 8 m into the canyon floor, and in the downstream
direction terminate at morphological steps (knickpoints; Figs. 2, 7, 8).
OFOS imagery shows that the knickpoints are formed by outcropping
sedimentary beds that seem to be at least partly lithified (Fig. 8C). A
circular seafloor depression, 5 to 10 m deep and 400 to 500 m in
diameter, is present at the foot of one of these knickpoints (Fig. 8A). This
depression resembles a submarine plunge pool, a morphological feature
well known from seafloor channels elsewhere and proposed to have
formed as the result of erosion by sediment-laden flows (Gardner et al.,
2020; Mulder et al., 2022). A pronounced axial channel appears
downstream of the plunge pool in the C1 canyon. The floor of this
channel is covered by ripples and megaripples with wavelengths of c. 0.1
to 0.2 m and up to 1.5 m, respectively (Fig. 8D, E). Patches of coarse

blockfield
850m

grooves

S$0292-PS144
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sediment occur near channel walls and in channel bends (Fig. 8F). In
OFOS imagery, megaripples appear dark against the channel floor and
their sediment seems to be coarse-grained. The resolution of the images,
however, does not allow for a determination of components.

The bottom of the Willis Passage outside the canyons is intersected
by linear or slightly bent grooves, which start in the distal part of the
block field southeast of Willis Bank, largely follow the bathymetric
gradient, and merge with the C1 canyon from westerly direction (Fig. 2).
Individually they are on average 150 to 180 m wide (maximum c. 500
m) and 8 to 15 m deep, with a v-shaped cross-section and side walls that
dip between 8 and 12° (maximum c. 24°; Fig. 7). The grooves erosively
cut into the seafloor as proved by the internal stratification of adjacent
ridges, which can be traced from one ridge to the next (Figs. 7, 9; Sup-
plement 5). Grooves are arranged in parallel to sub-parallel running
bundles that form shallow channel-shaped depressions, 10 to >30 m
deep (Figs. 2C, 7). Grooves and ridges outside the canyons are covered
with a thin (up to 2 m thick) sediment veneer of uniform thickness
(Figs. 7C, 9).

The transition zone from the block field to the grooves is charac-
terized by elongated low-relief ridges (Figs. 2, 9). These ridges are often
drop-shaped, with tails pointing east. Ridges are 150 to 250 m wide, 1.8
to 2.4 km long (some reach up to 5 km in length), and elevate 5 to 10 m
(few up to 25 m) above the bottom of the adjacent grooves. Low-relief
ridges flatten out towards the east and grooves become dominant
(Figs. 7, 9). Ridges that are morphologically connected to the block field
often have one or several blocks at their western termination. These
angular blocks are up to several metres large and some show internal
bedding in OFOS imagery (Fig. 9C, D). Continuing further east along the
ridges, sediment becomes more abundant and covers the blocks
(Fig. 9E).

4.2. Stratigraphy

The sedimentary fill of Willis Passage is shown by multi-channel
seismic line SO292-P24 (Fig. 10). A strong, irregular reflection forms

“'PS144 (see B) 5

grooves

940 TWT [ms] 860

720 Depth [mbsl] 660

Fig. 7. Bundles comprising linear seafloor cuts (grooves) joining with canyon-channel C1. A) Multibeam bathymetry (see Fig. 2 for location and Supplement 5 for a
perspective view); pm: pockmarks; kp: knickpoint; be: basset edges; B) Parasound line SO292-PS144. See A) for location. IV: informal stratigraphic unit (see Fig. 10);
C) Detail of B) note the up to 2 m thick sediment veneer that covers grooves and adjacent ridges (scale bar for sediment thickness).
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Fig. 8. Details of the lower course of canyon-channel system C1 (Fig. 2 for location). A) Striations at the canyon floor, head-wall scarps of submarine landslides (sc),
basset edges (be), back-stepping erosion at a knickpoint (bse), and a plunge pool. Inset A.1 shows a slope gradient map of the plunge pool with location of OFOS-
transect $S0292-0650F0S (65); B) Parasound line SO292-PS098 which crosses the canyon floor. Hyperbolas are caused by diffraction of the seismic signal at
morphological edges; IV: informal stratigraphic unit (see Fig. 10); MTC: mass-transport complexes; C) Perspective view of the up-stream wall of the plunge pool with
sedimentary bedding. View is rendered from OFOS photographs (see methods). See A.1 for location of OFOS transect; D, E) Current ripples and coarse-grained
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megaripples on the canyon-channel floor down-stream of the plunge pool; t: trough; c: crest; F) Perspective view rendered from OFOS photographs showing a coarse-

grained lag deposit (1d) at the foot of the channel wall.
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Fig. 9. Erosional bedforms (low-relief ridges and grooves) east of Willis Bank. See Fig. 2 for location. A) Seafloor morphology from multibeam data. 84: OFOS
transect SO0292-840FOS. Inset profile A.1 shows the morphology along the OFOS transect with positions of seafloor photographs shown in C, D, E; Inset A.2 shows a
seafloor gradient map. See white box in A for location; bse: back-stepping erosion upstream of a scarp; B) Part of Parasound line SO292-PS087. Note erosional
truncation of sedimentary beds at the flanks of the low-relief ridges. See A) for location of line; sr: side (out-of-plane-) reflections; IV: informal stratigraphic unit (see
Fig. 10); C-E) Photographs from OFOS transect SO292-840FOS. C, D) lithic blocks (bedded and fractured) exposed at the seafloor; E) a bedded block covered with

fine-grained sediment. For locations see A.1.

acoustic basement of a well-stratified succession at a depth of c. 1900
mbsl (1600-1700 ms TWT, see methods for details on time-depth con-
version). The acoustic basement correlates with the top of the Paleozoic
(upper Carboniferous to lower Permian) metasedimentary/meta-
volcanic basement of the Queensland Plateau as drilled in ODP Site 133,
holes 924 and 925B (Feary et al., 1993; Shaanan et al., 2018). The
sedimentary succession overlying the acoustic basement is about 1100
m thick and comprises sub-horizontal to slightly upward-curved strata
that can be traced over several tens of km. These are marine sediments
associated with the development of the Queensland carbonate province
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since the middle Eocene (Mutter, 1977; Davies et al., 1989, 1991; Betzler
et al., 1993). The lateral continuity of these sediments, with horizons
traceable over tens of km, points to the lateral uniform deposition in a
pelagic to hemipelagic marine setting.

The sedimentary succession of Willis Passage is subdivided into four
seismo-stratigraphic units, based on acoustic facies and subsurface ge-
ometries (Fig. 10, Units I to IV). The lowermost interval (Unit I, c. 1400
to 1900 mbsl) is characterized by horizontal strata of lateral continuity
which pinch out at the paleoslope of Willis Bank. In the second interval
(Unit II, c. 1400 to 1000 mbsl), sedimentary beds are gently upward-
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Fig. 10. A) Multi-channel seismic line SO292-P24 cross-cutting Willis Passage. See Fig. 2 for location; B) Interpretation of A). C1, C2: canyon-channel systems C1 and
C2; I to IV are informal stratigraphic units; black lines are seismic horizons and red lines trace unconformities; the green line is the seismic horizon correlated with
ODP Leg 133, Site 811/825 stratigraphy (age 8.1 to 5.53 Ma); see Supplement 6 for seismic correlation and text for discussion. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

curved and often truncated by low-angle unconformities. This archi-
tecture is interpreted to resemble current reworking of pelagic sediment,
i.e. drift sedimentation, as this is common in similar marine passages
elsewhere (Mullins et al., 1980; Rebesco et al., 2014; Liidmann et al.,
2022b). A large cut-and-fill structure, up to 10 km-wide, is present in
Unit II near the centre of the line. The eastern flank of this structure is
erosive, as indicated by truncation of beds. The western flank is much
less clearly defined and the cut-and-fill structure interfingers with hor-
izontal strata that continue towards the west. Smaller cut-and-fill
structures are present in the same stratigraphic interval, further to-
wards the west, near the modern Willis Bank. These cut-and-fill struc-
tures are seen to represent a buried canyon-channel system, similar in
size to the present-day one. The third interval (Unit III, c. 1000 to 850
mbsl) comprises horizontal strata in absence of cut-and-fill structures.
The uppermost interval (Unit IV, c. 850 mbsl to the seafloor) is incised
by the C1 and C2 canyon systems, which truncate the horizontal strata of
this unit.

More detailed information on the architecture of the younger sedi-
mentary succession comes from Parasound line SO292-PS085, which
traverses the western part of Willis Passage (Figs. 2, 11). Data show well-
stratified strata that gently dip towards the axis of the C1 canyon.
Embedded into these strata, there are several km-large sediment bodies,
which have an irregular outer shape and are internally acoustically
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transparent (Fig. 11B). The base of these sediment bodies is erosive as
indicated by the truncation of sedimentary beds. Sedimentary bodies
with similar acoustic facies are common in Parasound data from else-
where on the Queensland Plateau and were recognized as mass-
transport complexes (MTCs; Betzler et al., 2022, 2024a, 2024b). Other
erosional structures of Unit IV comprise a more than 2 km-wide and up
to 20 m-deep cut-and-fill structure, buried at a depth of about 20-30 m
below the present seafloor. The erosional base of this structure cuts into
the well-bedded deposits of Unit III and can be laterally traced over more
than 8 km. Smaller erosional truncations are present a few metres below
the seafloor. These wedge-shaped cut-and-fill structures, each up to 10
m deep and up to 200 m wide, are covered by acoustically more trans-
parent sediments, and are likely buried grooves (Fig. 11B).

The sedimentary architecture of the north-south trending drainage
divide south of Willis Bank is imaged in Parasound line SO292-PS102A
as well as in seismic line SO292-P27 (Fig. 12; Supplement 6). Seismic
and Parasound data show an eastward-directed progradational stacking
pattern of sedimentary beds in the upper part of the succession while
strata at greater depth indicate a westward progradation of the sedi-
mentary body (Fig. 12; Supplement 6C). Wavy reflections at the limit of
spatial data resolution resemble submarine dunes, while sediment
bodies with a chaotic internal stratification are mass-transport com-
plexes (Fig. 12 A.1).
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Fig. 12. Part of Parasound line SO292-PS102A which crosses the drainage divide south of Willis Bank. Note divergent stacking pattern of the sedimentary beds,
which indicates an eastward-directed progradation of the sediment body. IV is an informal stratigraphic unit (see Fig. 10). See Fig. 2 for location and Supplement 6

for the corresponding multi-channel seismic line SO292-P27.
5. Discussion
5.1. Erosive submarine bedforms in Willis Passage

Linear erosive bedforms are common in Willis Passage. Grooves cut
into the floor of the central passage and the side walls of the canyon,
while kilometre-long striations intersect the canyon floor (Figs. 2, 7, 8A,
9). These features are interpreted as furrows, as defined by Flood (1981)
as linear depressions, eroded into the seafloor by bottom currents.
Furrows similar in size to the grooves in Willis Passage, with lengths of
up to 10 km, are described from siliciclastic settings, e.g. the Gulf of
Cadiz contourite system, and attributed to flow velocities >0.3 m s ™! for
muddy sediments, and 0.75 to 1.5 m s ™! for sandy and coarser sediments
(Hernandez-Molina et al., 2006; Stow et al., 2009). Deep-water furrows
(up to 10 m deep and 50 m wide) with lengths of up to 50 km are re-
ported from the Gulf of Mexico (Bryant et al., 2005). These bedforms

12

were formed by bottom currents with velocities exceeding 1 m s™L.

Furrows formed under lower flow velocities (0.05 to 0.2 m s~ !) were
reported from hemipelagic carbonate muds (Flood, 1983 and references
therein). Furrow initiation in muddy sediments is seen to be triggered by
obstacles that locally enhance seafloor erosion (Flood, 1981). The pro-
cess of furrow growth has been suggested to represent a feedback loop
(Flood, 1981, 1983), where the topography of the furrow bedform in-
duces a secondary helical circulation to bottom-currents, which then
results in deepening and linear lengthening of the erosive structure.
Linear erosive bedforms in Willis Passage, however, are only partly
explained by the genetic model suggested by Flood (1981). These
grooves appear connected to the block fields south of Willis Bank. The
large debris potentially caused the vorticity in bottom-current flow
typically associated with furrow initiation. The low-relief ridges situated
at the transition of the block field to the grooves, however, consist of
sediment left in the current shadow of the blocks, as indicated by ridge-
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internal strata that are truncated at the flanks of the ridges (Figs. 7, 9).
This architecture does not fit with the furrow model which builds on
direct erosional incision behind the obstacles. Further, erosional struc-
tures in Willis Passage are not straight, but slightly curved, and bundles
of grooves form low-relief depressions (Fig. 2C). When merging with the
C1 canyon, grooves bend and eventually run along the canyon wall
(Figs. 7, 8). Parasound data show that these grooves at the canyon wall
are likely basset edges, sculptured by different degrees of erosion of
unconsolidated and more consolidated sedimentary intervals. Apparent
bending of grooves towards the canyon axis likely is a geometric effect
caused by the steepening gradient of the seabed near the canyon and the
dip of the sub-horizontal layers. While linear erosion due to local tur-
bulence in the bottom-current flow cannot be ruled out for the grooves
that have formed in the direct vicinity of the low relief ridges, the
downstream continuation of the grooves appears to be controlled rather
by the subsurface lithology than by simple linear extension of the erosive
bedforms. In result the grooves in Willis Passage are seen to trace the
stratal heads of potentially lithified sedimentary beds. It fits with this
interpretation that grooves are arranged in bundles that form shallow
depressions in the seafloor, which cut through sub-seafloor sedimentary
beds at different burial depths (Figs. 2C, 7).

Striations (linear seafloor cuts) at the canyon floor terminate in
downstream direction at morphological steps, which are interpreted as
knickpoints (Figs, 2, 7, 8). The formation of these erosional bedforms is
seen to be linked to this steepening of the thalweg gradient, which
locally enhances the flow velocity. In result, such striations at the
canyon floor likely form by retrogressive (back-stepping) erosion, up-
stream of knickpoints (Gardner, 1983).
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Erosion also takes place downstream of knickpoints as a result of
increased turbulence due to expansion of the flow when passing the
hydraulic jump and/or excavation by the impacting sediment-laden
flow (Lee et al., 2002; Bourget et al., 2011). This is where the plunge
pool in the C1 channel formed (Fig. 8). Local increase in erosional po-
tential is further indicated by the erosive channel downstream of the
plunge pool. Bedforms (ripples and megaripples) and coarse sediment in
the outer bends of the channel provide further evidence of bottom-
current flow and sediment transport in this channel, eventually paired
with a winnowing of fines (Fig. 8D-F). Bedforms, similar in size to the
ones imaged in the C1 channel, form at current velocities exceeding c.
0.1-0.2ms! (ripples) and 0.4 m s7! (megaripples; Stow et al., 2009).
Very low shear velocities in the range of 1.0 to 1.8 cm s ! are needed to
entrain fine-grained carbonate particles, and substantial erosion of
calcareous ooze takes place at velocities well below 20 cm s~ (Southard
et al., 1971; Prager et al., 1996; Black et al., 2003). Presently, bedforms
and lag sediments in the canyon-channel system of Willis Passage are not
covered with sediment. An occasional weak flow in the channel appears
therefore likely.

5.2. Bottom-current directions

The current regime of the western Coral Sea, including the Queens-
land Plateau, is mainly controlled by the westward-flowing waters of the
South Equatorial Current (SEC), down to depths of 1500 m, and the
easterly trade winds, that control the surface currents (Fig. 3A).

In contrast to the regional dominance of westward-flowing ocean
currents, sedimentological bottom-current indicators in the study area

Y
D ®
Diane Bank . (Fig. 2A.1)
]
ll Jc, 40, f
des o (Fig. 8)
/¢
' ~
Willis Bank o
_ ey
% b, ¢ d o<
, (Fig. 4) =
s A " e f d,e
. ‘Q (Fig. 9)
% O\ ;
% . g "17 ~—r / e
° ) U i
5. o | ( (Fig. 7)
d (Fig. 215
SATENG ) e
Q ' / (Fig. 5)
\__ [ Y
o a‘
@
\\% Magdelaine Bank
20 km \

Fig. 13. Sedimentary bottom-current indicators (grey triangles and rhombs) and modelled surface currents down to 103 mbsl (blue arrows; data from AIMS,
Australian Institute of Marine Science, 2024). Blue dashed arcs indicate change in surface current direction over one tidal cycle. Bottom current indicators are a:

submarine dunes with a predominant symmetric cross section; b: current scours;

c: current ripples and megaripples; d: canyons and channels; e: grooves; f: drop-

shaped low-relief ridges. Canyon-channel systems C1, C2 and connected grooves are marked as green areas. Note that isobaths south of Willis Bank appear to
trace the contours of a south-prograding drift deposit (orange area; see text for discussion). For details on surface morphology see figures referred to. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reveal a complex flow pattern (Fig. 13). The field of submarine dunes
north of Willis Bank comprises bedforms that are indicative for both,
westward- as well as eastward sediment transport (Fig. 2A.1). Bottom-
current indicators in the marine passage west of Willis Bank comprise
current scours around blocks and current ripples (Fig. 4). While the
circular scours around blocks indicate rotary or multidirectional current
directions (Allen, 1984; Euler and Herget, 2012), their asymmetry in
cross sections point to the predominance of a net south-directed bottom-
flow west of Willis Bank. This view is corroborated by the south-
migrated current ripples imaged at similar water depths of around
260 m (Fig. 4B).

A south-directed sediment transport in the passage west of Willis
Bank is also indicated by the seafloor morphology south of the passage,
which trace a fan-shaped sediment body that appears to prograde in a
southerly direction (Fig. 13). Here, grooves at the seafloor point to
south-westerly to south-easterly sediment transport, diverting at the
local drainage divide (Fig. 2; Supplement 2). The internal architecture of
this sediment body is poorly imaged due to the lack of north-south
crossing hydroacoustic lines. West-east oriented Parasound data show
a shift from westward to eastward progradation of the sediment body
with time (Fig. 12; Supplement 6C). In three dimensions, this pattern
can be explained by an overall southward progradation. The fan-shaped
sediment body south of Willis Bank is, therefore, interpreted as a broad
delta drift, i.e. a sediment body accumulated by the deceleration of
currents when leaving a marine passage (Liidmann et al., 2018).

Hydrodynamic models indicate semi-diurnal oscillating, i.e. tidally
influenced, currents at a water depth of about 100 m in the passage
between Willis and Diane banks (AIMS, Australian Institute of Marine
Science, 2024; Fig. 3B). The modelled current velocity varies with a
periodicity of six hours between zero and about 0.6 m s~!, while the
current remains directed south. Given the low shear velocities needed
for the entrainment of carbonate ooze (Southard et al., 1971; Prager
et al., 1996; Black et al., 2003), southward-directed bottom currents in
the passage are potentially strong enough to resuspend fine-grained
carbonate sediment at the toe of the bank slope. In this regard, it is
worth noting that oceanographic data acquired during cruise SO292
indicate slightly increased values for water turbidity near the seafloor
(Betzler et al., 2022; Supplement 3). This observation only gives a
snapshot, but the amount of suspended sediment in near-bottom water
masses potentially rose when sea level was lower, e.g. during the last
glacial, when water depth in the passage west of Willis Bank decreased
to less than 150 m (Lambeck et al., 2014; Grant et al., 2014; Hinestrosa
et al., 2022; Supplement 1). Under these circumstances bottom-current
velocities are expected to have been higher compared to today, not only
due to the lower sea level, but also because of the reduced flow cross-
section of the passage, which further focussed the flow.

Bottom-current indicators in Willis Passage include the general
orientation of the canyon-channel systems, the orientation of the
grooves, and the shape of the low-relief ridges (Fig. 13). All of these
features are indicative of a bottom flow that followed the bathymetric
gradient towards the east and northeast. Inside the canyon, eastward
transport is obvious from striations at the canyon floor, the geometry of
knickpoints and associated plunge pools, axial channels, and the shape
of sedimentary bedforms like ripples and megaripples.

The further course of sediment-laden flows entering Willis Passage
from the west is likely controlled by gravity, as this has been proposed e.
g. for calciclastic deep-water channels at the Line Islands Ridge in the
central Pacific Ocean (Gardner et al., 2020). In this regard, it is inter-
esting to note that the average volumetric sediment concentration of
gravity-driven siliciclastic turbidity currents is estimated to be just a few
percent in maximum, with potentially higher concentrations at the
sediment-flow interface (Konsoer et al., 2013; Peakall and Sumner,
2015). Low amounts of resuspended sediment are therefore sufficient to
drive a down-slope sediment flow. An eastward-directed gravity-driven
flow inside Willis Passage appears further likely as the increase in water-
mass density at depths greater than 500 m is neglectable (Betzler et al.,
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2022; Supplement 3), potentially allowing the flow to nest at the sea-
floor over long distances. This relation not only explains how the flow
keeps its erosional potential for several tens of km inside Willis Passage
and then beyond towards abyssal depths, but potentially also the
observation that low-gradient canyon-channel systems of the Queens-
land Plateau exclusively develop at greater water depths, i.e. where
water density remains largely constant.

The counter-clockwise bottom current around Willis Bank, as docu-
mented by the submarine landforms, is suggested to result from current
modulation around the carbonate edifices of the Queensland Plateau. In
this scenario, the carbonate banks act as obstacles, diverting the
westward-flowing water masses of the North Caledonian Jet, with cur-
rents being focused and accelerated in the southward-narrowing passage
north of Willis Bank. The latter is corroborated by the hydrodynamic
modelling of the near-surface currents in the Queensland Plateau that
show a strong semi-diurnal tidal cyclicity in flow speed in the Passage
between Willis and Diane banks (AIMS, Australian Institute of Marine
Science, 2024; Fig. 3B). Similar tidal currents, superimposed on oceanic
currents, are known to accelerate the current flow in small marine
passages, leading to ‘tidal pumping’ and unidirectional sediment
transport (Saruwatari et al., 2013; Bgrve et al., 2021). Modelling of
currents in the narrow marine passages of the Orkney archipelago (north
Scotland), for example, shows a significant increase of the velocity of
tidal currents (up to a factor of five times; Saruwatari et al., 2013). Tidal-
induced currents are also well known to influence sedimentation in deep
water, including submarine canyons, where tidal waves trigger currents
strong enough to resuspend sediment (Shanmugam, 2003; Bailey et al.,
2024; Normandeau et al., 2024).

5.3. Glacial-interglacial dynamics of the Willis Passage canyon-channel
system

During sea-level highstand, as at present, there is a reduced neritic
carbonate production on the mesophotic bank tops (Reolid et al., 2024;
Fig. 14A). In result, sedimentation around the banks originate from
mainly pelagic sources. The erosional grooves in Willis Passage appear
inactive at present, as indicated by the sediment veneer that covers
grooves and ridges with uniform thickness (Fig. 7C). At the same time,
bedforms in the canyon are not covered with sediment (Fig. 8D-F). This
observation indicates a (recurring) flow in the canyon at least fast
enough to winnow fine-grained pelagic sediment. Bottom currents in the
Willis Passage during sea-level highstand are therefore assumed to be
weak but not completely interrupted.

With falling sea level, there is a period of increased neritic produc-
tion on the bank top, when water depth decreases and light availability
at the seafloor improves. This peak in shallow-water production is in line
with observations from Tregrosse Bank, where neritic sediment export
and cross-slope sediment transport are found to intensify during early
stages of sea-level fall (Betzler et al., 2024a; Reolid et al., 2024). During
these phases of transition, elevated neritic production and intensified
wave abrasion on bank tops and upper slopes create a sediment pulse
towards the slopes (Fig. 14A).

With the continued fall of sea level, the bank tops become sub-
aerially exposed and neritic production ceases (Fig. 14B). At the same
time, bottom currents are expected to accelerate and foster sediment
resuspension at the lower slopes of the banks. Now, at the latest, the
canyon-channel system of Willis Passage is assumed to be fully active,
nourished by sediment-laden bottom currents that flow around the
southern tip of Willis Bank and then follow the bathymetric gradient of
Willis Passage towards the northeast, routing sediment towards the deep
sea. The resulting shift of depocenters, from the toe of bank slopes to-
wards the bank-distal abyssal plain, makes these canyon-channel sys-
tems an important element of the carbonate source-to-sink system.

With glacial termination and sea-level rise, bottom currents and
sediment transport in the canyon cease. A pelagic sediment veneer starts
to drape the canyon and the grooves. When reaching the bank top, the
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Sea-level highstand & transition

Sea-level lowstand

Fig. 14. Dynamics of canyon-channel system activity in Willis Passage dependent of sea-level position. A) Carbonate bank tops are flooded during sea-level
highstand and mesophotic carbonate production prevails. Bottom currents in the marine passages are weak and grooves are covered by pelagic sediments. With
falling sea level, there is a short peak of neritic production due to increased light availability. Sediment exported during highstand and transition accumulates near
the banks; B) With sea-level falling below the bank edges, bottom currents intensify, sediment from bank-distal depocenters is resuspended, and canyons and grooves

become active, nourished by sediment-laden gravity flows.

rising sea level again creates a short window of opportunity for shallow-
water carbonate production including the build-up of Halimeda bio-
herms (Reolid et al., 2024). At the same time, paleosols and aeolian
deposits from glacial times are reworked from the platform top, as e.g.
indicated by red sediment layers in the uppermost parts of sediment
cores from the slopes of Tregrosse Bank (Betzler et al., 2024a).

5.4. Age of the Willis Passage canyon-channel system

Seismic data show no buried carbonate banks or mounds in the Willis
Passage, down to the acoustic basement, i.e. the middle Eocene (Fig. 10;
Supplement 6). This observation contrasts with other areas of the
Queensland Plateau, where buried carbonate edifices are common
(Betzler et al., 2024b). The lack of buried banks in Willis Passage implies
that this marine strait is a persistent feature of the Queensland Plateau,
likely since the middle Eocene. The history of the canyon systems in
Willis Passage, by contrast, is less continuous. While stratigraphic units I
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and III are characterized by sub-horizontal strata and the lack of large
cut-and-fill structures, there are extensive buried erosive structures in
stratigraphic Unit II (1400 to 1000 mbsl) that likely resemble a canyon
system similar to the present day Cl canyon (Fig. 10). The present
canyon-channel system is therefore seen as (at least) the second gener-
ation of such a system in Willis Passage.

The timing of the first occurrence of canyons in Willis Passage (in
stratigraphic Unit II) can roughly be estimated by correlating the lowest
horizons of the canyon fill with dated intervals of ODP Leg 133, Site
811/825 c. 250 km west of Willis Passage (Supplement 6). This ‘jump
correlation’ is afflicted with a high uncertainty due to the occurrence of
extensive mass-transport complexes that hinder the continuous tracing
of seismic horizons between the ODP site and the study area (see MTC in
Supplement 6B), and therefore only gives a rough estimation. The cor-
relation places the onset of canyon burial in the time interval between
5.3 and 8.1 Ma. Past 8 Ma, the Queensland Plateau was a wide, open
platform, characterized by low-relief banks, mounds, and drift
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sediments shaped by bottom currents (Betzler et al., 2024b). As a similar
age was found for the onset of delta drift progradation south of Willis
Bank (Fig. 13; Supplement 6C), it is hypothesized that the formation of
the canyon-channel systems accompanied the onset of widespread
bottom-current deposition on the Queensland Plateau.

The interplay of stratigraphic intervals with canyon incision and
intervals that lack such submarine landforms indicate profound and
recurring changes in the current regime of the Queensland Plateau
through time. It can only be hypothesized, however, that this variability
reflects the response of the local current regime to changing platform
geometry over time, with active canyon-channel systems formed during
stages characterized by a high-relief platform top, and burying of sedi-
ment transport paths when the platform top is open and lacks significant
obstacles.

With the available data, it is not possible to date the beginning of
modern canyon erosion. However, winnowing and the resulting thin-
ning and dip of sedimentary beds towards the C1 canyon (stratigraphic
Unit IV, Fig. 6) suggests that pelagic sedimentation and canyon forma-
tion acted synchronously over longer time scales. Other indicators for a
long-lasting history of the present canyon-channel system comprise 1.)
the erosional scarps, up to 75 m high, that flank the canyon where it cuts
into the block fields near the southern tip of Willis Bank; and 2.) the
presence of a thick (up to 40 m) drift sediment body composed of several
packages of well stratified sediments that unconformably overly the
floor of the (previously formed) canyon (Fig. 5). In summary, it appears
likely that the modern canyon-channel systems of Willis Passage evolved
over at least several glacial-interglacial cycles.

6. Conclusions

Slope-detached canyon-channel systems at the seafloor surrounding
the carbonate banks of the Queensland Plateau are recognized as an
important element of the carbonate source-to-sink system. Submarine
landforms and sedimentary architecture indicate that the formation of
theses canyons is controlled by sediment-laden bottom currents that
propagate down-slope, in opposite direction to the prevailing ocean
current regime, and are driven by gravity. The formation of these bottom
currents is linked to the steep relief of the partially drowned carbonate
platform, which comprises larger carbonate edifices that are separated
by deep marine passages. Oceanic and tidal currents are channelized and
accelerated in the narrow passages, allowing for sediment resuspension.
This mechanism appears to be most active during phases of lower than
present sea level, when bottom currents are assumed to intensify due to
the reduced flow cross-section and the lower water depth. During sea-
level highstand, by contrast, bottom currents are weaker and are
restricted to the canyon, while other erosive landforms in the marine
passage are inactive and covered by pelagic sediments.

We conclude that deep-water canyon-channel systems represent
important sediment conduits, connecting platform-slope proximal
depocenters with distal abyssal sinks. The sediment relocation in these
canyons not only affects the long-term sediment budget of carbonate
platforms by removing sediment from the system, but also has impli-
cations for the long-term burial of atmospheric carbon-dioxide.
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Supplement 1. Correlation of Willis Bank bathymetric cross section with
late Pleistocene to Recent sea-level development. Green line indicates
average depth of inner platform. Sea-level data are from Lambeck et al.
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Supplement 2. Multibeam bathymetry presented in Figure 2A (see there for labels).
Bathymetric data is from RV Sonne cruise S0292 (this study), gbr100 bathymetry
(Beaman, 2010), RV Falkor cruises FK200802 and FK200429 (Brooke, 2020; Beaman &
Schmidt Ocean Institute, 2024).
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Supplement 3. Water column profiles from stations S0292-65CTD and
S0292-67CTD including temperature, oxygen content, turbidity (NTU:
nephelometric turbidity unit, see methods), density (sigma-theta), and
salinity. See Figure 1 for locations. Oceanographic data were acquired
using the RV Sonne shipboard CTD (conductivity-temperature-depth, SBE
911plus, Sea-Bird Electronic Inc, USA). For details see Betzler et al. (2022).
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Supplement 4. Coverage of geophysical
datasets used for this study. A) Track of RV
Sonne cruise S0292 and coverage of
multibeam data (Kongsberg EM122) acquired
during this cruise; B) Combined multibeam
data acquired during cruise SO292 and the two
cruises of RV Falkor FK200429 and FK200802
(see methods). Gaps in the merged dataset
have been filled for visualization using data of
the gbr100 bathymetry (see methods); C)
Parasound sediment echosounder (Atlas
PS70) profiles acquired during RV Sonne
cruise S0O292.
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Supplement 5. Blend of multibeam bathymetry with Parasound data
showing the sedimentary architecture of the linear seafloor cuts (grooves).
Parasound data represent the first half of line SO292-PS144 (see Fig. 7 for
location and text for discussion).
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Supplement 6. Correlation of the seismic horizon at the basal fill of the buried canyon. Stratigraphy is from ODP Leg 133, Sites
811/825 (Davies et al., 1991). Red numbers are ages in Ma: MTC: mass-transport complexes; C1: canyon-channel system C1; see

text for further explanation and discussion and Figure 1E for location of ODP site.
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