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Earth Surface Processes and Landforms

ABSTRACT: Evidences of sedimentation affected by oceanic circulation, such as nepheloid layers and contourites are often ob-
served along continental slopes. However, the oceanographic processes controlling sedimentation along continental margins remain
poorly understood. Multibeam bathymetry and high-resolution seismic reflection data revealed a contourite depositional system in
the Mozambican upper continental slope composed of a contourite terrace (a surface with a gentle seaward slope dominated by ero-
sion) and a plastered drift (a convex-shape sedimentary deposit). A continuous alongslope channel and a field of sand dunes (mainly
migrating upslope), formed during Holocene, were identified in the contourite terrace at the present seafloor. Seismic reflection data
of the water column show internal waves and boluses propagating in the pycnocline near the upper slope. The channel and the
dunes are probably the result of the interaction of the observed internal waves with the seafloor under two different conditions.
The alongslope channel is located in a zone where intense barotropic tidal currents may arrest internal solitary waves, generating
a hydraulic jump and focused erosion. However, upslope migrating dunes may be formed by bottom currents induced by internal
solitary waves of elevation propagating landwards in the pycnocline. These small-scale sedimentary features generated by internal
waves are superimposed on large-scale contouritic deposits, such as plastered drifts and contourite terraces, which are related to geo-
strophic currents. These findings provide new insights into the oceanographic processes that control sedimentation along continental
margins that will help interpretation of palaeoceanographic conditions from the sedimentary record. © 2020 The Authors. Earth Sur-
face Processes and Landforms published by John Wiley & Sons Ltd.
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strophic currents, eddies, overflows, dense shelf-water cascad-
ing, barotropic and baroclinic tidal currents or internal solitary
waves (ISWs) (Rebesco et al., 2014; Hernandez-Molina et al.,

Introduction

Contourite depositional systems are sedimentary systems that

contain depositional (contourite drifts) and erosional features
(moats, contourite channels, furrows, etc.) generated by oce-
anic currents that can be found on continental margins world-
wide (Herndndez-Molina et al., 2008; Rebesco et al., 2014).
They are formed by a variety of oceanographic processes that
occur at different temporal and spatial scales, such as geo-

[Correction added on 5 May 2020, after first online publication: the
address for correspondence has been updated in this version. The first
author’s present addresses have also been indicated.]

2016a). Despite the ubiquity of contourites, little is known
about how the different oceanographic processes affect conti-
nental slopes due to the paucity of direct observations and
modelling studies in deep-sea settings (Hunter et al., 2007; de
Lavergne et al., 2016; Hernandez-Molina et al., 2016b).

The presence of nepheloid layers (i.e. layers of water above
the seafloor containing significant amounts of suspended sedi-
ment) on upper continental slopes has often been related to
the elevated bottom shear stresses generated by internal waves
(Cacchione and Drake, 1986; Puig et al., 2004). Internal waves
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may affect continental slopes at different spatial scales: (i) They
may determine the average slope angle of continental margins
(about 2°-4°), which is an order of magnitude lower than the
internal friction angle of marine sediment (Cacchione et al.,
2002); (ii) Internal waves may also be at the origin of dune
fields, as observed for instance in the South China Sea (Ma et
al., 2016) and in the Messinian Strait (Droghei et al., 2016),
or sediment waves, as suggested in the western (Rib6 et al.,
2016) and eastern Mediterranean Sea (Reiche et al., 2018).

The internal tide energy generated on the slope and shelf break
may radiate away in two different ways: (i) horizontally in the form
of interface internal waves at tidal frequency (internal baroclinic
tides); or (ii) as internal tidal beams into the stratified water column
(da Silva et al., 2009; Lamb, 2014). The continental slope of
Mozambique is a zone of intense internal tide generation (Baines,
1982; Manders et al., 2004; da Silva et al., 2009; Magalhaes et al.,
2014) that could affect sedimentation on this margin.

This study aims to improve the identification and characteri-
zation of the oceanographic processes that control the forma-
tion of sediment bodies and erosional features along
continental margins in order to better constrain how sediment
is transported from the continent to the deep sea, and to pro-
vide arguments for the reconstruction of past oceanographic
conditions based on sediment architecture. The main objec-
tives of this study are to: (i) characterize the morphology, lithol-
ogy and age of the contourite depositional system in the upper
continental slope of the Mozambican margin; and (ii) identify
the main oceanographic processes that may be at the origin
of the observed erosional and depositional features. In this
study, we focus on the upper continental slope of the Mozam-
bican margin, in an area located in the Sofala Bank offshore the
Zambezi delta (Figure 1).

Regional Setting
Geological setting
Sediment transfer from land to ocean basins is strongly con-

trolled by sediment supply and sea-level fluctuations, espe-
cially in areas with extended continental shelves such as the

Mozambican margin (van der Lubbe et al., 2014; Wiles et al.,
2017). The primary sediment source of the Mozambican margin
is the Zambezi River, which with a catchment area of 1.4 x
10°km? (Walford et al., 2005) is one of the largest river systems
of eastern Africa (Fekete et al., 1999). During sea-level low-
stands, the Zambezi River supplied sediment directly to the
shelf edge and the continental slope (Schulz et al., 2011). In
contrast, at present and during past sea-level high-stands, sedi-
ments are dispersed towards the northeast along the coast and
then southwards on the upper continental slope (Figure 1C;
Beiersdorf et al., 1980; Schulz et al., 2011; Wiles et al., 2017).

Sedimentation in the Mozambique Channel is controlled by
bottom currents at all depths, from the Mozambican continen-
tal shelf (Flemming and Kudrass, 2018) to the deep part of the
basin (Kolla et al., 1980; Breitzke et al., 2017; Wiles et al,,
2017; Miramontes et al., 2019a). The southern part of the Mo-
zambican continental slope (south of 21°S) is dominated by a
contourite depositional system that is composed of a series of
contourite terraces and plastered drifts at different water depths,
from the shelf edge down to 2200m below sea level (b.s.l.)
(Thiéblemont et al., 2019). Plastered drifts are characterized
by a convex shape, with higher sediment accumulation in the
centre of the deposit (Faugeres and Stow, 2008). In their proxi-
mal part, they are commonly associated with contourite ter-
races, which are large, broad and gently tilting seaward (< 2°)
surfaces dominated by erosional features (Hernandez-Molina
et al., 2009, 2017; Preu et al., 2013; Thiéblemont et al.,
2019). North of 21°S, the margin is more dominated by
gravity-driven  sedimentary  processes, with common
submarine-landslide scars and deposits, and turbidite channels
(Fierens et al., 2019; Thiéblemont et al.,, 2019). In this area,
only the shallowest terrace and plastered drift (~300m b.s.l.),
which are the focus of the present study, are present on the up-
per continental slope (Thiéblemont et al., 2019).

Oceanographic setting

Currents in the Mozambique Channel are very complex and in-
tense, with surface currents up to 2ms™' (Ternon et al., 2014)
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Figure 1.  (A) Bathymetric map of the Mozambique Channel, showing the main ocean currents. The blue dots indicate the location of the CTD (con-
ductivity, temperature and depth) data used in Figure 2. The black lines represent the internal solitary waves (ISWs) identified by da Silva et al. (2009)
from Envisat advanced synthetic aperture radar (ASAR) imagery. MC: Mozambique Current; MUC: Mozambique Undercurrent. (B) Zoom of the
bathymetric map showing the study area. (C) NASA Worldview satellite image of 21 June 2016, showing how river plumes are deflected towards
the north by alongshore currents and sediment in suspension is carried from the northern part towards the south by offshore currents. [Colour

figure can be viewed at wileyonlinelibrary.com]
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and bottom currents in the deep basin up to 0.5ms’”
(Miramontes et al., 2019a). Surface currents along the Mozam-
bican margin are part of the greater Agulhas Current system,
which extends from north Madagascar to South Africa
(Lutjeharms, 2006). The Agulhas Current is the strongest west-
ern boundary current in the southern hemisphere, and results
in an important exchange of heat and salt between the Indian
and Atlantic Oceans (Gordon, 1986; Weijer et al., 1999). Sur-
face and intermediate circulation along the Mozambican con-
tinental slope mainly comprises a southward-bound, western
boundary current [Mozambique Current (MC)] (DiMarco et
al., 2002; Quartly et al., 2013; Flemming and Kudrass, 2018)
and large anticyclonic eddies (= 300km diameter,
Mozambique rings) that migrate southwards and can affect
the entire water column (de Ruijter et al., 2002; Lutjeharms et
al., 2012; Halo et al., 2014) (Figure 1A).

The surface waters in the Mozambique Channel are com-
posed of tropical surface water (TSW) (upper 100-150 m) and
subtropical surface water (STSW) (from 100 to 150 m b.s.l. to
about 300m b.s.l.) (Figure 2; Ullgren et al., 2012). The TSW
is formed in the tropics by surface warming and excess precip-
itation (Ullgren et al., 2012), while the STSW is formed in the
area from 25°S to 35°S due to greater evaporation than precip-
itation, and is characterized by a subsurface salinity maximum
when it is present below the TSW (Figure 2; Wyrtki, 1973). The
south Indian central water (SICW) forms the permanent thermo-
cline, and is formed by sunken surface water (You, 1997). The
SICW is characterized by a linear potential temperature—
salinity relationship between 300 and 600m b.s.l. (Figure 2;
Ullgren et al., 2012). Intermediate waters (> 600m b.s.l.) in
the Mozambique Channel are composed of Red Sea water
(RSW) that flows into the Mozambique Channel from the north,
and Antarctic intermediate water (AAIW) that enters from the
south as part of the Mozambique undercurrent (MUC) (Figure 1;
Ullgren et al., 2012).
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Figure 2. Potential temperature-salinity diagram showing the main
water masses that affect the upper slope of the Mozambican margin
generated with Ocean Data View (Schlitzer, 2018). The grey lines rep-
resent the potential density anomaly (kg m™). TSW: tropical surface wa-
ter; STSW: subtropical surface water; SICW: south Indian central water;
AAIW: Antarctic intermediate water; RSW: Red Sea water. See Fig-
ure 1A for CTD location. [Colour figure can be viewed at
wileyonlinelibrary.com]
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The Mozambican slope is a hot spot for the generation of in-
ternal tides and ISWs (da Silva et al., 2009). ISWs observed in
this area travel offshore (Figure TA), and are generated at the
shelf break and at about 80 km seawards of the shelf break
due to the interaction of the internal tidal rays with the thermo-
cline (da Silva et al., 2009). Despite the evidences of internal
waves in this area, their impact on sedimentation and on shap-
ing the seafloor was not clearly demonstrated in previous
studies.

Material and Methods

The regional bathymetry used for this study (Figure 1) is
GEBCO bathymetry (GEBCO_08, version 2010-09-27, http:/
www.gebco.net), with a 30 arc-second resolution. The main
data shown in the present study were collected during the
PAMELA-MOZ04 survey (2015, R/V Pourquoi pas?; Jouet and
Deville, 2015). The multibeam bathymetry and the co-
registered backscatter intensity were acquired with the
Kongsberg EM710 and Kongsberg EM122 systems. The hori-
zontal resolution of the multibeam bathymetry is 20m in the
upper slope (up to about 700 m b.s.l.) and 40 m in the deeper
areas. The multibeam bathymetry acquired with the EM710
system was re-gridded independently in the areas of the dune
field and the channel to increase the resolution to 3 and 5m,
respectively. These high-resolution bathymetry maps were used
to measure dune and channel morphologies. In order to im-
prove the visualization of the dunes on the slope, we calculated
the average plane (mean bathymetric surface) every 100 m and
we subtracted the depth of the average plane from the original
multibeam bathymetry at a horizontal resolution of 3 m. The
resulting differential map represents the dune crests as positive
values (above the mean bathymetric surface) and the dune
troughs as negative values (below the mean bathymetry
surface).

A satellite image of 21 June 2016 was obtained from the
NASA Worldview application (https://worldview.earthdata.
nasa.gov), using the Visible Infrared Imaging Radiometer Suite
(VIIRS) corrected reflectance imagery.

The seismic data consists of 72-channel high-resolution mini
Gl-gun seismic reflection profiles (50-250 Hz) that imaged the
water column and the seafloor, and sub-bottom profiler (SBP)
data (1800-5300Hz). In order to remove noise and artefacts
in the water column in the vicinity of the seafloor, singular
value decomposition was applied to normal moveout stacked
data in the water column before migration. Seismic data were
acquired during a period of spring tides (Figure 3), when
barotropic tidal currents are stronger, intensifying the genera-
tion of internal waves.

One Calypso piston core (MOZ04-CSF19, 9.12 m long) was
collected on the upper continental slope (Figure 1B). The core
was dated using radiocarbon analyses on bulk planktonic fora-
minifera performed at Beta Analytic Laboratories. Radiocarbon
ages were calibrated using the Marine13 calibration curve
(Reimer et al., 2013).

Hydrographic data [conductivity, temperature and depth
(CTD) profiles] were obtained from the World Ocean
Database 2013 (WOD13; https://www.nodc.noaa.gov/OC5/
WOD13/) and the Coriolis Database (http://www.coriolis.eu.
org/), and used to identify the water masses present near the
Mozambican slope. In addition, we also collected one ex-
pendable bathythermograph (XBT) profile and one XCTD
profile on the Mozambican upper slope during the PAMELA-
MOZ04 survey. The characteristic angles for the semi-diurnal
internal tides (c) were calculated using the XCTD data
acquired on the upper slope, resampled every 5m, following
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Figure 3. Predicted tide height at Chinde, Mozambique (see Figure 1B
for location). The red bands correspond to the periods of acquisition of
the seismic profiles MOZ04-HR-102, MOZ04-HR-108 and MOZ04-
HR-117. They were all collected during spring tides, profile 102 was
collected on average during high tide, 108 2.5 hours after high tide
and 117 1hour after high tide. [Colour figure can be viewed at
wileyonlinelibrary.com]

the method of Cacchione et al. (2002). The angle ¢ is

given by:
s 2\~
R et M)
N? — g2 ’

where ¢ is the internal wave frequency, which is
0.081 cycles per hour (cph) for internal tides at semi-diurnal
tidal frequency; f is the local inertial frequency at a latitude
¢ (19.5°S and 19°S), where f = sin(p)/12 cph; and N is the
local Brunt-Viisala (or buoyancy) frequency, which is
calculated as:

N2 = ;g@_p7 )

p 0z
The slope criticality (i.e. how tidal beams are reflected from
the slope) is analysed according to ratio between the seafloor
slope angle (y) and the natural internal wave propagation an-
gle (0): (i) transmissive or subcritical conditions when y < ¢;
(ii) critical or near critical conditions when y = ¢; and (iii) re-
flective or supercritical conditions when y < ¢ (Cacchione et
al., 2002).

Results

Contourite depositional system along the upper
continental slope

The upper slope of the Mozambican margin off the Zambezi
delta consists of a plastered drift and a contourite terrace,
which separates the plastered drift from the edge of the conti-
nental shelf (Figure 4). The plastered drift shows a convex mor-
phology, with a steep slope (up to 5°-6°) in its lower part at
300-400 m b.s.l. The contourite terrace comprises the proximal
domain of the plastered drift (located at 120-300m b.s.l.),
which is characterized by a gentle slope (mostly below 2° dip-
ping seaward) and by the presence of truncated reflections,
suggesting that the terrace was affected by erosional processes
or is still undergoing erosion. The plastered drift is character-
ized by continuous convex reflections, indicating that it is a
main depositional area (Figures 4 and 5).

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

Channel

Anciant chanriel

Figure 4. Three-dimensional block composed of multibeam bathym-
etry and multi-channel high-resolution seismic reflection profile
MOZ04-HR-114, showing the main sedimentary features observed in
the upper slope and the location of core MOZ04-CSF19. See Figure 1B
for location. [Colour figure can be viewed at wileyonlinelibrary.com]

The seafloor along the outer part of the contourite terrace (at
315m b.s.l.) (Figure 4) is covered by straight to slightly sinuous
sandy ripples. The troughs of the ripples seem to contain
coarser sediment (Figure 6A). This area was sampled by sedi-
ment core MOZ04-CSF19 that shows marked changes in grain
size, characterized by a coarser layer at the core top (Figure 6B).
The bottom of the core is mainly composed of muddy deposits
with a mean grain size of 30 um. The upper 2 m of the sediment
core are mainly composed of a coarsening-up sand layer, with
sand volumetric concentration increasing from 33% to 89%
and mean grain sizes from 71 um to 243 um (Figure 6B).

Heavy minerals such as zircon can be accumulated due to
winnowing under intense bottom currents (e.g. Bahr et al.,
2014). Calcium/titanium (Ca/Ti) ratio is typically used as a
proxy for comparing marine and terrigenous sediment input,
due to the higher content of Ca in marine sediment and higher
content of Ti in terrigenous sediment (e.g. Toucanne et al.,
2015). The aforementioned increase in grain size of core
MOZ04-CSF19 is correlated with an increase in
zirconium/rubidium (Zr/Rb) and Ca/Ti ratios, which suggest
an enhancement in bottom current velocity and a weakening
in the river input, respectively. Radiocarbon dating shows that
the sandy layer is younger than 9 kyr BP (Figure 6B).

Channel

A longitudinal channel parallel to the bathymetric contours
was identified in the middle of the contourite terrace (Figures 4
and 5). The channel is located at 155-170m b.s.l., it is 134—
580m wide (mean width of 246 m) and incises the seafloor
2-13 m (mean channel incision depth of 9 m) (Figure 7). This
channel was observed along 60 km of the Mozambican upper
continental slope. It is limited at the south by a zone affected
by a large submarine landslide (Figure 1B). North of the latitude
19°8’S, the channel seems to be more discontinuous, being re-
placed in some zones by dune fields, which will be described
in the next section.

At large scale, the channel is considerably straight and paral-
lel to the slope. However, its morphology often varies at small
scale. The southern part of the channel is irregular and has a
patchy distribution (Figure 7A). Its shallow flank is straighter
than its deep flank (Figure 7A). North of 19°24'S, the channel

Earth Surf. Process. Landforms, Vol. 45, 1469-1482 (2020)
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Figure 5.  (A) Multi-channel high-resolution seismic reflection profile MOZ04-HR-108 of the water column (greyscale) and below the seafloor (col-
our scale), showing wavy reflections in the water column in the vicinity of the channel. See Figure 1B for profile location. (B) Sub-bottom profiler im-
age MOZ04-SDS-108b, showing in detail the channel and the erosional truncations of the upper slope. [Colour figure can be viewed at
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Figure 6. (A) Seafloor images at the core site characterized by straight- to sinuous-crested ripples. (B) Grain size distribution, sand volume, Napierian
logarithm of the XRF zirconium/rubidium ratio and logarithm of the XRF calcium/titanium ratio of core MOZ04-CSF19. See Figures 1B and 2 for core

location. [Colour figure can be viewed at wileyonlinelibrary.com]

becomes much straighter, showing continuous shallow and
deep flanks and more regular channel widths and depths. A
slightly mounded morphology is observed adjacent to the deep
flank of the channel (Figure 7B).

Sand dunes

Dune fields are observed north of the channel between 120
and 250m b.s.I. The real extension of the dune fields could
not be determined due to the limited coverage of the
multibeam bathymetry. The dune fields have not been directly
sampled or observed with video. However, their depth and
their location on a contourite terrace, on the top of a plastered
drift, are similar to the environment where core MOZ04-CSF19
was collected, which is characterized by the presence of sandy
deposits (Figures 4 and 6). Therefore, we consider that these
dunes are probably mainly composed of sand.

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

Most of the dune crests are straight, although backscatter
data show some barchanoid zones of high backscatter that
could be interpreted as barchan dunes (Figure 8A). The dune
crests are oriented oblique to the slope, with a main east-west
(E-W) orientation and a superimposed secondary north—south
(N=S) orientation (Figure 9). The deepest limit of the dune field
is marked by an erosional surface at the seafloor, suggesting the
presence of more energetic conditions in this area (Figure 8B).
The dunes are medium to large (based on the classification of
Ashley, 1990), with wavelengths between 20 and 150m,
heights between 0.15 and 1.50 m, and their size decreases up-
slope (Figures 8 and 10). The progressive change from ero-
sional area to large dunes and finally to medium dunes
suggests an upslope decrease of energy (Figure 8B). All the
measured dunes are below the mean height-wavelength trend
of Flemming (1988) (Figure 10). The asymmetry of the dunes
suggests that they migrate obliquely upslope. Nevertheless,
the secondary N=S orientation also suggests a secondary migra-
tion oblique to the slope, perpendicular to the main direction of

Earth Surf. Process. Landforms, Vol. 45, 1469-1482 (2020)
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Figure 7.

Multibeam bathymetry and bathymetric profiles of the channel characterized by an irregular shape in the southern part (A) and a straight

shape in the northern part (B). See Figure 1B for location. [Colour figure can be viewed at wileyonlinelibrary.com]

Dune size
decreasing
upslope
Fozs
lo3o
1
Poiss
Pt
NW 500 m

T T20°E ITTAUE ITHE -ﬂn"
Backscattar E
— high

1 Transverse

Figure 8.

(A) Seafloor backscatter of the dune field. (B) Sub-bottom profiler image MOZ04-SBP-102a along the dune field, showing an erosional

seafloor at the foot of the dune field and upslope migrating dunes. [Colour figure can be viewed at wileyonlinelibrary.com]

migration. The asymmetry of the secondary dunes is not as
clear as for the main dunes, but they seem to migrate down-
slope (Figure 9A).

Evidences of internal waves from seismic data

Multi-channel high-resolution seismic reflection data show re-
flections within the water column that represent the oceanic
stratification. The acoustic impedance is the relevant property
for the reflection of acoustic waves, and it depends on sound
speed and density (i.e. temperature and salinity) vertical varia-
tion in the water column. But it has been shown that the seis-
mic reflectivity is mainly dominated by temperature variations
in the water column (Sallares et al., 2009; Ker et al., 2016).

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

One temperature profile acquired at the same time as the seis-
mic data in the Mozambique Channel shows a very good cor-
relation between high amplitude reflections and peaks in
temperature gradient between 0.15 and 0.20 s two-way travel
time (TWT) (113-15Tm b.s.l., using a sound velocity of
1512 ms™ for time-depth conversion) (Figure 11). The zone at
0.20-0.25s TWT (150-190 m b.s.l.) (characterized by chaotic
and transparent reflections corresponds to low temperature gra-
dient, i.e. a zone where the water column is well mixed (Fig-
ure 11)). A similar zone with chaotic reflections was observed
above the contourite terrace of the upper slope at 0.15-0.30's
TWT (113227 m b.s.l.) (Figure 5). This seismic profile shows
a well-defined stratification of the water column characterized
by relatively straight reflections in the offshore zone. In con-
trast, near the plastered drift, and especially above the

Earth Surf. Process. Landforms, Vol. 45, 1469-1482 (2020)
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contourite terrace, the reflections become much more irregular
and show a mounded shape. Wavy reflections, with almost the
same extension as the channel, are also observed above this
erosional feature (at about 0.15-0.20s TWT, 113-151m b.s.l.)
(Figure 5).

The seismic profile acquired across the dune field shows
more abundant small-scale undulations near the seafloor at
the depth range of the dune field. Some of these undulations
are grouped in packages that increase in amplitude onshore.
This is characteristic of ISWs moving towards the slope (north-
westwards in this case) (Figure 12B), which commonly have a
first wave of high amplitude, followed by decreasing wave am-
plitude (Jackson et al., 2012). Below this zone with ISWs, the
reflections are inclined upwards in the vicinity of the eroded
seafloor at about 0.3s TWT (~227m b.s.l.) (Figure 12A).

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

Particular undulated high amplitude seismic reflections are also
observed near the seafloor in the upper slope near the shelf
edge at about 0.18s TWT (~136 m b.s.l.) (Figure 11). These fea-
tures could be interpreted as boluses generated by breaking in-
ternal waves (Bourgault et al., 2014).

Slope criticality

The stratification of the water column above the upper slope
was obtained from a XCTD profile, which shows a marked
change in density at about 140 m w.d. that is linked to a change
in temperature. The buoyancy frequency (N) increases from the
surface reaching a maximum at 140m b.s.l. and then it de-
creases with depth (Figure 13).
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scale), showing the dune field and internal solitary waves (ISWs) travelling onshore. (B) Detailed image of the ISWs. [Colour figure can be viewed at
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The ratio between slope angle (y) and the characteristic angle
for the semi-diurnal internal tides (c) was calculated for two dif-
ferent slope morphologies that characterize the upper conti-
nental slope of the Mozambican margin: (i) the convex
shaped slope with a plastered drift, and a contourite terrace
with a channel; and (ii) the less convex slope with a plastered
drift and a dune field (Figure 14). Most of the upper slope is su-
percritical (y/c > 1, reflective conditions) to semi-diurnal inter-
nal tides, the internal tide would thus be reflected downslope.
However, some small zones in the slope, such as below the
channel in the contourite terrace, as well as the zone of eroded
slope below the dune field are under near-critical conditions
(i.e. the slope angle is close to the natural internal wave propa-
gation angle y/c = 1, Figure 14). Under these conditions, energy
is trapped at the seafloor and bottom velocities are intensified,
often resulting in seafloor erosion and in the formation of
nepheloid layers (Cacchione et al., 2002).

Discussion

Within the contourite depositional system along the upper con-
tinental slope of the Mozambican margin, the plastered drift

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

and the contourite terrace can be considered as first order
(large-scale) sedimentary features, while channels and dunes
can be defined as second order (small-scale) sedimentary fea-
tures. Different oceanographic processes may be involved at
distinct orders (scales) in generating sedimentary features, as
proposed recently by Yin et al. (2019), and they will be sepa-
rately discussed in the following sections.

Oceanographic and sedimentary processes at the
origin of large-scale features (plastered drifts and
contourite terraces)

The main sediment source for the Mozambican slope is the
Zambezi River. During sea-level low-stands, the Zambezi delta
was located near the slope, and thus a large amount of fine-
grained sediment was directly deposited on the slope (Figure 6;
Schulz et al., 2011). During sea-level high-stands the sediment
is mainly transported northwards by alongshore currents, and
then in part transported southwards along the upper continen-
tal slope by offshore currents (Figure 1C; Schulz et al., 2011).
As a consequence of a decrease in direct sediment supply
and an increase in oceanic current intensity, a 2-m thick
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winnowed sandy layer formed on the contourite terrace of the
upper slope (Figure 6).

Modelling results show that on average geostrophic currents
flow southwest along the upper Mozambican continental mar-
gin (Flemming and Kudrass, 2018; Miramontes et al., 2019a).
Bottom shear stresses related to geostrophic currents are higher
on the continental shelf and upper slope, and then they gener-
ally decrease with depth (Figures 15A and 15B). The contourite
terrace may thus be under the influence of intense geostrophic
currents on the upper slope, and the plastered drift would de-
velop in the adjacent area basinwards, where weaker geo-
strophic currents allow sediment deposition (Figures 4 and 5).
Similar distribution of bottom currents and sedimentary features
have already been observed in the western Mediterranean Sea,
where contourite terraces are usually in a zone affected by in-
tense bottom currents, whereas the adjacent plastered drifts

are in a zone of weak bottom currents (Cattaneo et al., 2017;
Miramontes et al., 2019b).

Oceanographic processes at the origin of
small-scale features (channel and dunes)

The channel and the dunes observed in the upper slope of the
Mozambique Channel are located in a similar water depth as
the pycnocline: the channel is at 155-170m b.s.l. (Figure 7),
the dunes at 120-250m b.s.l. (Figure 8) and the pycnocline at
100-200 m b.s.l., with the strongest change in density at about
140 m b.s.l. (Figure 13). This co-existence may suggest a rela-
tionship between the formation of these sedimentary features
and oceanographic processes related to the pycnocline dynam-
ics, especially internal waves. Here, we discuss possible mech-
anisms that may have originated these sedimentary features.

Manders et al. (2004) observed internal tides in the
Mozambique Channel that were formed on continental slope
of Mozambique. Internal tidal beams generated east of the
study area, could be directed to the Mozambican slope. The
bottom criticality analysis performed on this area shows that
most of the slope is under reflective conditions. The tidal beams
would thus be reflected downslope. Therefore, this process
could not explain the formation of the upslope migrating
dunes, although it could have an effect in remobilizing sedi-
ment in the upper slope and in generating the secondary dunes
(Figure 9). The zone below the channel is under near-critical
conditions. The reflection of internal tides at a slope with criti-
cal angle can cause significant turbulence at the seafloor and
lead to enhanced bottom current velocities (Cacchione et al.,,
2002; Zhang et al., 2008; Gayen and Sarkar, 2010). This could
explain the observed broad erosion in the contourite terrace
below the channel, but not focused erosion within the channel
(Figure 5).

Da Silva et al. (2009) observed ISWs being formed in the
southern part of the Sofala Bank continental slope and further
offshore by interaction of the reflected internal tidal beam with
the thermocline, but they did not identify any ISWs from
Envisat advanced synthetic aperture radar (ASAR) imagery in
our study area (Figure TA). In the area where ISWs were identi-
fied, the pycnocline was located at 60 m b.s.l. (da Silva et al.,
2009). In contrast, in our study area, the pycnocline is deeper,
at about 140m b.s.l. (Figure 13). ISWs propagating in this
deeper pycnocline may not significantly disturb the sea surface,
and may thus not be visible from satellite imagery.

Seismic profiles show evidences of ISWs propagating in the
pycnocline near the zones with the channel and the dunes
with a landward direction (Figures 5 and 12). Such ISWs could
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Figure 14. Ratio between seafloor slope angle (y) and characteristic angle for semi-diurnal internal tides (c), and bathymetric profiles of two different
slope profiles: (A) as seismic profile MOZ04-HR-114 characterized by a channel (orange profile); (B) as seismic profile MOZ04-HR-102 characterized
by a dune field (green profile). The bathymetric profile corresponding to each y/c graph is filled with colour and the other bathymetric profile is also
plotted for comparison. [Colour figure can be viewed at wileyonlinelibrary.com]
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have been originated by the impinging on the pycnocline of in-
ternal tide beams that move landward. The partial trapping of
these internal tide energy within the pycnocline could generate
ISWs as the ones observed in the seismic profiles (Mercier
et al., 2012).

Seismic data of the water column also revealed the formation
of boluses migrating onshore right below the shelf edge at
about 140m b.s.l. (Figure 11). Boluses are often formed by
shoaling ISWs. They are powerful processes that can resuspend
sediment and generate nepheloid layers (Bourgault et al.,
2014). Shoaling and breaking ISWs slope may contribute to
the broad erosion in the contourite terraces (Figures 4 and 5).
However, this process cannot explain focused erosion within
the channel (Figures 5 and 7). The formation of the channel
may be related to landward propagating ISWs arrested by
barotropic tidal currents. The channel is located in an area with
strong barotropic tidal currents (Figures 15C and 15D). During
ebb tide, barotropic tidal currents are directed towards the
southeast, almost perpendicular to the slope and to the channel
(Figure 15F). If the barotropic tidal current (flowing basinwards)
is equal or greater than the propagation velocity of an ISW trav-
elling in the pycnocline landwards, the ISWs would be

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

arrested, resulting in increased amplitude and increased cur-
rent velocity near the seafloor, and internal hydraulic jumps
may occur (Figure 16A; Farmer and Smith, 1980; Farmer and
Armi, 1999; Bruno et al., 2002). The bottom current induced
by the arrested ISW would affect a small area across-slope that
would not be larger than the wavelength of the ISW. Since the
stratification of the water column does not show important sea-
sonal changes in the Mozambique Channel (da Silva et al.,
2009), this localized area may continuously be eroded by
arrested internal waves, especially during spring tides, when
the barotropic tidal currents are stronger (Farmer and Smith,
1980; Véazquez et al., 2008). The erosion will thus only affect
a small area of the slope, which will be always the same if
the general slope geometry does not change, resulting in a con-
tinuous and linear contourite channel (Figures 4 and 7).

In contrast to the zone with the channel, barotropic tidal cur-
rents are weak in the zone with the dune field (Figures 15C and
15D), suggesting that ISWs may not be arrested by barotropic
flow in this area. The velocity direction of ISWs of depressions
in their lower part is the opposite to the direction of propaga-
tion of ISWs. When the thickness of the upper layer of the
pycnocline (h1) is greater than the thickness of the lower layer
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(h2), the polarity of the ISWs changes, becoming an ISWs of el-
evation (Figure 16B). The horizontal zone where this change of
polarity occurs is called a turning or critical point (Lamb, 2014).
The current velocity direction in the lower part of ISWs of ele-
vation is the same as the direction of propagation of the ISW.
In the case of ISWs travelling landwards, the currents near the
seafloor would be in the upslope direction. The propagation
of ISWs of elevation in the pycnocline may be at the origin of
the upslope migrating dunes observed in the upper slope (Fig-
ures 8 and 16B).

The secondary dunes perpendicular to the upslope migrating
dunes may have a different origin. They may be formed by the
ebb current, which has a southeast-east direction in the area of
the dunes (Figure 15F). They could be also related to the eddies
that commonly affect the Mozambican slope (Halo et al., 2014)
or by the reflection of internal tides under reflective conditions,
as suggested for instance for downslope migrating dunes in the
South China Sea (Ma et al., 2016). Although the dominant com-
ponent of sediment transport is upslope (probably induced by
ISWs), resulting in the formation of upslope migrating dunes,
part of the sediment may be transported back downslope by
other processes, generating the perpendicular secondary
dunes. The fact that processes with different directions of sedi-
ment transport affect the same area could explain the low
height-wavelength ratio of the main dunes, which lies below
the global mean height-wavelength ratio compiled by
Flemming (1988) (Figure 10). The smaller dunes show a bigger
difference in height compared to the mean trend than the big-
ger dunes; i.e. the height of the dunes with wavelengths of 30
to 50m is 61-65% lower than the height of the mean trend,
while the height of the dunes with wavelengths of 90 to
100 m is 54-55% lower than the height of the mean trend (Fig-
ure 10). This could be due to the fact that the smaller dunes are
shallower and thus more affected by the downslope flow,
which may be stronger in the shallowest part of the slope (for
instance barotropic tidal current intensity decreases with depth
(Figures 15C and 15D). On the contrary, the deeper dunes may
be in an area where the upslope flow is stronger, inducing the
generation of larger dunes; and the downslope flow weaker,
eroding less the crests of the dunes. The dunes suggested to
be formed by internal waves in other studies (Santoro et al.,
2002; Droghei et al., 2016; Ma et al.,, 2016; Miramontes et
al., 2019¢) often lie below the mean height-wavelength trend
(Figure 10). This indicates that these dunes may form in settings
where the direction of the bottom current changes, first gener-
ating the dune and then eroding its crest and moving the

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

sediment to the trough, reducing dune height without affecting
dune length.

Cyclicity in small-scale sedimentary features
formation

The channel observed on the present seafloor of the Mozambi-
can slope is younger than 9 kyr Bp, based on correlation with
core MOZ04-CSF19 (Figure 6B). The absence of sediment
drape in the channel, suggests that its formation is active at
present (Figures 4 and 5). Another ancient channel could be
identified in the subsurface in the seismic data (Figure 4). The
ancient channel is younger than the bottom of Site U1477 from
IODP expedition 361, that was dated with a maximum age of
~200ka (Hall et al., 2016). We thus suggest that the ancient
channel was probably formed during the previous sea-level
high-stand (MIS5). During sea-level low-stands the Zambezi
River discharges large amounts of fine-grained material that ac-
cumulate on shelf edge and continental slope (Figure 6; Schulz
et al.,, 2011). Even if internal waves were probably also affect-
ing the upper slope during sea-level low-stands, high sedimen-
tation rates from the delta might overcome the erosion and
transport capacity of internal waves and therefore no contourite
channel could develop. The presence of this ancient channel
proves that internal waves may have cyclic imprints on conti-
nental slopes, as suggested for instance in the formation of sed-
iment waves along the Israeli continental slope (Reiche et al.,
2018).

Conclusions

The contourite depositional system of the Mozambican upper
slope is mainly composed of large-scale sedimentary features
(a plastered drift and a contourite terrace), superimposed by
small-scale sedimentary features (a channel and sand dunes)
revealed by high resolution multibeam bathymetry and seismic
data. Although this classification and superposition of sedimen-
tary features at different scales may apply to any contourite de-
positional system in the world, they are not often observed due
to the lack of high-resolution data. The detailed observations of
the seafloor and the water column shown in this study provide
insights into the type of sedimentary features that can be found
on upper continental slopes and into the oceanographic pro-
cesses at their origin.
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In this study we show that in the upper slope of the Mozam-
bican margin, large-scale sedimentary features (plastered drifts
and contourite terraces) are probably generated by geostrophic
currents, whereas small-scale sedimentary features (channels
and sand dunes) may be formed by internal waves. Internal sol-
itary waves arrested by barotropic tidal currents, may generate
a hydraulic jump and induce increased erosion in a localized
zone of the upper continental slope, generating the channel
that was observed along 60 km at 155-170 m b.s.l. In the zones
where barotropic tidal currents are weak, internal solitary
waves are not arrested. Internal solitary waves of elevation
can thus propagate shelfwards, generating upslope-flowing
bottom currents, which may be at the origin of the field of me-
dium to large dunes observed at 120-250m b.s.l. The main
dune crests migrate obliquely upslope and decrease in size in
the same direction. Secondary dunes are superimposed to the
main dunes, with crest oriented perpendicularly to the main
crests. These dunes may be formed by other oceanographic
processes, such as downslope reflection of internal tides under
reflective conditions, barotropic tidal currents or eddies. These
processes may also erode the main dune crests, reducing their
height without affecting their wavelength.

This study evidences the impact of internal waves on the sed-
imentation and morphology of upper continental margins by
combining geophysical and sedimentological data, and numer-
ical modelling. In situ measurements and high-resolution
modelling of oceanographic processes and sediment resuspen-
sion are necessary to further understand and quantify the im-
pact of internal waves in sediment transport on continental
slopes.
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