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Abstract

Oceanic currents can profoundly reshape the seafloor and even modify the characteristics of
turbidite systems. Multiple erosional and depositional features directly formed by bottom
currents (i.e. contourites), as well as by the interaction between bottom currents and turbidity
currents or turbidite systems (i.e. mixed turbidite-contourite systems) have been identified in
the Mozambique Channel (SW Indian Ocean) in multibeam bathymetry, seismic reflection
data, sub-bottom profiler images and sediment cores. In this study, we characterise the
morphology, stacking pattern and sedimentary characteristics of these sedimentary systems,
and analysed the properties of bottom currents at these systems using a hydrodynamic
numerical model. Modelled bottom currents are the highest at abraded surfaces and moats,
but they also display a relatively high variability, suggesting that the observed erosion is not
the result of a constant or persistent current but rather of episodes of intense circulation.
Modelled bottom currents at contourite terraces are not significantly different from currents
at related plastered drifts, where accumulation is enhanced. The formation of contourite
terraces can thus not solely be explained by the mean oceanic circulation and eddies, implying
that other processes such as internal waves may play a relevant role in their formation. Three
different types of mixed turbidite-contourite systems were observed: one characterised by
asymmetric channel-levee systems formed by the synchronous interaction of bottom currents

and turbidity currents, one characterised by a phased interaction that resulted in the erosion
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of the channel flanks by bottom currents, and another one in which both synchronous and
phased interaction played a relevant role in the evolution of the system. Finally, we propose
a simplified classification of contourites that can be applied to any contourite system
worldwide, and that comprises erosional and depositional features, including muddy and
sandy contourite deposits.
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1. Introduction

Ocean circulation can affect sedimentation from shallow waters to the deep sea and form
contourite depositional systems (Rebesco et al., 2014). These systems are composed of both
depositional (i.e. contourite drifts) and erosional features (e.g. abraded surfaces, moats,
channels and furrows) formed by currents flowing near the seafloor (i.e. bottom currents;
Hernandez-Molina et al., 2008a,b; Rebesco et al., 2014). The first observations of deposits
generated by the thermohaline circulation in the deep sea were published in the 1960s
(Heezen and Hollister, 1964; Hollister, 1967). After these pioneering studies, numerous
contourites have been identified in different types of environments and at all water depths,
also in lakes, and their formation has been related to all types of bottom currents, including
balanced flows (e.g. currents related to the mean oceanic circulation, eddies, Ekman
transport) and unbalanced flows (e.g. internal tides, internal solitary waves, near-inertial
flows) and is not only restricted to the thermohaline circulation (Rebesco et al., 2014 and
references therein).

Understanding the characteristics of contourites and the processes that control their
formation and evolution is important for multiple research topics: (i) paleoceanographic and
paleoclimatic reconstructions (Knutz, 2008; McCave, 2008); (ii) submarine geohazards
(Miramontes et al., 2018); (iii) continental-scale submarine geomorphology (Mosher et al.,
2017); (iv) turbidite-contourite interaction (Miramontes et al., 2019a; 2020a; Fonnesu et al.,
2020; Fuhrmann et al., 2020); (v) microplastic accumulation (Kane et al., 2020); and (vi)
development of particular ecosystems such as cold-water corals (Hebbeln et al.,, 2016).
Despite the broad interest in current-related sedimentation, sometimes the identification of
contourites remains challenging, especially at small scale from the analysis of sediment cores
and outcrops (Stow and Smillie, 2020). Moreover, little is still known about the physical
processes that control the formation of contourites. Bottom currents are commonly
considered to be “persistent” because their effect can be observed in the sedimentary record
at large scale over thousands to millions of years (Stow et al., 2002; Rebesco, 2005; 2014).
Although in situ measurements and modelling studies of bottom currents in the deep-sea
remain scarce (Hunter et al., 2007; de Lavergne et al., 2016), increasing number of studies



suggest that bottom currents at the origin of contourites present strong temporal variability
(e.g. Thran et al., 2018; Miramontes et al., 2019b; de Weger et al., 2020).

The main criteria used for the identification of contourites are commonly based on the
geometry and internal architecture of the deposits using multibeam bathymetry and seismic
data (Faugeéres et al., 1999; Rebesco et al., 2014). Recent studies also suggest that turbidites,
contourites and hemipelagites can be differentiated using principal component analysis of
grain size and geochemical composition, together with sedimentary macrofacies, microfacies
and ichnofacies analyses (de Castro et al., 2021a,b). Moreover, it has been shown that the
contourite drifts, identified from its large-scale geometry, can contain other types of deposits
at bed scale such as hemipelagites and turbidites (de Castro et al., 2021b). It is therefore
recommended to analyse the deposits at different scales, from small-scale sedimentary
characteristics (e.g. lamination, bioturbation), to medium-scale sediment body geometry and
the large-scale oceanographic and tectonic setting (Stow and Smillie, 2020). Most of the
studies and classifications of contourites focus on large muddy contourite drifts in siliciclastic
systems (Faugeres et al., 1999; Rebesco and Stow, 2001; Stow et al., 2002; Hernandez-Molina
et al.,, 2008a), which are commonly characterised by the bi-gradational contourite facies
model (Gonthier et al., 1984; Stow et al., 2002). However, contourites are very diverse, and
include for instance, carbonate contourites (Eberli and Betzler, 2019) and sandy contourites
(Brackenridge et al., 2018). The main classification of contourites commonly used at present
was proposed by Faugeres et al. (1999), Rebesco and Stow (2001) and Rebesco (2005). It
focuses on the sedimentary deposits and on the context in which they are formed, and it is
based on the geometry and internal architecture of deposits imaged with seismic data. The
classification is complex, and it is often difficult to clearly identify different types of contourite
drifts. Moreover, it is not evident whether different drift types are associated with different
processes. For instance, many contourite drifts (elongated separated mounded drifts,
confined drifts, infill drifts and patch drifts) are associated with a moat, and all have similar
morphologies. Furthermore, this classification system is focused on muddy contourite drifts
and makes no direct reference to sandy contourites (Herndndez-Molina et al., 2008a; Rebesco
et al., 2014; and references therein).

This study has two main aims: 1) The first aim is to provide a new comprehensive
classification of contourites that will help the identification of contourite depositional systems
in the sedimentary record, and that is based on an update, integration and simplification of
previous classifications (Faugeres et al., 1999; Rebesco and Stow, 2001; Stow et al., 2002;
Hernandez-Molina et al., 2008a; Garcia et al., 2009), using as examples sedimentary features
from the Mozambique Channel. 2) The second aim is to establish a better link between the
different types of contourites and the oceanographic processes that form them, by analysing
the characteristics of bottom currents from a numerical model at the different zones affected
by bottom currents in the Mozambique Channel. We chose this study area because of its
abundance and diversity of current-related sedimentary features, and because the physical
oceanography of this area is relatively well known and information of bottom currents from a
numerical model is available (Fierens et al., 2019; Miramontes et al., 2019a; Thiéblemont et
al., 2019).



2. Regional setting
2.1. Geological setting

The Mozambique Channel is an elongated, north-south oriented basin, located on the East
African margin (Southwest Indian Ocean) between Mozambique and Madagascar. The
Mozambique Basin is considered its southward extension (Fig. 1). Maximum water depths
range between 2700 m in the narrowest part of the channel in the north, and 5000 m in the
southern part of the Mozambique Basin (Fig. 1).

The Mozambique Channel formed during the breakup of Gondwana from the Early-Middle
Jurassic times until the Early Cretaceous period (Mahanjane, 2014; Thompson et al., 2019; Li
et al., 2021). This geodynamic evolution created a marginal fracture ridge (Davie Ridge in the
NE part of the channel), large igneous provinces of oceanic origin (the Mozambique Ridge and
the Madagascar Ridge with a N-S orientation in the southern part of the basin), a continental
basement high (the Beira High in the central-western part of the channel), and in the centre
of the basin volcanic seamounts and islands (Eparses Islands), some of which are capped by
carbonate platforms (Fig. 1). Isolated carbonate platforms started to form during Oligocene-
Miocene times (Courgeon et al., 2016; Leroux et al., 2020), and evolved in close relationship
with tectonic movements and renewed volcanic activity (Courgeon et al., 2017; Deville et al.,
2018). The Eparses Islands still host modern carbonate platforms (Jorry et al., 2016), but
several other carbonate platforms atop volcanic edifices drowned during Late Miocene to
Early Pliocene times (Courgeon et al., 2016).

Sedimentation in the Mozambique Channel and Basin is bounded in the north and west by
the African continent and the Mozambique Ridge, and in the east by Madagascar and the
Davie Ridge (Castelino et al., 2017; Fig. 1). The Zambezi and Limpopo Rivers are the main rivers
delivering sediment to the margin and the deep oceanic regions (Walford et al., 2005).
However, sediment is also supplied from the western side of Madagascar, for instance by the
Mangoky and the Tsiribihina Rivers (Fierens et al., 2019). The submarine channels related to
the Zambezi and Mangoky/Tsiribihina River systems join in the Mozambique Channel at
~22.5°S and feed a single turbidite system, named the Zambezi turbidite system, which started
to develop at the beginning of the Oligocene (Droz and Mougenot, 1987; Fierens et al., 2019).
The Zambezi turbidite system comprises a large lobe system in the south distal Mozambique
Basin, mainly developed before 350 kyr, and a ponded semi-confined fan spread out in the
north-western area between the Mozambican slope and the Eparses Islands formed during
late Quaternary (Fig. 1; Fierens et al., 2019; 2020). At present, the Zambezi River does not
supply sediment directly to the turbidite system and the sediment is mainly dispersed
northwards by longshore currents (Schulz et al., 2011). Other smaller turbidite systems, that
also deliver sediment to the basin, are related to submarine canyons located on the southern
and northern Mozambican slope (Fig. 1; Thiéblemont et al., 2019). Carbonate sediment is also
exported to the deep seafloor in the basin from several isolated platforms and atolls in the
form of fine-grained aragonite and calciturbiditic sands (Counts et al., 2018; 2019; Jorry et al.,
2020).
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Figure 1. Bathymetric map of the Mozambique Channel showing the main contouritic and
gravitational sedimentary features (based on Thiéblemont et al., 2019; and Fierens et al., 2019). The
large purple and blue arrows indicate the general oceanic currents in the area. MUC: Mozambique
Undercurrent.

2.2. Oceanographic setting

Surface and intermediate currents are part of the greater Agulhas Current system and enter
the Mozambique Channel from the north (Lutjeharms, 2006). These currents mainly flow
southwards as large anticyclonic eddies with diameters of 2300 km that can affect the entire
water column and reach the seafloor (de Ruijter et al., 2002; Halo et al., 2014). Intermediate
(Antarctic Intermediate Water, AAIW) and deep-water masses (North Atlantic Deep Water,
NADW, and Antarctic Bottom Water, AABW) enter the Mozambique Channel from the south
and flow northwards along the eastern African margin as the Mozambique Undercurrent
(MUC) (Fig. 1; Ullgren et al., 2012). AAIW and the upper part of the NADW continue to flow
northwards along the northern Mozambican margin, but the lower part of the NADW and the



AABW are constrained by the northward shallowing bathymetry, especially below 2500 m
water depth, and flow back southwards along the western margin of Madagascar (Fig. 1;
Ullgren et al., 2012; Miramontes et al., 2019a). This intense circulation controls sedimentation
and seafloor geomorphology in the Mozambique Channel at all depths, from the shelf
(Flemming and Kudrass, 2018) and top of seamounts (Miramontes et al., 2019c), to the deep
part of the basin (Kolla et al., 1980; Breitzke et al., 2017; Fierens et al., 2019; Miramontes et
al., 2019a; Thiéblemont et al., 2019a).

3. Materials and methods

The multibeam bathymetry used in this study was acquired during the oceanographic cruises
of the PAMELA project (Bourillet et al., 2013): PTOLEMEE (2014, R/V L'Atalante; Jorry, 2014),
PAMELA-MOZ01 (2014, R/V L'Atalante; Olu, 2014), PAMELA-MOZ02 (2014, R/V L'Atalante;
Robin and Droz, 2014), PAMELA-MOZ03 (2016, R/V Pourquoi pas?; Moulin and Aslanian,
2016), PAMELA-MOZ04 (2015, R/V Pourquoi pas?; Jouet and Deville, 2015) and PAMELA-
MOZ05 (2016; R/V Pourquoi pas?; Moulin and Evain, 2016). The regional bathymetric map
was generated using a compilation of the GEBCO bathymetry (GEBCO_08, version 2010-09-
27, http://www.gebco.net), with a 30 arc-second resolution, and the multibeam bathymetry
of the PAMELA cruises, with a 100-m horizontal resolution. Local maps were generated for
this study to illustrate in detail different sedimentary features using multibeam bathymetry
acquired during the PAMELA cruises with increased resolution that ranges from 3 m in the
upper Mozambican slope, 5 m atop seamounts, and 30-40 m in the deep part of the
Mozambique Channel and Mozambique Basin.

The seismic dataset used to image the internal sedimentary architecture is exclusively
composed of 2D sections and includes different types of data:

- Regional multiclient 2D multi-channel seismic reflection profiles acquired by the companies
WesternGeco in 2013-2014 and CGG in 2013-2014.

- 72-channel high-resolution (HR) mini Gl-gun seismic reflection profiles (central frequency
125-150 Hz) acquired during the PTOLEMEE and PAMELA-MOZ04 cruises.

- 24-channel fast high-resolution (SR) mini Gl-gun seismic reflection profiles (central frequency
50-60 Hz) acquired during the PTOLEMEE, PAMELA-MOZ02 and PAMELA-MQZ04 cruises.

- Sub-bottom profiler (SDS) data (1800-5300 Hz) acquired during the PAMELA-MOZ03 and
PAMELA-MOZ04 cruises.

The estimations of sediment thickness and height provided in this study based on seismic
profiles were calculated considering a constant velocity of 1500 m s, as an approximation to
the observed average acoustic velocity (1512 m s) measured at IODP site U1476A (Hall et al.,
2017).

Three Calypso piston cores from the Mozambican margin are used in this study for visual
description and grain-size analyses. Cores M0OZ4-CS17 (32.46 m long) and MOZ4-CSF19 (9.24
m long) were collected during the PAMELA-MQZ04 cruise, and core MOZ3-CS07 (11.67 m long)
was collected during the PAMELA-MOZ03 cruise. Grain-size measurements were performed
on samples from cores M0OZ4-CS17 and MOZ4-CSF19 at 10-cm intervals using a Malvern
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Mastersizer 3000 laser diffraction particle size analyser at Ifremer laboratories. We also use in
the present study an image of the seafloor obtained at the approximate location of core
MOZ4-CSF19 with the deep-towed SCAMPI camera system during the PAMELA-MOZ04
survey.

Modelled bottom currents were obtained using the Regional Ocean Modelling System
(ROMS, CROCO version: https://www.croco-ocean.org/) at a regional scale with a resolution
of 1/36° (~2.6 km). Since the first Rossby radius of deformation is around 40-100 km in the
Mozambique Channel (Halo et al., 2014), this simulation resolves the mesoscale processes. In
this study, we used mean and maximum bottom currents (calculated from 22 years of
simulation, 1993-2014) previously published by Miramontes et al. (2019a), and we also
calculated modelled mean bottom Eddy Kinetic Energy (EKE). EKE was calculated as

1 2 2 — - — _
E(u’ +v'°),where ' =u—1wand v"=v—v. 4 and ¥ are the temporal mean of the

velocity over the whole period of time, and thus EKE provides information about the variability
of bottom currents (Cossa et al., 2016). Metrics of bottom currents at the sites of contourite
depositional systems and turbidite-contourite systems were obtained in the software ArcGIS
using the Zonal Statistics tool. The extension and location of the different features within the
sedimentary systems were obtained from Thiéblemont et al. (2019), Fierens et al. (2019) and
the present study. The horizonal resolution of the model (~ 2.6 km) permits to resolve bottom
currents in the main large-scale contourite features that commonly extend over 10s and 100s
of km (Table 1). The moats mapped by Thiéblemont et al. (2019) have widths that mainly range
between 3 and 15 km and are often over 100 km long (Fig. 1). They are therefore comparable
with model results. Other smaller scale contourite features that are shown in this study are
below the resolution of the model or outside the boundaries of the model. Therefore,
modelled bottom currents could not be analysed in these areas.

The identification of contourites in the present study is mainly based on the morphology
and internal architecture of the sedimentary features observed using seismic and bathymetric
data, following the concepts proposed by Faugeres et al. (1999), Faugéres and Stow (2008),
Nielsen et al. (2008) and Rebesco et al. (2014). The term “contourite drift” is used to refer to
the sediment accumulations formed by bottom currents, as recommended by Rebesco et al.
(2014). Contourite drifts often have an elongated mounded shape parallel to the slope and
can be associated with concave incisions (moats or contourite channels). Some contourite
drifts (i.e. detached drifts) develop obliquely or perpendicularly to the main slope trend and
are often related to large topographic changes in the margin. Bottom currents can also induce
widespread erosion characterised by truncations, and these erosional surfaces are classified
as abraded surfaces (Rebesco et al., 2014).

4, Results

Contourites could be identified throughout the entire Mozambique Channel, from the upper
slope and top of seamounts, to the deep part of the basin, based on discoveries from previous
studies (Breitzke et al., 2017; Wiles et al., 2017; Babonneau et al., 2018; Fierens et al., 2019;
Miramontes et al., 2019a, 2019c; 2020b; Ponte et al., 2019; Thiéblemont et al., 2019; 2020)
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and also on new discoveries from this study. Contourites seem to be more widely developed
in the western part of the basin (along the Mozambican margin) than in the eastern part (along
the margin of Madagascar; Fig. 1). Turbidity currents are also an important source of sediment
in these areas. Many of the turbidite systems in the Mozambique Channel present
characteristics that evidence that they have been affected by bottom currents, and are thus
classified as mixed turbidite-contourite systems. The characteristics of both pure contourite
depositional systems and mixed turbidite-contourite systems of the Mozambique Channel are
detailed in the following sections.

4.1. Contourite depositional systems

Contourite depositional systems are composed of zones dominated by sediment deposition
(contourite drifts) and zones dominated by erosion (erosional features). The different
contouritic features formed by deposition, winnowing and erosion that have been identified
in the Mozambique Channel are described here separately.

4.1.1. Depositional features - muddy contourite drifts

Separated mounded drifts

Separated mounded drifts are contourite deposits often related to steep slopes and that are
parallel to the main trend of the slope. They are always associated with an incision (contourite
channel or moat), where non-deposition or erosion dominates. Separated mounded drifts are
characterised by a mounded shape with internal reflections dipping towards the moat
(Rebesco et al., 2014).

Separated mounded drifts have mainly been identified in the deep part of the basin at
water depths ranging from 1,600 to 4,000 m (Table 1): i) at the foot of the continental slope
(Fig. 2A), and ii) at the foot of seamounts related to the Madagascar Ridge (Figs. 3A and 3B)
and related to the Eparses Islands (Figs. 3C-F).

SEPARATED MOUNDED DRIFT and MOAT

Separated
mounded drift

Drift crest

=" Courtesy.of WestetnGeco and partner (INP) S2=

Figure 2. (A) Multi-channel seismic reflection profile showing a separated mounded drift and a moat
(courtesy of WesternGeco and partner (INP); modified from Thiéblemont et al., 2019). (B) Mean
modelled bottom-current velocity at the foot of the Mozambican slope (modified from Thiéblemont
et al., 2019).



The separated mounded drift located at the foot of the Mozambican slope has a mounded
shape with a crest that transitions basinward towards deeper and flatter seafloor. The width
of the separated mounded drift, considered from the basinward limit of the moat to the
inflection point of the slope between the drift crest and the flat basin floor, is about 10 km
(Fig. 2A). Wiles et al. (2017) estimated the width of this contourite drift to be about 30 km,
but probably extended the location of the drift further basinwards and did not limit it to the
inflection point. At its initiation stage, this contourite drift was flatter. With time, the drift
crest became more prominent and migrated in upslope direction (Fig. 2A). The separated
mounded drift is characterised by relatively low amplitudes compared to the adjacent moat
and other deposits in the basin (Fig. 2A).

SEPARATED MOUNDED DRIFTS and MOATS

Plastered drift
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Figure 3. (A) MOZ02-SR-21b multi-channel seismic reflection profile and (B) multibeam bathymetry
showing separated mounded drifts and moats at two seamounts near the Madagascar Ridge
(modified from Miramontes et al., 2019a). (C) PTO-HR-30 and (E) MOZ04-SR-192c multi-channel
seismic reflection profiles showing small separated mounded drifts and moats associated with
volcanic edifices at the foot of carbonate platforms and seamounts. (D) and (F) show the location of

(C) and (E) in multibeam bathymetry. See Fig. 1 for location.



The separated mounded drifts related to the seamounts near the Madagascar Ridge have held
a stable position geographically, with no apparent migration (Fig. 3A). The contourite drift has
a relatively constant thickness that thins towards the moat, with no prominent drift crest (Fig.
3A). The deposit extends over 65 km between the seamount and the foot of slope of the
Madagascar Ridge. It is covered by large-scale sediment waves with irregular shapes and
orientations, with wavelengths up to 3 km and heights up to 40 m. Some of these bedforms
are subcircular in plan view while others are longitudinal and mainly parallel to the moat (Fig.
3B).

Multiple seamounts with a wide variety of sizes are found between the Southern Eparses
Islands (Bassas da India and Europa; Fig. 1). Separated mounded drifts of relatively small scale
(1-2 km wide) are located at the foot of these volcanic edifices. The contourite drifts that are
confined between two bathymetric highs and bounded by two moats, have a mounded shape
with a crest in the centre and internal reflections dipping towards both moats (Figs. 3C and
3D). The width of the separated mounded drift shown in Figures 3C and 3D ranges between 1
and 2 km, and its thickness reaches about 100 m. The separated mounded drift that is related
to a single volcanic edifice (Figs. 3E and 3F) also has a pronounced mounded shape with a crest
that is about 2 km wide and elevated 50 m above the bottom of the moat and 75 m above the
surrounding basin floor.

Detached mounded drifts

In contrast to separated mounded drifts, detached mounded drifts are not completely
parallel to the main slope trend and may result from a change in the morphology of the
margin (Rebesco et al., 2014).

DETACHED MOUNDED DRIFTS

Figure 4. Multi-channel seismic reflection profiles, courtesy of WesternGeco and partner (INP),
showing ancient detached drifts of Late Cretaceous-Middle Miocene age (modified from Thiéblemont
et al., 2020): (A) Limpopo drift and (B) Zambezi drift. See Fig. 1 for location.

Two very large detached mounded drifts formed during Late Cretaceous-Early Miocene in the
Mozambique Channel (Fig. 4; Ponte et al., 2019; Thiéblemont et al., 2020). These contourite
drifts have a southern part that is parallel to the main local slope and a northern part that
detaches and develops perpendicular to the Mozambican continental slope (see Thiéblemont
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et al., 2020 for more details). The detached mounded drift located in the SW part of the
Mozambique Channel (Limpopo drift in Thiéblemont et al., 2020) has a width of about 28 km
and a height (from the top of the drift crest to the coeval basin floor) of about 525 m (Fig. 4A).
The detached mounded drift located in the northern part of the Mozambique Channel
(Zambezi drift in Thiéblemont et al., 2020) is much larger with a width of about 100 km and a
height of about 1050 m (Fig. 4B). Both drifts have an asymmetric mounded shape with seismic
reflections that are condensed and even truncated on one flank, and thicker deposits on the
other flank. The drifts migrate in the direction of the flank with enhanced sedimentation,
northwards in the Limpopo drift and southwestwards in the Zambezi drift (Fig. 4). The SW
flank of the Zambeazi drift contains sediment waves that migrate upslope (Fig. 4B).

Plastered drifts

Plastered drifts are contourite drifts commonly located on slopes and characterised by a
convex morphology, typically with a gentle slope gradient in their upslope and a steeper slope
gradient downslope (Fig. 5). The upslope parts of plastered drifts, often characterised by a
gentler slope, are classified as contourite terraces (see next subsection) and contain coarser
sediment than the remainder of the plastered drift (Fig. 5A). Groups of plastered drifts and
contourite terraces characterise most of the present-day continental slope of the Mozambican
margin, especially of the southern and central parts, at water depths ranging between 150
and 2000 m (Fig. 1; Table 1; Thiéblemont et al., 2019). The plastered drift located in the upper
slope, offshore of the Zambezi Delta, is associated with a contourite terrace with a slope
gradient below 2°. Maximum slope gradients up to 6° are found below the zone of maximum
thickness of the plastered drift (Fig. 5A). The plastered drift located offshore the Limpopo River
(Fig. 5B) is associated with a particularly flat contourite terrace with slope gradients below
0.5°, and an increase in slope gradient in the downslope part of the plastered drift reaching
2°. The downslope part of the plastered drift was affected by slope instability and contains
headwall scars and mass transport deposits. A small separated mounded drift developed at a
head wall scar (Fig. 5B). Small plastered drifts can be also observed on the top of seamounts
(Fig. 3A).

Sediment waves

The seafloor in the central and southern parts of the Mozambique Channel and the
Mozambique Basin is characterised by the presence of numerous sediment waves at 2400-
5200 m water depth (Fig. 1; Table 1; Breitzke et al., 2017; Fierens et al., 2019). The size and
orientation of the sediment waves observed in the Mozambique Channel are highly variable,
and sediment waves with different orientations are often superimposed (Fig. 6A). Sediment
waves located in the Mozambique Channel between the Eparses Islands and the Zambezi
Valley commonly have wavelengths ranging from 0.8 to 3.5 km and heights ranging from 15
to 75 m. Some sediment waves have a NNW-SSE orientation, while others are oriented parallel
to the bathymetric contours, forming a subcircular pattern around a bathymetric high (Fig.
6A). Sediment waves started to form after Mid-Miocene, according to the stratigraphy
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Figure 5. Examples of plastered drifts and contourite terraces. (A) MOZ04-HR-108 multi-channel
seismic profile of the upper slope off the Zambezi Delta. Grain-size distribution of sediment cores
MOZ4-CSF19 and M0OZ4-CS17 collected in the lower part of the contourite terrace and in the lower
part of the plastered drift show that the terrace is composed of coarser sediment than the plastered
drift. An image of the seafloor obtained near the location of core MOZ4-CSF19 shows the presence of
ripples. (B) M0OZ02-SR-03b multi-channel seismic profile of the upper slope off the Limpopo River.
MTD: Mass Transport Deposit. See Fig. 1 for location.

proposed by Ponte et al. (2019) (Figs. 6B and 6D). The oldest sediment waves are characterised
by high amplitude continuous reflections, and some of the crests migrate towards the SW and
others towards the NE (Fig. 6B). In contrast, after the end of Miocene, sediment waves show
low amplitude continuous reflections and are mainly aggradational (Fig. 6B). The location of
the sediment waves has remained relatively constant over time (Fig. 6B).
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SEDIMENT WAVES and FURROWS
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showing sediment waves and furrows in three different zones of the Mozambique Channel, including
modelled mean bottom-current velocity in (A). (B) MOZ04-SR-224b, (D) PTO-SR-001 and (F) PTO-SR-
015 multi-channel seismic reflection profiles showing sediment waves and furrows. The blue dots in
(B) and (D) indicate the position of the crests to highlight their migration and aggradation, and the
age of the purple horizons is based on the stratigraphy of Ponte et al. (2019). The blue arrows in (F)
show the erosional truncations at the furrows. See Fig. 1 for location.

The sediment waves observed south of the Eparses Islands present similar dimensions, with
wavelengths ranging from 1.3 to 2 km and heights ranging from 30 to 55 m (Figs. 6C and 6D).
The crests of these sediment waves have a NW-SE orientation and present common
bifurcations (Fig. 6C). These sediment waves are slightly asymmetrical. Most of them have a
steeper NE side, but others are steeper in their SW side. The sediment waves are characterised
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by low amplitude continuous reflections in the younger part and low amplitude discontinuous
seismic reflections in the older part, and do not show a clear migration of the crests (Fig. 6D).
In some areas, such as east of the Europa Islands, sediment waves seem to be affected by
erosion and are found in zones where furrows are also present. In this area, subcircular
bedforms are also common (Fig. 6E).

4.1.2. Features formed by winnowing and reworking - sandy contourites
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Figure 7. Dune field located on the upper slope off the Zambezi Delta. (A) MOZ04-SDS-102a sub-
bottom profiler image (modified from Miramontes et al., 2020b). (B) Differential bathymetry relative
to the mean bathymetric surface of the dune field (modified from Miramontes et al., 2020b). See Fig.

1 for location.

Contourite terraces are relatively flat surfaces (slope gradient up to 2°) that generally form the
upslope part of plastered drifts (Fig. 5) and are found along the Mozambican slope at water
depths of 150-2800 m (Table 1). They are often considered mixed depositional-erosional
contourite features, where both sedimentation and erosion occur (Thiéblemont et al., 2019).
Sediment accumulation in contourite terraces is commonly lower compared with the centre
of the plastered drift, and truncations and erosional surfaces are often present on contourite
terraces (Figs. 5 and 7). These terraces are usually dominated by sandy sediments while
plastered drifts are commonly dominated by muddy sediments (Fig. 5A). The contourite
terrace located in the upper slope of the Mozambican margin offshore the Zambezi Delta is
mainly composed of siliciclastic sand and presents abundant ripples at the present-day
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seafloor (Fig. 5A; de Castro et al., 2021b). The contourite terrace is partly covered by sand
dunes with crests that show two main orientations oblique to the slope: a main E-W
orientation and a superimposed secondary N-S orientation (Fig. 7; Miramontes et al., 2020b).
The dunes have wavelengths of 20-150 m and heights of 0.15-1.50 m, their size decreases
upslope and the main dunes with an E-W orientation migrate obliquely upslope, according to
the orientation and asymmetry of the dunes (Fig. 7; Miramontes et al., 2020b).

Sandbanks and dunes

The tops of seamounts in the Mozambique Channel are often devoid of sediment, and bedrock
outcrops directly onto the seafloor. However, sediment can be accumulated in relatively
sheltered areas on the top of seamounts, especially in local depressions that are partly
protected from the intense oceanic circulation (Fig. 8). These sediment accumulations are
isolated and have a lenticular shape thinning towards the borders of the deposit (Fig. 8C). They
are often covered by dunes whose crests are oriented almost perpendicularly to both the main
axis of the deposit and to the primary slope trend (Fig. 8A). These deposits are composed of
calciclastic sand of pelagic origin and reworked from drowned carbonate platforms, and are

classified as sandbanks (Miramontes et al., 2019c).
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Figure 8. (A) Multibeam bathymetry, (B) backscatter and (C) PTO-HR-039 multi-channel seismic
reflection profile of a sandbank covered by sand dunes located on the top of the Jaguar Bank

(modified from Miramontes et al., 2019c). See Fig. 1 for location.

Sandy condensation layers

Sandy condensation layers are sediment deposits mainly composed of fine to medium pelagic
bioclastic sand with a very high content of foraminifera (Fig. 9). In the Mozambique Channel
such deposits could be observed atop a bathymetric high located on the lower slope north of
the Mozambique Ridge that corresponds to a separated mounded drift that is at present
inactive, as revealed by the abundant erosional truncations (Fig. 9; Babonneau et al., 2018;
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Thiéblemont et al.,, 2019). This sandy condensation layer has a thickness of over 10 m,
exceeding the penetration of the sediment core M0Z3-CS07 and of the sub-bottom profiler
(Fig 9; Babonneau et al., 2018). The whole core is composed of bioclastic sand with 80% of
particles bigger than 100 um and with a carbonate content measured between 60 and 70%.
The deposit is located on the western flank of the inactive separated mounded drift and
presents a wedge shape thinning upslope. Other sandy condensation layers were also
recognised along the flanks of the Zambezi Valley with a thickness of 0.8-1.75 m (Fig. 1;
Miramontes et al. 2019a).
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Figure. 9. (A) Multibeam bathymetry and modelled mean bottom currents of a topographic high
eroded and incised by bottom currents. See Fig. 1 for location. (B) MOZ03-SDS-0038 sub-bottom
profiler image of the topographic high and sedimentary log of sediment core MOZ03-CSO7 collected
on a sandy condensation layer that covers its western flank.
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4.1.3. Erosional features

Erosional features in contourite depositional systems can have variable spatial extent, ranging
from localized channels, moats and furrows, to broad erosional or abraded surfaces that can
extend over hundreds of square kilometres. The different types of erosional features formed
by bottom currents and observed in the Mozambique Channel are described below.

Moats

Separated mounded drifts in the Mozambique Channel are always associated with moats.
Moats are incisions dominated by erosion and non-deposition found between the contourite
drift and the topographic obstacle that guides the current (Hernandez-Molina et al., 2008a).
In the Mozambique Channel and Basin, moats have been found at water depths ranging
between 600 and 4000 m (Table 1). The moat located at the foot of the slope of the
Mozambican margin is very flat and characterised by high amplitude subsurface reflections
(Fig. 2A). The moat migrated upslope and became wider over time. At the present-day
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seafloor, it is at its bottom ~3 km wide and of ~¥90 m high, measured from the bottom of the
moat to the top of the contourite drift crest (Fig. 2A).

Moats related to seamounts and volcanic edifices are slightly different from those located
on the continental slope; they do not migrate, and their position remains stable in time (Fig.
3). Moats related to the seamounts near the Madagascar Ridge are narrower and deeper
towards the east (upstream of the bottom current) than towards the west (downstream of
the bottom current) (Fig. 3B). The eastern part of the southernmost moat has a width of 3-4
km and a depth of ~¥500 m with a very flat floor. Sedimentation rate in this moat has been low
since the onset of its formation, with a maximum accumulation in the moat of about 90 m
(Fig. 3A). The detailed size and geometry of this moat downstream of the contour current
(westward) cannot be clearly depicted due to the limited coverage of the multibeam
bathymetry, but it is clearly shallower and wider, and it transitions into a sedimentary deposit
characterised by the presence of longitudinal bedforms to the west of the seamount (Figs. 3A
and 3B). The northern moat starts to form on the southeastern part of the seamount, with a
width at the bottom of ~700 m and a height of ~260 m, becoming wider (~6 km) and shallower
(~200 m) towards the west (Fig. 3B). The flanks of the moats adjacent to the contourite drift
contain elongated bedforms that are parallel to the slope (Figs. 3A and 3B).

The moats related to volcanic edifices near the Eparses Islands are relatively small, with
widths (measured at the bottom of the moat) that typically oscillate between 250 and 500 m
and heights (measured from the bottom of the moat to the top of the drift crest) of 25-85 m
(Figs. 3C-F). These moats are devoid of sediments according to multichannel high-resolution
seismic data (Figs. 3C and 3E). The internal reflections of the contourite drift downlap on the
moat (Figs. 3C and 3E).

ABRADED SURFACE Bottom current

Bottom current 0] Erosional truncations
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Figure 10. Multi-channel seismic reflection profile, courtesy of CGG Multiclient and New
Ventures, showing an abraded surface located at the foot of the slope of the southern
Mozambican margin (modified from Thiéblemont et al., 2019). The direction of bottom
currents is based on model results. See Fig. 1 for location.

Abraded surfaces

Abraded surfaces are zones where strong bottom currents significantly eroded the seafloor,
resulting in widespread erosional truncations in seismic reflection profiles (Fig. 10). Two main
abraded surfaces have been found along the Mozambican margin, one located west of the
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Mozambique Ridge (Figs. 1 and 10) and the second one in the lower continental slope in the
zone between offshore the Limpopo River and the Zambezi Delta (Fig. 1; Thiéblemont et al.,
2019).

Channels

A very rectilinear channel parallel to slope contours has been observed on the contourite
terrace located on the upper Mozambican slope (155-170 m water depth) offshore of the
Zambezi Delta (Figs. 1 and 11). The channel extends at least along 60 km and has a steeper
upslope flank and a gentler downslope flank. It is 134-580 m wide and 2-13 m deep. In contrast
to moats, the channel is purely erosive, with erosional truncations on both channel flanks and

without significant sediment deposition inside the channel (Fig. 11C; Miramontes et al.,
2020b).
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profiler image showing a channel located in the contourite terrace of the upper slope off the Zambezi
Delta (modified from Miramontes et al., 2020b). See Fig. 1 for location of (A) and Fig. 5 for (C).

Furrows

Furrows are found in the basin floor of the Mozambique Channel within the large area covered
by sediment waves, especially between the Eparses Islands (Europa) and the Zambezi Valley
(Fig. 1). The furrows observed east of Europa Island are 600-1500 m wide and 60-90 m deep
(Figures 6E and 6F), but in other areas of the Mozambique Channel furrows can be up to 3000
m wide and 100 m deep (Breitzke et al., 2017). Some of the furrows have a V-shape, while
others have a relatively flat bottom and U-shape. Erosional truncations are observed on
seismic profiles at the flanks of the furrows (Fig. 6F).
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4.2. Mixed turbidite-contourite systems

Siliciclastic and carbonate turbidite systems in the Mozambique Channel have particular
characteristics suggesting that they have been affected by the action of bottom currents. A
series of parallel submarine channels located in the northernmost part of the Mozambique
margin with an E-W orientation have a clear asymmetric morphology at 2000-2700 m water
depth (Figs. 1 and 12A; Table 1). They are ~5-8 km wide with incisions ~150-300 m deep (Fig.
12A; Table 1). All the channels migrate southwards and have a better-developed northern
levee with a gentler flank than the southern levee. The channel thalweg is deeper in the
southern part and is characterised by a scour at the foot of the southern flank (Fig. 12A).

The channel-levee system located north of the Europa Island (part of the Eparses Islands)
is associated with the carbonate platform of this island (Figs. 1 and 12B; Counts et al., 2018).
The system is asymmetric and the channel migrates westwards. The outer part of the eastern
levee extends over 10 km, while the outer part of the western levee is only about 3 km wide.
The maximum thickness of the channel-levee system is ~260 m (Fig. 12B). Other bottom-
current related sedimentary features can be observed in the vicinity of this mixed system. A
separated mounded drift and a moat associated with volcanic edifices are located west of the
channel-levee system. The eastern levee is eroded in its outer part that corresponds to the
beginning of a field of furrows (Fig. 12B).

The Zambezi Valley is the main conduit for sediment transport of the Zambezi turbidite
system and is also considered to be a mixed turbidite-contourite system (Fig. 1; Fierens et al.,
2019; Miramontes et al., 2019a). It has a particular morphology consisting of a large V-shaped
valley, that contains a U-shaped thalweg. The valley is up to ~*50 km wide and ~700 m deep
(incision depth) and the thalweg is up to ~10 km wide and almost 300 m deep (Fig. 12C; Table
1; Fierens et al., 2019). The valley flanks are eroded, especially the eastern flank, and levees
are absent along the main valley axis. The western flank of the V-shaped valley is in part
covered by sediment waves that are also found throughout the basin floor (Figs. 1 and 12C).

4.3. Modelled bottom currents

Erosional features such as moats and abraded surfaces show the most energetic bottom
currents, with average mean speeds of 9 and 10 cm s!, and average maximum speeds of 39
and 41 cm s1. The average mean EKE in these areas is 44 and 49 cm? s, respectively (Fig. 13;
Table 1). Bottom currents are slightly weaker in zones with contourite drifts. Similar average
mean speeds of 8.2-8.4 cm s are found for separated mounded drifts, plastered drifts and
sediment waves. Average maximum speeds and average mean EKE are higher in areas where
plastered drifts are found (37 cm s and 43 cm? s?2) than in separated mounded drifts and
sediment waves (30 cm st and 29-30 cm? s2). Modelled bottom currents in contourite terraces
generally range in between the values of main erosional features (i.e. abraded surfaces,
moats) and of the main depositional features (i.e. separated mounded drifts, sediment
waves), with an average mean speed of 8 cm s, an average maximum speed of 35 cm s and
an average mean EKE of 38 cm? s2. Bottom currents along the Zambezi Valley show, on
average, values slightly higher than the adjacent field of sediment waves, with an average
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mean speed of 8.8 cm s, an average maximum speed of 34 cm s* and an average mean EKE
of 32 cm? s2. In contrast, bottom currents at the mixed turbidite-contourite of the northern
Mozambican margin are weak, with an average mean speed of 5.6 cm s, an average
maximum speed of 23 cm s and an average mean EKE of 20 cm? s2 (Fig. 13; Table 1).

MIXED TURBIDITE-CONTOURITE SYSTEMS

A. Synchronous interaction

Bottom (contour) current direction _— N
- — N
Upstream migration —— 5 v\ >
N ®

f the channel — N
—_— 0 e channels
©

Bottom current

Bottom » _ Upstream migration
f current Separated N of the channel
® mounded drift ;

Bottom current
Furrows

Eroded zone

C. Phased interaction

Sediment waves Hotlom ourrent

w
\ Bottom current @

V-shaped valley
® and U-shaped thalweg

Turbidity
current

S St 3 > -

Figure 12. Examples of mixed turbidite-contourite systems. (A) Multi-channel seismic reflection
profile, courtesy of WesternGeco and partner (INP), of asymmetric channel-levee systems that
migrate upstream of the bottom currents, formed by the synchronous interaction of bottom currents
and turbidity currents. (B) PTO-SR-015 multi-channel seismic reflection profile of a carbonate
channel-levee system related to Europa Island (modified from Counts et al., 2018). (C) PTO-SR-785
multi-channel seismic reflection profile of the Zambezi Valley, characterised by V-shaped flanks that
are eroded and reshaped by bottom currents (modified from Miramontes et al., 2019a). See Fig. 1 for
location.
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Table 1. Summary of the water depth and size of the different contouritic and mixed turbiditic-
contouritic features observed in the Mozambique Channel, and average modelled bottom-current
metrics and standard deviation at these zones. No information about water depth and bottom
currents is provided for detached mounded drifts because these deposits are relict. The across-slope
and alongslope extent of sediment waves is not indicated because the orientation, crest length and
wave length of these bedforms are very variable (see details in the text). EKE: Eddy kinetic energy.

Separated Detached Plastered Sediment Contourite Abraded Zambezi ——
mounded mounded . Moats system
. A drifts waves terraces surfaces Valley
drifts drifts north
Watfkrrg;epth 164 - 032 | 2452 | 01528 | 06-4 | 1828 2.4-4.2 227
Across-slobe 25-30 At least 900
extent (kn?) 1-65 28-100 5-120 - 5-110 0.25-15 | (North) and | (upper limit No data
115 (South) | not known)
Alongslope 570 (North) Vaggg:z °
1-180 25-400 40-1500 - 80-1500 2-160 and 100 5-8
extent (km) thalweg up
(South)
to 10
Average
mean speed 84+24 - 84+24 | 82+23 | 80+£33 [9.2+3.2| 10.0+3.3 8.8+27 56+2.2
(cm s
Average 301 +
maximum 30.3+84 - 372+9.2(30.5+£80(352+124 14 1‘ 411+7.8 | 33.8+8.1 23.3+8.2
speed (cm s) :
Average
I 30.2 + 16.0 ; PAE | O |3saxae| DOF 14002213 | 325517.0 | 204141
(cm? s2) ) : :

5. Discussion
5.1. Oceanographic processes related to contourite formation

Modelled bottom currents show in general a good agreement with the observed sedimentary
features, with the strongest bottom currents in the zones of erosion and weaker currents in
the zone of sediment accumulation (Fig. 13; Table 1). Especially clear is the link between the
elongated abraded surface located at the foot of the Mozambican slope and a strong bottom
current related to the Mozambique Undercurrent (Figs. 13 and 14; Miramontes et al., 20193;
Thiéblemont et al., 2019). Abraded surfaces correspond to the most energetic modelled
bottom currents in the study area (Fig. 13; Table 1). However, there are some differences in
bottom currents over the elongated abraded surface located in the central part of the
Mozambican slope (between offshore the Limpopo River and the Zambezi Delta) and over the
abraded surface located west of the Mozambique Ridge (Figs. 1 and 13). While bottom
currents over the elongated abraded surface can reach mean speeds up to 23 cm st and show
a clear northward flow along the slope, current speed is lower over the southern abraded
surface up to 14 cm s (Fig. 13A). The direction of the bottom currents in this southern area is
variable (Fig. 10). Its orientation on the western part is mainly northward, whereas in the
eastern part it is southward due to the interaction of the north-flowing current with the
seafloor topography (Fig. 10). Bottom currents in the southern abraded surface show a high
variability, with mean speeds mainly oscillating between 6 and 10 cm s, while maximum
speeds mainly range between 34 and 50 cm s (Fig. 13). This suggests that the observed
erosion is not the result of a continuous relatively strong bottom current but rather of
repeated events of high intensity.
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Mean and maximum modelled bottom-current speeds in moats are on average higher than
in the related separated mounded drifts (Fig. 13). This spatial difference in bottom-current
magnitude is clear at the foot of the Mozambican slope. Here, intense bottom currents are
located on the slope and on the moat, while weak bottom currents are located on the
separated mounded drift (Fig. 2B). This type of bottom-current distribution and the associated
sedimentary deposits are similar, for instance, to that observed in the systems of the NW
Mediterranean Sea (Miramontes et al., 2019b) and the Greater Antilles (Tucholke and Ewing,
1974). The average speeds calculated in this study for separated mounded drifts may however
be overestimated compared to the current velocities that originally formed the contourite
drift, because some of the contourite drifts classified by Thiéblemont et al. (2019) as separated
mounded drifts (based on low resolution seismic reflection profiles) seem to be relict deposits
that have been partly eroded and reworked by bottom currents (Fig. 9; Babonneau et al.,
2018). The sedimentary deposit classified as a separated mounded drift by Thiéblemont et al.
(2019), is strongly eroded and characterised by the presence of erosional truncations and
channels around the structure, especially on its eastern part (Fig. 9). Modelled bottom
currents are stronger in the eastern part and flow around the topographic high in agreement
with the geological observations (Fig. 9A).
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Figure 13. Maps showing the mean modelled speed of bottom currents modified from Miramontes
et al. (2019a) (A), maximum modelled speed modified from Miramontes et al. (2019a) (B) and mean
eddy kinetic energy, EKE, (C), together with the location of the different parts of the analysed
sedimentary systems and the graphs showing the average mean speed (A), average maximum speed
(B) and average mean eddy kinetic energy (C) and standard deviation at these locations. AS: abraded
surface, M: moat, CT: contourite terrace, MD: separated mounded drift, PD: plastered drift, SW:
sediment waves, ZV: Zambezi Valley, MS: mixed system in northern Mozambique.
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According to the modelling results in the Mozambique Channel, the intensity of bottom
currents in contourite terraces and plastered drifts is on average similar, but bottom currents
show a large variability even within a single contourite terrace (Fig. 13). The weakest bottom
currents are modelled in the shallowest contourite terrace offshore the Limpopo River, mainly
because this area is an embayment protected from the southward flowing surface current,
where an anticyclonic eddy often forms (Fig. 13; Cossa et al., 2016). This could explain the
higher sediment accumulation and the less evidence of erosion on this terrace compared to
the contourite terrace offshore of the Zambezi Delta (Fig. 5). In the NW Mediterranean Sea
and the northern Argentinean continental slope, modelled bottom currents at contourite
terraces are stronger than at the adjacent plastered drifts, but often only the internal part of
the terrace located landwards shows intense bottom currents (Miramontes et al., 2019b;
Wilckens et al., this issue). Balanced flows can thus not completely explain the formation of
contourite terraces. It has been suggested that contourite terraces may be generated by
internal waves that may form at the interface between water masses (Hernandez-Molina et
al., 2016; Thiéblemont et al., 2019). Internal waves can probably favour erosion and the
formation of secondary features such as channels, dunes and erosional surfaces, especially in
upper continental slopes, where pycnoclines with higher density gradients are present
(Reeder et al., 2011; Ma et al., 2016). These features are observed on the contourite terrace
of the upper slope offshore the Zambezi Delta (Figs. 7, 11 and 14; Miramontes et al., 2020b).
It has not been clearly demonstrated, however, whether internal waves are responsible for
the generation of contourite terraces in their entirety.

The large field of sediment waves that covers the central and southern parts of the
Mozambique Channel was suggested to be related to the passage of eddies (Fig. 14; Breitzke
etal.,2017). On average, modelled bottom currents are relatively slow in the zone of sediment
waves, with values similar to those in separated mounded drifts (Fig. 13; Table 1). However,
the southern part of the field shows more intense bottom currents that can reach mean
speeds up to 22 cm s, maximum speeds up to 70 cm s and mean EKE up to 130 cm? s2 (Fig.
13). This zone corresponds to the area where more erosional surfaces and channels are
associated with the sediment waves (Breitzke et al., 2017). The complex morphology and
often irregular orientation of these sediment waves (Fig. 6; Breitzke et al., 2017; Fierens et al.,
2019) suggest that they may be related to processes that can have variable directions such as
eddies. However, the location, size and morphology of many of these bedforms are relatively
constant over time (Figs. 6B and 6D), and many of these bedforms are oriented parallel to the
mean modelled bottom currents (Fig. 6A). Kolla et al. (1980) suggested that downstream
migrating sediment waves observed in the southern part of the Mozambique Basin were
formed by internal waves propagating at a benthic thermocline cap and that other processes
may generate the aggrading bedforms found in the northern part of the Mozambique Basin
and in the Mozambique Channel. A similar mechanism was also proposed for the formation
of abyssal sediment waves in the central part of the Argentine Basin (Flood, 1988). It is likely
that all the mentioned processes are present in the basin floor, and each plays an important
role in the formation of bedforms, contributing to the observed diversity in size, orientation
and internal structure.
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5.2. Factors controlling the development of mixed turbidite-contourite systems

The transfer of sediment from the continent to the deep sea through turbidity currents has
conventionally been considered a downslope gravity-driven process, which could not be
strongly affected by oceanic circulation. This was suggested to be related to the high energy
of turbidity currents compared to ocean currents, and to the confinement of turbidity currents
inside submarine canyons and channels (Mulder et al., 2008). However, several studies show
that bottom currents can strongly affect the geometry and sedimentary characteristics of
turbidite systems, forming mixed turbidite-contourite systems (e.g. Mulder et al., 2008;
Fonnesu et al., 2020; Fuhrmann et al., 2020; Miramontes et al., 2020a). These mixed systems
can result from different types of interactions between oceanic currents and turbidity currents
(Mulder et al., 2008; Fonnesu et al., 2020):

a) Passive interaction occurs when contouritic and turbiditic processes and their related
deposits coexist in the same continental margin, but different processes control their
formation independently, resulting in two different and separate depositional systems. We
can observe this type of interaction in the western part of the Mozambique Channel. Along
the continental slope and at the foot of the slope, a contourite depositional system is present
and consists of a series of contourite terraces and plastered drifts, an abraded surface and a
separated mounded drift with a moat. This contourite system is crossed in some areas by
submarine channels that deliver sediment to the intermediate basin dominated by turbidites
located between the slope and the Eparses Islands (Fig. 1; Fierens et al., 2019; 2020). Although
both systems co-exist in the same area, they do not interact, i.e. gravity-driven processes do
not affect the evolution of the contourite system and bottom currents do not affect the
evolution of the turbidite system.

b) Phased interaction: This type of mixed systems is formed when bottom currents and
turbidity currents occur at the same place but at different times. An example of phased
interaction in the Mozambique Channel is the Zambezi Valley (Fig. 12C), and partly in the
Europa carbonate mixed system (Fig. 12B). Although the main channel-levee system from
Europa was probably not formed under the phased interaction of bottom currents and
turbidity currents, the outer part of the eastern levee was eroded by bottom currents after its
deposition, evidencing a partial phased interaction (Fig. 12B). The Zambezi Valley has a V-
shaped morphology with proportions much larger than most of the well-known submarine
canyons and channel systems, especially at distances further than 400 km from the shelf
(Fierens et al., 2019). The flanks of the V-shaped valley are eroded (Fig. 12C), in some parts
covered by contouritic sand (Miramontes et al., 2019a) and have no levees (Fierens et al.,
2019). This particular shape is probably related to the intense bottom currents flowing along
the channel flanks, which have a modelled average mean speed of 8.8 cm s and an average
maximum speed of 34 cm s (Fig. 13; Table 1; Miramontes et al., 2019a). Turbidity currents
probably only affect the U-shaped thalweg and do not overspill the oversized V-shaped valley
(Fig. 12C; Fierens et al., 2019). In this kind of phased, mixed turbidite-contourite systems,
bottom currents reshaped part of the submarine valley originally formed by turbidity currents.
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This process may generate a positive feedback because the more bottom currents erode and
enlarge the valley walls, the stronger the acceleration of bottom currents along the valley will
be.
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Figure 14. 3D sketch summarising the main pure contouritic features and mixed turbiditic-contouritic
features observed in the Mozambique Channel.

c) Synchronous interaction: When bottom currents and turbidity currents occur
simultaneously, they can interact and generate combined flows, which will result in a
particular geometry (i.e. asymmetric channel-levee systems; Miramontes et al., 2020a). This
type of mixed turbidite-contourite system can be observed in the northern Mozambican lower
slope (Figs. 12A and 14). These systems are very similar to systems observed further north
along the Mozambican margin in the Rovuma basin (Fonnesu et al., 2020; Fuhrmann et al.,
2020). Modelled bottom currents at these asymmetric channel-levee systems are relatively
low, with an average mean speed of 5.6 cm s, but they reach on average a maximum speed
of 23 cm s (Fig. 13; Table 1). These values are similar to those measured near the seafloor in
the lower slope of the Rovuma basin, where asymmetric-levee systems were also observed
(Fuhrmann et al., 2020). According to flume experiments performed by Miramontes et al.
(2020a), bottom currents flowing alongslope with a speed equivalent to 10% of the maximum
speed of the turbidity current can significantly modify the flow properties and induce the
formation of an asymmetric channel levee system. Therefore, the modelled bottom currents
would be able to modify turbidity currents with speeds of 50-200 cm s, which are values
typically observed in marine systems (Khripounoff et al., 2012; Azpiroz-Zabala et al., 2017).
Bottom currents do not only profoundly affect the transfer of sediment and related particles
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(e.g. organic carbon and microplastics) in zones of very intense circulation, but this effect may
be important in most of the basins even in zones of weak and moderate currents. It is thus
necessary to consider the interaction between alongslope and downslope processes in order
to better interpret paleoreconstructions based on the sedimentary record, to estimate carbon
sequestration in deep-sea sediments, to assess the impact of microplastic in deep-water
environments and to predict the presence, extent and quality of hydrocarbon reservoirs.

5.3. Classification of contourites

In this study, we propose a classification of contourite depositional systems that includes
muddy and sandy contourites, as well as erosional features related to bottom currents (Fig.
15). The classification of muddy contourites is based on previous classifications by Faugéres
et al. (1999), Rebesco and Stow (2001) and Rebesco (2005), and the modifications proposed
in this study are explained in this section. The proposed classification of erosional features is
mainly based on the classifications by Hernandez-Molina et al. (2008a) and Garcia et al. (2009)
with slight modifications. The proposed classification is supported by examples from the
Mozambique Channel, but it could also be applied universally to any other contourite
depositional system.

The term “contourite” refers to sediments deposited or substantially reworked by the
action of bottom currents (Stow et al.,, 2002; Rebesco, 2005). It therefore includes all the
components of a contourite depositional systems, both depositional and erosional features
(Fig. 15). We consider three main groups of contouritic features: 1) dominated by deposition
resulting in the formation of contourite drifts; 2) dominated by sediment winnowing and
reworking forming sandy contourite deposits; 3) dominated by sediment erosion and non-
deposition that induce the formation of incisions and erosional surfaces (Fig. 15). Within each
of these groups, we can also distinguish between large-scale and small-scale features.
Contourites can form large deposits at scales of several tens or hundreds of kilometres in
length (such as the large detached mounded drifts observed in the Mozambique Channel; Fig.
4), or only at metre to centimetre-scale in the case of dunes (Figs. 7 and 8) and ripples (Fig.
5A). These small-scale features can be superimposed upon large-scale contouritic features,
and they are thus included separately in the classification (Fig. 15).

5.3.1. Contourites dominated by deposition

Contourite drifts are mainly found in zones with weak bottom currents and are mainly
composed of mud. However, muddy contourites can also contain sandy layers that are formed
during periods of intensified bottom currents and that often show a bigradational sequence
(Gonthier et al., 1984; de Castro et al., 2021b). Large-scale contourite drifts are classified as
mounded drifts, plastered drifts and sediment waves. Mounded drifts can be subdivided in
separated mounded drifts and detached mounded drifts (Fig. 15).
Separated mounded drifts are elongated deposits parallel to the slope that are separated from
the slope by an incision, either a moat or a contourite channel (Figs. 2 and 3). They can either
have a well-developed crest adjacent to the moat (Figs. 2A and 3E) or have a relatively
26



constant thickness that only significantly decreases in the vicinity of the moat (Fig. 3A).
Separated mounded drifts often present an upslope migration (Fig. 2A), but they only aggrade
when they are related to very steep slopes such as seamounts (Figs. 3A, 3C and 3E). When
separated mounded drifts are located in a small confined depression, two moats may form
bounding the separated mounded drift on both sides (Fig. 3C). This type of drift was previously
classified as a confined drift (Rebesco and Stow, 2001). But we suggest that, since the
morphology and generation mechanism is identical to separated mounded drifts, it is not
necessary to use a new term solely to state that the separated mounded drift is located in a

confined basin and is associated with two moats.
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Figure 15. Classification of contourites based on their general geometry and internal architecture,
and the related bottom-current intensity.

Detached mounded drifts are formed when bottom currents flowing alongslope detach
from the main slope and generate a deposit in the middle of two parallel- or opposite-flowing
bottom currents. The detached mounded drift has an orientation perpendicular or oblique to
the main slope and is often located in zones where the slope forms an edge (Hernandez-
Molina et al., 2008b; Mulder et al., 2019; Thiéblemont et al., 2020). In cross-section, detached
mounded drifts show a mounded shape that is not directly related to a moat or a slope (Fig.
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15). They can be asymmetric with both a flank with lower accumulation and sometimes with
erosional truncations, and a flank with more sediment accumulation. Detached mounded
drifts typically migrate in the direction of the flank with higher accumulation (Fig. 4). In the
examples shown in the Mozambique Channel, bottom currents are interpreted to have flown
parallel along both sides of the detached mounded drift (Fig. 15; Thiéblemont et al., 2020). In
other zones, such as in the Eirik drift, bottom currents flow along the drift and thus flow in
opposite directions on each side of the deposit (Fig. 15; McCave and Tucholke, 1986; Hunter
et al,, 2007).

Plastered drifts are a type of contourite drift that have a convex morphology and are
typically formed on slopes (Figs. 5 and 15). The upper part of the plastered drift has a gentle
slope that forms a contourite terrace. The thickness of plastered drifts is maximal in the centre
of the deposit and the deposit thins upslope (towards the contourite terrace) and downslope
(Fig. 5). The main difference between a separated mounded drift and a plastered drift is that
plastered drifts are not associated with moats or contourite channels, but with relatively flat
surfaces (i.e. contourite terraces).

Sediment waves are large bedforms with wavelengths ranging from several hundreds of
meters to several kilometres and can cover vast zones of the basin floor (Figs. 1 and 5). In
previous classifications, sediment waves were considered to be part of sheeted drifts that are
often found on abyssal plains (Herndandez-Molina et al., 2008b; Rebesco et al., 2014).
However, sheeted drifts are very difficult to identify based on their geometry as they only
become slightly thinner towards the edges (Rebesco et al., 2014), and are thus not easily
differentiated from other deep-water deposits such as hemipelagites and turbidites. The
identification of sediment wave fields is more evident and they are therefore included in the
classification here proposed, instead of sheeted drifts (Fig. 15).

All of the above-mentioned major contourite drifts can contain superimposed minor
depositional features, such as ripples and sediment waves. A clear example of this is the
sediment wave field that developed on the gentle flank of the detached mounded drift in the
northern Mozambique Channel (Fig. 4B).

5.3.2. Contourites dominated by winnowing and reworking

Sandy contourites are contourite deposits formed in relatively high-energy environments,
where bottom currents remove fine-grained sediments and favour the concentration of sand
(sediment winnowing). Strong currents can also rework sediments, transporting sediments
and forming accumulations of sand. These sandy deposits may be isolated, for instance, on
the tops of seamounts, forming lenticular deposits here named sandbanks (Figs. 8 and 15).
Sandy contourites can also form contourite terraces, which are zones characterised by a gentle
slope, associated with plastered drifts and commonly found on continental slopes (Figs. 5 and
15). In areas with limited detrital sediment supply, bottom currents can winnow fine-grained
pelagic sediments creating accumulations enriched in foraminifera that are here classified as
sandy condensation layers (Fig. 9B). These deposits can be clearly identified from sediment
cores and sometimes show a wedge shape in sub-bottom profiles (Babonneau et al., 2018;
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Miramontes et al., 2019a). Sandy condensation layers can be widespread in an area, forming
a major depositional feature of several meters of thickness (Fig. 9B), or they may be more
localised forming thinner and smaller deposits that could be considered small-scale features
(Fig. 15). Contourite terraces and sandbanks can often also be covered by small-scale features
such as dunes and ripples (Figs. 5, 7, 8 and 15).

5.3.3. Contourites dominated by sediment erosion and non-deposition

Erosional features are formed in areas of high energy, where bottom currents are strong
enough to erode the slope or inhibit sediment deposition. Two of the major erosional features
are moats and contourite channels, which are commonly associated with separated mounded
drifts (Figs. 2 and 3). The difference between a moat and a contourite channel is that
contourite channels are more erosive and generate truncations in the adjacent separated
mounded drift (Fig. 15; Hernandez-Molina et al., 2008a; and references therein). Bottom
currents can erode large areas of the seafloor, forming abraded surfaces (Fig. 10). Erosional
surfaces are often present in contourite terraces that are associated with plastered drifts (Figs.
5 and 11C). However, erosion rarely occurs along the entire contourite terrace, and is often
restricted to specific areas, especially in the uppermost limit of the terrace (Figs. 5A and 11C).
Other small-scale erosional features can be formed on top of other large-scale contourite
features, such as furrows, scours, abraded surfaces or channels (Fig. 15). For instance, a
channel is located on the top of the contourite terrace offshore the Zambezi Delta (Figs. 5A
and 11). In contrast to the classification of Hernandez-Molina et al. (2008a), we do not include
marginal valleys (also referred as scours or troughs) separately because of their similarities to
moats and contourite channels. The term “marginal valley” was often used to classify incisions
related to ridges and isolated obstacles such as seamounts, diapirs or mud volcanoes. The
terms “moats” and “contourite channels” were more often used for incisions on continental
slopes (Hernandez-Molina et al., 2008a; Garcia et al., 2009). However, we suggest that this
environmental difference does not justify a different classification and we thus recommend
only the classification of incisions either as moats or contourite channels.

This new classification is based primarily on the morphology of the contourites and it helps
identify the sedimentary deposits formed by the action of bottom currents. This is very
important to perform qualitative palaeoclimatic and palaeoceanographic reconstructions
based on the sedimentary record (Knutz, 2008). It is however still difficult to quantitatively
reconstruct past oceanographic conditions based on the morphology and architecture of the
sediment bodies or on the sediment characteristics, although important progress has been
done with the calibration of the sortable silt approach in some areas (McCave et al., 2017).
Advances in physical oceanography and process sedimentology are still necessary to be able
to link the different types of contourites and their sedimentary characteristics to specific
oceanographic processes and bottom-current intensities.
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6. Conclusions

A large part of the seafloor of the Mozambique Channel and the Mozambique Basin has been
affected by bottom currents, forming contourite depositional systems and mixed turbidite-
contourite systems. Most of the Mozambican continental slope is dominated by a series of
contourite terraces and plastered drifts. Contourite terraces are relatively flat surfaces that
correspond to the upper part of plastered drifts. They often consist of sand and can contain
superimposed sand dunes, erosional surfaces and channels. Plastered drifts, on the other
hand, have a convex-up shape and are mainly composed of mud. Modelled bottom currents
in contourite terraces and plastered drifts are similar, suggesting that the formation of
contourite terraces may not be solely related to the mean oceanic circulation. However,
differences in the sedimentary architecture among contourite terraces may be related to the
interaction of currents with the margin topography and the formation of eddies. Bottom
currents are weaker on the contourite terrace offshore of the Limpopo River compared to the
terrace offshore the Zambezi River, resulting in a higher sediment accumulation and less
evidence of erosion. At the Mozambique margin, the lower slope and the foot of the slope are
characterised by abraded surfaces and moats where modelled bottom currents are intense.
Separated mounded drifts form in the zone adjacent to moats where bottom currents are
weaker. The central and southern parts of the basin floor are covered by large sediment waves
and furrows of different sizes and orientations that are often superimposed on each other.
The diversity of characteristics of sediment waves suggests that they may have originated
through different oceanographic processes including bottom currents related to the mean
oceanic circulation, eddies and internal waves.

Bottom currents also affected turbidite systems in the Mozambique Channel, resulting in
the formation of three types of mixed turbidite-contourite systems. The synchronous
interaction of alongslope bottom currents and turbidity currents in the lower slope of the
northern Mozambican margin and of the Europa Island generated asymmetric channel-levee
systems that migrate upstream of the contour current. Bottom currents also eroded the levees
of the Europa-lsland system after its deposition, and thus also resulted from a phased
interaction between bottom currents and turbidity currents. In contrast, the Zambezi Valley
is solely the result of a phased interaction. The submarine valley, originally formed by turbidity
currents, has been eroded by bottom currents flowing along the valley flanks, which has
formed the particular V-shape morphology of the Zambezi Valley.

The large diversity of contourite features observed in the Mozambique Channel has
allowed us to propose a new classification of contourites that includes muddy and sandy
contourites, as well as erosional features. This classification is not specific to the SW Indian
Ocean, and it can therefore be applied to other systems. In conclusion, our results provide
new examples of the characteristics of contourite depositional systems and mixed turbidite-
contourite systems, as well as of the link between contouritic features and modelled bottom
currents, that can help identify and interpret current-related features in other settings and
thus help improve palaeoreconstructions and the prediction of sedimentary facies.
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7. Data Availability

The numerical data collected during the oceanographic cruises of the PAMELA project
(https://doi.org/10.18142/236) are stored at SISMER (http://en.data.ifremer.fr/SISMER). Sediment
cores collected offshore Mozambique are curated at IFREMER core repository in Plouzané (France).
Core data related to this article can be requested at:

Core MOZ3-CS07: IGSN BFBGX-127435 (http://igsn.org/BFBGX-127435); core MOZ4-CS17: IGSN
BFBGX-85865 (http://igsn.org/BFBGX-85865), core MOZ4-CS19: IGSN BFBGX-128004
(http://igsn.org/BFBGX-128004). The access to these data is however restricted and has to be
accepted by the partners of the PAMELA project. The industrial seismic data are licensed
multiclient data. Access to this dataset has to be directly negotiated with the seismic
contractors. The model simulations were performed using the HPC resources of IDRIS under
the allocation 2018-A0040107630. Numerical model outputs are available on the IDRIS
THREDDS Data Server,
https://vesg.ipsl.upmc.fr/thredds/catalog/idris_work/ryff001/catalog.html.

Acknowledgements

We thank the captains, crews and onboard scientific teams of the PTOLEMEE, PAMELA-MOZ01
and PAMELA-MOZ02 surveys onboard the R/V L'Atalante, as well as the PAMELA-MOZ03,
PAMELA-MOZ04 and PAMELA-MOZ05 surveys onboard the R/V Pourquoi pas?. The
oceanographic surveys of the PAMELA project and the fellowship of Ruth Fierens were co-
funded by TOTAL and IFREMER as part of the PAMELA project. The PAMELA (Passive Margin
Exploration Laboratories) project is a scientific project led by IFREMER and TOTAL in
collaboration with Université de Bretagne Occidentale, Université Rennes 1, Université Pierre
and Marie Curie, CNRS and IFPEN. The authors sincerely thank TOTAL S.E., WesternGeco and
CGG for permission to use the seismic datasets in this study. The research of A. Thiéblemont
was funded by TOTAL as part of the Frontier Exploration research program. We are grateful
to the guest editor U. Nicholson and to the two anonymous reviewers for their valuable
suggestions that greatly improved the manuscript.

References

Azpiroz-Zabala, M., Cartigny, M.J.,, Talling, P.J., Parsons, D.R., Sumner, E.J., Clare, M.A,,
Simmons, S.M., Cooper, C., Pope, E.L., 2017. Newly recognized turbidity current structure
can explain prolonged flushing of submarine canyons. Science advances, 3(10), €1700200.

Babonneau, N., Genet, A., Rabineau, M., Droz, L., Robin, C., Raisson, F., Miramontes, E.,
Belleney, D., Révillon, S., Moulin, M., Aslanian, D., 2018. Reservoir Potential in Contourites:
Evidence of Coarse-grained Contourite Facies in the Mozambique Margin. In 80th EAGE
Conference and Exhibition 2018, European Association of Geoscientists & Engineers, 2018,
1-5.

Bourillet, J.-F., Ferry, J.-N., Bourges, P., 2013. PAMELA "Passive Margins Exploration
Laboratories", https://doi.org/10.18142/236.

31



Brackenridge, R.E., Stow, D.A., Hernandez-Molina, F.J., Jones, C., Mena, A., Alejo, I., Ducassou,
E., Llave, E., Ercilla, G.,, Nombela, M.A., Pérez-Arlucea, M., Francés, G., 2018. Textural
characteristics and facies of sand-rich contourite depositional systems. Sedimentology,
65(7), 2223-2252.

Breitzke, M., Wiles, E., Krocker, R., Watkeys, M.K., Jokat, W., 2017. Seafloor morphology in the
Mozambique Channel: evidence for long-term persistent bottom-current flow and deep-
reaching eddy activity. Mar. Geophys. Res., 38 (3), 241-269.

Castelino, J.A,, Reichert, C., Jokat, W., 2017. Response of Cenozoic turbidite system to tectonic
activity and sea-level change off the Zambezi Delta. Mar. Geophys. Res., 38, 209-226.

Cossa, 0., Pous, S., Penven, P., Capet, X., Reason, C.J.C., 2016. Modelling cyclonic eddies in the
Delagoa Bight region. Continental Shelf Research, 119, 14-29.

Counts, J.W,, Jorry, S.J., Leroux, E., Miramontes, E., Jouet, G., 2018. Sedimentation adjacent
to atolls and volcano-cored carbonate platforms in the Mozambique Channel (SW Indian
Ocean). Marine Geology, 404, 41-59.

Counts, J. W,, Jorry, S.J., Vazquez Riveiros, N., Jouet, G., Giraudeau, J., Cheron, S., Boissier, A.,
Miramontes, E., 2019. A Late Quaternary record of highstand shedding from an isolated
carbonate platform (Juan de Nova, southern Indian Ocean). The Depositional Record 5(3),
540-557.

Courgeon, S., Jorry, S.J., Camoin, G.F., BouDagher-Fadel, M.K., Jouet, G., Révillon, S.,
Bachélery, P., Pelleter, E., Borgomano, J., Poli, E., Droxler, A.W., 2016. Growth and demise
of Cenozoic isolated carbonate platforms: new insights from the Mozambique Channel
seamounts (SW Indian Ocean). Mar. Geol. 380, 90-105.

Courgeon, S, Jorry, S. J., Jouet, G., Camoin, G., BouDagher-Fadel, M.K., Bacheélery, P., Caline,
B., Boichard, R., Révillon, S., Thomas, Y., Thereau, E., Guérin, C., 2017. Impact of tectonic
and volcanism on the Neogene evolution of isolated carbonate platforms (SW Indian
Ocean). Sedimentary Geology, 355, 114-131.

de Castro, S., Hernandez-Molina, F.J., de Weger, W., Jiménez-Espejo, F.J., Rodriguez-Tovar,
FJ., Mena, A., Llave, E., Sierro, F.J., 2021a. Contourite characterization and its
discrimination from other deep-water deposits in the Gulf of Cadiz contourite depositional
system. Sedimentology, 68, 98-1027.

de Castro, S., Miramontes, E., Dorador, J., Cattaneo, A., Jouet, G., Hernandez-Molina, F.J.,
2021b. Carbonate-rich, mixed-compositional and siliciclastic contouritic sands: Textural
and geochemical characterisation. Marine and Petroleum Geology, 128, 105002.

de Lavergne, C., Madec, G., Capet, X., Guillaume Maze, G., Roquet, F., 2016. Getting to the
bottom of the ocean. Nat. Geoscience 9, 857—-858.

de Ruijter, W.P.M., Ridderinkhof, H., Lutjeharms, J.R.E., Schouten, M.W., Veth, C., 2002.
Observations of the flow in the Mozambique Channel. Geophysical Research Letters 29
(10), 140-1-140-3.

de Weger, W., Hernandez-Molina, F.J., Flecker, R., Sierro, F.J., Chiarella, D., Krijgsman, W.,
Manar, M.A., 2020. Late Miocene contourite channel system reveals intermittent overflow
behavior. Geology, 48(12), 1194-1199.

32



Deville, E., Marsset, T., Courgeon, S., Jatiault, R., Ponte, J.-P., Thereau, E., Jouet, G., Jorry, S.J.,
Droz, L., 2018. Active fault system across the oceanic lithosphere of the Mozambique
Channel: Implications for the Nubia—Somalia southern plate boundary. Earth and Planetary
Science Letters 502, 210-220.

Droz, L., Mougenot, D., 1987. Mozambique Upper Fan: origin of depositional units. AAPG Bull.
71, 1355-1365.

Eberli, G.P., Betzler, C.,, 2019. Characteristics of modern carbonate contourite drifts.
Sedimentology 66(4), 1163-1191.

Faugeres, J.-C., Stow, D.A.V., 2008. Contourite drifts: nature, evolution and controls. In:
Rebesco, M., Camerlenghi, A. (Eds.), Contourites. Developments in Sedimentology. vol. 60.
Elsevier, Amsterdam, pp. 257-288.

Faugeres, J.C., Stow, D.A.V., Imbert, P., Viana, A., 1999. Seismic features diagnostic of
contourite drifts. Mar. Geol. 162, 1-38.

Fierens, R., Droz, L., Toucanne, S., Raisson, F., Jouet, G., Babonneau, N., Miramontes, E.,
Landurain, S., Jorry, S.J., 2019. Late Quaternary geomorphology and sedimentary processes
in the Zambezi turbidite system (Mozambique Channel). Geomorphology 334, 1-28.

Fierens, R., Toucanne, S., Droz, L., Jouet, G., Raisson, F., Jorissen, E.L., Bayon, G., Giraudeau, J.,
Jorry, S.J., 2020. Quaternary sediment dispersal in the Zambezi turbidite system (SW Indian
Ocean). Marine Geology 428, 106276.

Flemming B.W., Kudrass H.R., 2018. Large dunes on the outer shelf off the Zambezi Delta,
Mozambique: evidence for the existence of a Mozambique Current. Geo-Marine Letters
38, 95-106.

Flood, R.D., 1988. A lee wave model for deep-sea mudwave activity. Deep Sea Research Part
A. Oceanographic Research Papers 35(6), 973-983.

Fonnesu, M., Palermo, D., Galbiati, M., Marchesini, M., Bonamini, E., Bendias, D., 2020. A new
world-class deep-water play-type, deposited by the syndepositional interaction of turbidity
flows and bottom currents: The giant Eocene Coral Field in northern Mozambique. Marine
and Petroleum Geology 111, 179-201.

Fuhrmann, A., Kane, I.A., Clare, M.A., Ferguson, R.A., Schomacker, E., Bonamini, E., Contreras,
F.A., 2020. Hybrid turbidite-drift channel complexes: An integrated multiscale model.
Geology, 48(6), 562-568.

Garcia, M., Hernandez-Molina, F.J., Llave, E., Stow, D.A.V., Ledn, R., Fernandez-Puga, M.C,,
Diaz del Rio, V., Somoza, L., 2009. Contourite erosive features caused by the Mediterranean
Outflow Water in the Gulf of Cadiz: Quaternary tectonic and oceanographic implications.
Marine Geology, 257(1-4), 24-40.

Gonthier, E., Faugeéres, J.-C., Stow, D.A.V., 1984. Contourite facies of the Faro Drift, Gulf of
Cadiz. In: Stow, D.A.V,, Piper, D.J.W. (Eds.), Fine Grained Sediments, Deepwater Processes
and Facies. Geological Society, London, Special Publication, 15, pp. 275-291.

Hall, I.R., Hemming, S.R., LeVay, L.J., The Expedition 361 Scientists, 2017. South African
Climates (Agulhas LGM Density Profile). In: Proceedings of the international ocean
discovery program, vol 361. (International Ocean Discovery Program), College Station, TX.
https://doi.org/10.14379/iodp.proc.361.2017

33



Halo, I., Backeberg, B., Penven, P., Ansorge, ., Reason, C., Ullgren, J.E., 2014. Eddy properties
in the Mozambique Channel: a comparison between observations and two numerical ocean
circulation models. Deep-Sea Res. Il Top. Stud. Oceanogr. 100, 38-53.

Hebbeln, D., Van Rooij, D., Wienberg, C., 2016. Good neighbours shaped by vigorous currents:
Cold-water coral mounds and contourites in the North Atlantic. Marine Geology, 378, 171-
185.

Heezen, B.C., Hollister, C.D., 1964. Deep sea current evidence from abyssal sediments. Marine
Geology, 1, 141-174.

Hernandez-Molina, F.J., Stow, D.A.V., Llave, 2008a. Continental slope contourites. In: Rebesco,
M., Camerlenghi, A. (Eds.), Contourites. Developments in Sedimentology, 60. Elsevier,
Amsterdam, pp. 379-408.

Hernandez-Molina, F.J., Maldonado, A., Stow, D.A.V., 2008b. Abyssal plain contourites. In:
Rebesco, M., Camerlenghi, A. (Eds.), Contourites. Developments in Sedimentology, 60.
Elsevier, Amsterdam, pp. 345-378.

Hernandez-Molina, F.J., Wahlin, A., Bruno, M., Ercilla, G., Llave, E., Serra, N., Roson, G., Puig,
P., Rebesco, M., Van Rooij, D., Roque, C., Gonzalez-Pola, C., Sanchez, F., Gdmez, M., Preu,
B., Schwenk, T., Hanebuth, Till J.J., Leal, Sanchez, Till, J.J., Garcia-Lafuente, J., Brackenridge,
Rachel E., Juan, C., Stow, Dorrik A.V., Sdnchez-Gonzalez, J.M., 2016. Oceanographic
processes and products around the Iberian margin: a new multidisciplinary approach.
Marine Geology, 378, 127-156.

Hollister, C.D., 1967. Sediment distribution and deep circulation in the western North Atlantic.
(PhD thesis) Columbia University, New York, pp. 942.

Hunter, S., Wilkinson, D., Louarn, E., McCave, I.N., Rohling, E., Stow, D.A., Bacon, S., 2007.
Deep western boundary current dynamics and associated sedimentation on the Eirik Drift.
Southern Greenland Margin. Deep Sea Research Part I: Oceanographic Research Papers 54,
2036-2066.

Jorry, S., 2014. PTOLEMEE Cruise, RV L'Atalante. https://doi.org/10.17600/14000900.

Jorry, S.J., Camoin, G.F., Jouet, G., Le Roy, P., Vella, C., Courgeon, S., Prat, S., Fontanier, C.,
Paumard, V., Boulle, J., Caline, B, Borgomano, J., 2016. Modern sediments and Pleistocene
reefs from isolated carbonate platforms (lles Eparses, SW Indian Ocean): a preliminary
study. Acta Oecologica, 72, 129-143.

Jorry, S.J., Jouet, G., Edinger, E.N., Toucanne, S., Counts, J.W., Miramontes, E., Courgeon, S.,
Vazquez Riveiros, N., Le Roy, P., Camoin, G.F., 2020. From platform top to adjacent deep
sea: New source-to-sink insights into carbonate sediment production and transfer in the
SW Indian Ocean (Glorieuses archipelago). Marine Geology 423, 106144.

Jouet, G., Deville, E., 2015. PAMELA-MOZ04 Cruise, RV Pourquoi pas ?
https://doi.org/10.17600/15000700.

Kane, I. A, Clare, M.A., Miramontes, E., Wogelius, R., Rothwell, J.J., Garreau, P., Pohl, F., 2020.
Seafloor microplastic hotspots controlled by deep-sea circulation. Science, 368, 1140-1145.

Khripounoff, A., Crassous, P., Bue, N.L., Dennielou, B., Silva Jacinto, R., 2012. Different types
of sediment gravity flows detected in the Var submarine canyon (northwestern
Mediterranean Sea). Progress in Oceanography, 106, 138-153.

34



Knutz, P.C., 2008. Paleoceanographic significance of contourite drifts. In: Rebesco, M.,
Camerlenghi, A. (Eds.), Contourites. Developments in Sedimentology, 60. Elsevier,
Amsterdam, pp. 511-535.

Kolla, V., Eittreim, S., Sullivan, L., Kostecki, J.A., Burckle, L.H., 1980. Current-controlled, abyssal
microtopography and sedimentation in Mozambique Basin, Southwest Indian Ocean.
Marine Geology 34, 171-206.

Leroux, E., Counts, J.W., Jorry, S.J., Jouet, G., Revillon, S., Boudagher-Fadel, M.K., Courgeon,
S., Berthod, C., Ruffet, G., Bachélery, P., Grenard-Grand, E., 2020. Evolution of the
Glorieuses seamount in the SW Indian Ocean and surrounding deep Somali Basin since the
Cretaceous. Marine Geology 427, 106202.

Li, H., Tang, Y., Moulin, M., Aslanian, D., Evain, M., Schnurle, P., Leprétre, A., Li, J., 2021.
Seismic evidence for crustal architecture and stratigraphy of the Limpopo Corridor: New
insights into the evolution of the sheared margin offshore southern Mozambique. Marine
Geology, 435, 106468.

Lutjeharms, J.R.E., 2006. The Agulhas Current. vol. 1 Springer-Verlag, Berlin.

Ma, X., Yan, J., Hou, Y., Lin, F., Zheng, X., 2016. Footprints of obliquely incident internal solitary
waves and internal tides near the shelf break in the northern South China Sea. Journal of
Geophysical Research: Oceans 121, 8706—8719.

Mahanjane, E.S., 2014. The Davie Fracture Zone and adjacent basins in the offshore
Mozambique Margin—a new insights for the hydrocarbon potential. Mar. Pet. Geol. 57,
561-571.

McCave, I.N., 2008. Size sorting during transport and deposition of fine sediments: Sortable
silt and flow speed. In: Rebesco, M., Camerlenghi, A. (Eds.), Contourites. Developments in
Sedimentology. vol. 60. Elsevier, Amsterdam, pp. 121-142.

McCave, |.N., Tucholke, B.E., 1986. Deep current-controlled sedimentation in the western
North Atlantic. In: Vogt, P.R., Tucholke, B.E. (Eds.), The Geology of North America, The
Western North Atlantic Region, Decade of North American Geology. Geol. Soc. Am.,
Boulder, vol. M, pp. 451-468.

McCave, I.N., Thornalley, D.J.R., Hall, I.R., 2017. Relation of sortable silt grain-size to deep-sea
current speeds: Calibration of the ‘Mud Current Meter’. Deep Sea Research Part I:
Oceanographic Research Papers 127, 1-12.

Miramontes, E., Garziglia, S., Sultan, N., Jouet, G., Cattaneo, A., 2018. Morphological control
of slope instability in contourites: a geotechnical approach. Landslides 15(6), 1085-1095.
Miramontes, E., Penven, P, Fierens, R., Droz, L., Toucanne, S., Jorry, S.J., Jouet, G., Pastor, L.,
Silva Jacinto, R., Gaillot, A., Giraudeau, J., Raisson, F., 2019a. The influence of bottom
currents on the Zambezi Valley morphology (Mozambique Channel, SW Indian Ocean): In

situ current observations and hydrodynamic modelling. Marine Geology 410, 42-55.

Miramontes, E., Garreau, P., Caillaud, M., Jouet, G., Pellen, R., Hernandez-Molina, F.J., Clare,
M.A., Cattaneo, A., 2019b. Contourite distribution and bottom currents in the NW
Mediterranean Sea: coupling seafloor geomorphology and hydrodynamic modelling.
Geomorphology 333, 43-60.

35



Miramontes, E., Jorry, S.J., Jouet, G., Counts, J.W., Le Roy, P., Courgeon, S., Hernandez-Molina,
F.J., Guerin, C. (2019c). Deep marine dunes on drowned isolated carbonate terraces
(Mozambique Channel, SW Indian Ocean). Sedimentology, 66(4), 1222-1242.

Miramontes, E., Eggenhuisen, J.T., Silva Jacinto, R., Poneti, G., Pohl, F., Normandeau, A.,
Campbell, D.C., Hernandez-Molina, F.J., 2020a. Channel-levee evolution in combined
contour current-turbidity current flows from flume-tank experiments. Geology, 48 (4),
353-357.

Miramontes, E., Jouet, G., Thereau, E., Bruno, M., Penven, P., Guerin, C., Le Roy, P., Droz, L.,
Jorry, S.J., Hernandez-Molina, F.J., Thiéblemont, A., Silva Jacinto, R., Cattaneo, A., 2020b.
The impact of internal waves on upper continental slopes: insights from the Mozambican
margin (southwest Indian Ocean). Earth Surface Processes and Landforms, 45(6), 1469—
1482.

Mosher, D.C., Campbell, D.C., Gardner, J.V., Piper, D.J.W., Chaytor, J.D., Rebesco, M., 2017.
The role of deep-water sedimentary processes in shaping a continental margin: The
Northwest Atlantic. Marine Geology 393, 245-259.

Moulin, M., Aslanian, D., 2016. PAMELA-MOZ03 Cruise, RV Pourquoi pas ?,
https://doi.org/10.17600/16001600.

Moulin, M., Evain, M., 2016. PAMELA-MOZ05 Cruise, RV Pourquoi pas ?,
https://doi.org/10.17600/16009500.

Mulder, T., Faugeres, J. C.,, Gonthier, E., 2008. Mixed turbidite—contourite systems.
Developments in Sedimentology, 60, 435-456.

Mulder, T., Ducassou, E., Hanquiez, V., Principaud, M., Fauguembergue, K., Tournadour, E.,
Chabaud, L., Reijmer, J., Recouvreur, A., Gillet, H., Borgomano, J., Schmitt, A., Moal, P.,
2019. Contour current imprints and contourite drifts in the Bahamian archipelago.
Sedimentology, 66(4), 1192-1221.

Nielsen, T., Knutz, P.C., Kuijpers, A., 2008. Seismic expression of contourite depositional
systems. In: Rebesco, M., Camerlenghi, A. (Eds.), Contourites. Elsevier, pp. 301-321.

Olu, K., 2014. PAMELA-MOZ01 Cruise, RV L'Atalante. https://doi.org/10.17600/14001000.

Ponte, J.P., Robin, C., Guillocheau, F., Popescu, S., Suc, J.P., Dall’Asta, M., Melinte-Dobrinescu,
M.C., Bubik, M., Dupont, G., Gaillot, J., 2019. The Zambezi delta (Mozambique channel, East
Africa): High resolution dating combining bio-orbital and seismic stratigraphy to determine
climate (palaeoprecipitation) and tectonic controls on a passive margin. Marine and
Petroleum Geology, 105, 293-312.

Rebesco, M., 2005. Contourites. In: Selley, R.C., Cocks, L.R.M., Plimer, |.R. (Eds.), Encyclopedia
of Geology. Elsevier, Oxford, pp. 513-527.

Rebesco, M., 2014. Contourites. In: Elias, S.A. (Ed.), Reference Module in Earth Systems and
Environmental Sciences. Elsevier. http://dx.doi.org/10.1016/B978-0-12-409548-9.02964-
X.

Rebesco, M., Stow, D.A.V., 2001. Seismic expression of contourites and related deposits: a
preface. Marine Geophysical Research 22, 303-308.

36



Rebesco, M., Hernandez-Molina, F.J., Van Rooij, D., Wahlin, A., 2014. Contourites and
associated sediments controlled by deep-water circulation processes: State-of-the-art and
future considerations. Mar. Geol. 352, 111-154.

Reeder, D.B., Ma, B.B., Yang, Y.J., 2011. Very large subaqueous sand dunes on the upper
continental slope in the South China Sea generated by episodic, shoaling deep-water
internal solitary waves. Marine Geology 279(1-4), 12-18.

Robin, C., Droz, L., 2014. PAMELA-MOZ02 Cruise, RV L'Atalante.
https://doi.org/10.17600/14001100.

Schulz, H., Liickge, A., Emeis, K., Mackensen, A., 2011. Variability of Holocene to Late
Pleistocene Zambezi riverine sedimentation at the upper continental slope off
Mozambique, 15°-21°S. Mar. Geol. 286, 21-34.

Stow, D.A.V., Pudsey, CJ., Howe, J.A., Faugeres, J.-C., Viana, A.R., 2002. Deep-water
Contourite Systems: Modern Drifts and Ancient Series, Seismic and Sedimentary
Characteristics. Geological Society, London, Memoirs 22.

Stow, D.A.V., Smillie, Z., 2020. Distinguishing between Deep-Water Sediment Facies:
Turbidites, Contourites and Hemipelagites. Geosciences 10(2), 68.

Thiéblemont, A., Herndndez-Molina, F. J., Miramontes, E., Raisson, F., Penven, P., 2019.
Contourite depositional systems along the Mozambique channel: The interplay between
bottom currents and sedimentary processes. Deep Sea Research Part |: Oceanographic
Research Papers, 147, 79-99.

Thiéblemont, A., Hernandez-Molina, F.J., Ponte, J.P., Robin, C., Guillocheau, F., Cazzola, C.,
Raisson, F., 2020. Seismic stratigraphic framework and depositional history for Cretaceous
and Cenozoic contourite depositional systems of the Mozambique Channel, SW Indian
Ocean. Marine Geology 425, 106192.

Thompson, J.0., Moulin, M., Aslanian, D., De Clarens, P., Guillocheau, F., 2019. New starting
point for the Indian Ocean: Second phase of breakup for Gondwana. Earth-Science Reviews
191, 26-56.

Thran, A.C., Dutkiewicz, A., Spence, P., Miiller, R.D., 2018. Controls on the global distribution
of contourite drifts: Insights from an eddy-resolving ocean model. Earth Planet. Sci. Lett.
489, 228-240.

Tucholke, B.E., Ewing, J.l.,, 1974. Bathymetry and sediment geometry of the Greater Antilles
Outer Ridge and vicinity. Geological Society of America Bulletin 85(11), 1789-1802.

Ullgren, J.E., van Aken, H.M., Ridderinkhof, H., de Ruijter, W.P.M., 2012. The hydrography of
the Mozambique Channel from six years of continuous temperature, salinity, and velocity
observations. Deep-Sea Res. | Oceanogr. Res. Pap. 69, 36-50.

Walford, H., White, N., Sydow, J., 2005. Solid sediment load history of the Zambezi Delta. Earth
Planet. Sci. Lett. 238, 49-63.

Wilckens, H., Miramontes, E., Schwenk, T., Artana, C., Zhang, W., Piola, A., Baques, M.,
Provost, C., Spiel, V., Hernandez-Molina, Felgendreher, M., Kasten, S., this issue. The
erosive power of the Malvinas current: Influence of bottom currents on morpho-
sedimentary features along the northern Argentine Margin (SW Atlantic Ocean). Marine
Geology.

37



Wiles, E., Green, A.N., Watkeys, M.K., Jokat, W., 2017. Zambezi continental margin:
compartmentalized sediment transfer routes to the abyssal Mozambique Channel. Marine
Geophysical Research 38(3), 227-240.

38



