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Abstract 
      The Mozambique Channel locates in the Southwest Indian Ocean between the East African conti-
nental margin off Mozambique and Madagascar. On the Mozambican continental margin, apart from 
the settling of pelagic and hemipelagic particles, great thicknesses of terrigenous sediments have 
accumulated, being transported and deposited by three principal processes: mass-failures, turbidity 
currents, and contour currents. Despite this area represents an ideal setting to study these contour 
currents, their impact on sediments have been poorly studied. This Ph.D. work aims to develop our 
understanding of the mechanisms behind contour currents, controlling the formation of contourite 
depositional systems (CDSs) in the Mozambique Channel during the Cretaceous and Cenozoic. The 
broad data set available for this Ph.D. work includes high-resolution multibeam datasets, seismic 
data, hydrographic data, and results of a numerical model (a regional oceanic modeling system).
Present-day CDSs of the Mozambique Channel are recognized from the upper continental slope to 
the abyssal plain. These CDSs show a broad array of morphologies, comprising plastered drifts, elon-
gated-mounded drifts, sediment waves, contourite terraces, moats, contourite channels, abraded sur-
faces, scours, and furrows. Bottom currents and secondary oceanographic processes (internal waves) 
control the morphology of CDSs. Other predisposing factors for their morphologies identified in the 
Mozambique Channel are the presence of seafloor irregularities and the proximity/intensity of sedi-
ment sources. Hydrodynamic modeling of the present-day oceanic circulation showed that seafloor 
obstacles serve to focus the flow path of bottom currents while periods and areas with high rates of 
sedimentation superimposed on the whole CDSs, triggering mass-failures and turbidity currents. In 
the ancient record, the onset and burial phases of CDSs are mainly driven by tectonics (with the ope-
ning, shoaling, and closing of major oceanic gateways), leading to major palaeoceanographic changes. 
Locally, their variable morphologies confirm the present-day studies where seafloor morphology and 
proximity/intensity of sediment sources play a significant role. Specific conditions, where it exists a 
relative equilibrium between long-term steady bottom currents flow and short-term turbidity currents, 
might have economic significance for the petroleum industry, occurring more specifically along the 
contourite terraces. 
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1.1. Scope and general objectives of the 
P.h.D. work

Sedimentary processes of the deep sea comprise the 
settling of pelagic particles through the water column, 
the contour currents, and density currents (i.e., turbidity 
currents and mass-failures) (Rebesco et al., 2014, 2017). 
The first of these represents a background process that 
becomes dominant only in abyssal areas. In contrast, 
density currents and contour currents are dominant pro-
cesses on many continental margins. Density currents 
are widely recognized to be an important flow process 
of the deep sea (Talling et al., 2012), with the ability to 
transport over 100 km3 of sediment, creating some of the 
largest and thickest sediment accumulations on Earth, 
both on the modern seafloor (Talling et al., 2007) and in 
the ancient rock record (Nielsen et al., 2007). Although 
this topic is still an active line of research (e.g., Brooks 
et al., 2018), there is an increasing number of studies fo-
cusing on contour currents, highlighting their importance 
in continental margins sedimentation (e.g., Mosher et al., 
2017).

The study area focuses on the Mozambique Channel, 
located between East Africa and Madagascar continen-
tal margins. In this area, much research has been done 
on sedimentary deposits dominated by density currents 
(e.g., Kolla, 1980a; Droz and Mougenot, 1987; Schulz, 
2011; Wiles et al., 2017a, b; Fierens et al., 2019). Howe-
ver, sedimentary deposits dominated by contour currents 
have been poorly studied, specifically in the ancient re-
cord (e.g., Preu et al., 2011). It is the objective of this 
P.h.D. work to present some studies of this dominant 
deep-sea sedimentary process both in the modern sea-
floor and ancient record.

 
1.2. Geological background and major 
scientific questions
1.2.1. Generalities on contourites

Currents are generally driven by density variations in 
the water column (i.e., density-driven currents) although 
some of which are wind-driven as the Gulf of Mexico’s 
current system (e.g., the Loop Current; Wunsch, 2002) 
and the Antarctic Circumpolar Current (Orsi et al., 1995). 
Density-driven currents form by cooling and/or freezing. 
Salinity or temperature-driven density variations cause 
sinking of the surface water masses towards greater 
depths in which case the current is said to be thermoha-
line, e.g., the North Atlantic Deep Water and the Antarc-
tic Bottom Water (Dickson and Browne, 1994; Nicholls 
et al., 2009; Kida, 2011) (Fig. 1.1A). Density-driven cur-
rents form also by high evaporation in the warm regional 
climates, such as in the Mediterranean and the Red Seas 
(i.e., the Mediterranean Outflow Water and the Red Sea 
Water; Ambar and Howe, 1979; Arnone et al., 1990; Ba-
ringer and Price, 1997; Peters et al., 2005). When these 
currents sink to their equilibrium conditions, the flow is 
forced to follow the bathymetric contours (i.e., referred 
to as ‘contour currents’ and/or ‘geostrophic currents’). 
Contour currents move generally relatively slowly as la-
minar flows over their global course (i.e., <3 cm/s) (Fig. 
1.1A). However, since the 1990s it has been demonstra-

ted that these currents can exhibit relatively high velo-
cities, capable of eroding, transporting, and depositing 
sediments (Stow et al., 2009; and referring to the gene-
ral term ‘bottom currents’ in Rebesco and Camerlenghi, 
2008). These conditions hold especially when bottom 
currents are conditioned by local seafloor irregularities 
(e.g., seamounts, ridges, etc.), deep oceanic gateways 
and straits, the Coriolis effect and via the continental 
margins (e.g., deep western boundary currents).

Sediments deposited or substantially reworked by 
the persistent action of bottom currents are defined as 
‘contourites’ (e.g., Stow et al., 2002; Rebesco, 2005). 
Single contourite deposits may be over 100,000 km2 in 
area, reflecting the importance of this process in the deep 
sea. Although these sediment bodies have received va-
rious names in the past, the term ‘contourite drifts’ (or 
‘drifts’) should be preferred (see McCave and Tucholke, 
1986; Rebesco and Stow, 2001). The most recent classi-
fication system, based on drift morphology and internal 
configuration detailed in McCave and Tucholke (1986), 
Faugères et al. (1993, 1999), Rebesco and Stow (2001), 
Rebesco (2005), Faugères and Stow (2008) and Rebesco 
et al. (2014), is the most reliable (Fig. 1.2). Apart the 
depositional features generated by bottom currents (i.e., 
drifts), others erosional features (i.e., abraded surfaces, 
contourite channels, contourite moats, scours, and fur-
rows) are locally developed in association with contourite 
drifts in areas traversed by higher velocity current cores 
(e.g., García et al., 2009) (Fig. 1.2). In some settings, 
contourite terraces develop due to long-term depositio-
nal and erosional phases (e.g., Viana et al., 2007) (Fig. 
1.2). Moreover, contourite drifts may occur interbedded 
with other sediment types and interaction of processes is 
the norm rather than the exception (mixed features; e.g., 
Wang et al., 2018) (Fig. 1.2).

The range of depositional, erosional, and mixed fea-
tures associated with a particular water mass can be in-
terpreted as a ‘contourite depositional system’ (CDS). 
Continental margins host several CDSs associated with 
a water mass within a given depth range. In recent years, 
some studies have investigated how bottom currents 
contribute to CDSs development such as the study of 
Miramontes et al. (2016). The recent research has also 
highlighted the importance of secondary oceanographic 
processes in CDSs development (Fig. 1.1B) (e.g., verti-
cal eddies, Chen et al., 2019; internal waves and solitons, 
Zhang et al., 2019; etc.) while the most recent studies 
consider how a diverse set of oceanographic processes 
interact to influence seafloor at a given locality (e.g., Yin 
et al., 2019). However, major doubts remain on the res-
pective control of these various oceanographic processes 
in CDSs development, as well as on their possible inte-
ractions. Therefore, it is very important to do an effort in 
this sense, to better tie present-day physical oceanogra-
phic processes to modern CDSs, and therefore improve 
understanding of past oceanic circulation.

In this sense, the first article focuses on how these va-
rious oceanographic processes interact to influence the 
present-day seafloor in the Mozambique Channel. It 
corresponds to a paper published in Deep Sea Research 
in March 2019 (Thiéblemont et al., 2019, see reference 
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below).  

Thiéblemont, A. (contribution: main author), Hernán-
dez-Molina, F.J., Miramontes, E., Raisson, F., Penven, P., 

2019. Contourite depositional systems along the Mozam-
bique Channel: the interplay between bottom currents 
and sedimentary processes. Deep-Sea Research Part 1: 
Oceanographic Research Papers. Vol 147, 79-99. http://
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In the objective of better understand the local influence 
of oceanographic processes on sedimentation,  several 
studies have been conducted in the Mozambique Chan-
nel; 1) on bottom currents (Flemming, 1978; Kolla et 
al., 1980b; Wiles et al., 2014; Flemming and Kudrass, 
2017) and 2) on vertical eddies (Breitzke et al., 2017, 
Miramontes et al., 2019a, b) (Fig. 1.3). However, ma-
jor doubts remain on the role of internal waves which is 
the topic of the second article. It corresponds to a paper 
published in Earth Surface Processes and Landforms in 
December 2019 (Miramontes et al., 2020, see reference 
below).

Miramontes, E., Jouet, G., Thereau, E., Bruno, M., 
Penven, P., Guerin, C., Le Roy, P., Droz, L., Jorry, J.S., 
Hernández-Molina, F.J., Thiéblemont, A. (contribution: 
preliminary ideas and review process), Silva Jacinto, 
R., Cattaneo, A., 2020. The impact of internal waves 
on upper continental slopes: insights from the Mozam-
bican margin (southwest Indian Ocean). Earth Surface 
Processes and Landforms. http://dx.doi.org/10.1002/

esp.4818

1.2.2. The palaeoceanographic significance of contou-
rite depositional systems

The palaeoceanographic research spans across a wide 
range of time scales depending on processes that are 
being studied. One interest in CDSs is for their potential 
for high-resolution palaeoceanographic reconstructions. 
This is partly due to their higher accumulation rates than 
those in adjacent, condensed pelagic sequences (Rebesco 
et al., 2014). In the records from rapidly accumulating 
muddy CDSs, the palaeoceanographic information re-
solution approaches that of ice-core archives with a kyr 
range of time scale (e.g., Voelker et al., 2006). During the 
last decades, several expeditions of the Integrated Ocean 
Drilling Program (IODP; previously DSDP and ODP) 
have targeted the CDSs that span the continental margins 
and abyssal plain of the oceans, e.g., IODP expedition 
339 in the Gulf of Cádiz, Stow et al. (2013). The history 
of ocean circulation can be extracted from CDSs, using 
discrete sampling analyses (e.g., Brackenridge et al., 
2018), continuous logging (e.g., Lofi et al., 2016), seis-
mic imaging (e.g., Llave et al., 2011) or by combining 

Figure 1.2. Main characteristics of contourite depositional, erosional and mixed features. Classification based on Hernández-Molina, F.J. et al. (2008). 
Seismic examples from the Mozambique Channel. Seismic profiles courtesy of INP and WesternGeco.  
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Elongated-mounded and separated drifts: They are most 
associated with steeper slopes, from which they are separa-
ted by a distinct erosional/non-depositional moat along 
which the �ow is focused.

Sediment waves (or mud waves) belong to a continuum of 
bottom-current features that fall somewhere between ripples and 
contourite drifts. They can have wavelengths ranging from 0.5 to 
10 km in length, heights usually up to 50 m (occasionally, up to 
150 m), and wave crests that are often longer than 10 km.

Elongated-mounded and detached drifts: 
They present an elongation that deviates from 
the adjacent slope against which it �rst began 
to form. Such a drift development can result 
from a change in the margin's trend.

Mixed drifts are those that involve the signi-
�cant interaction of along-slope contour 
currents with other depositional processes 
(e.g., turbidites) in the building of the drift 
body. 

Contourite terraces: They are broad, low-gradient, slightly seaward-
dipping (<1°), along-slope surfaces produced by erosional as well as 
depositional processes. They are generally found on the upper and 
middle slopes relative to the position of the interfaces between di�e-
rent water masses but could be identi�ed at any depth over continental 
slopes. Plastered drifts, commonly found on continental slopes, 

are characterized by a slightly mounded geometry thin-
ning both landward and basinward. Given their locations 
along with contourite terraces in their proximal parts, they 
are swept by relatively low velocity currents in distal areas 
while higher velocities are considered in proximal areas.

Abraded surfaces: They are localized areas eroded by 
strong tabular currents. They are often found in association 
with scours, sediment waves, dunes and sand banks.

Scours and furrows: Scours are sub-circular erosional 
features that are generated by the e�ects of a bottom 
current impinging against and around topographic 
obstacles (e.g., seamounts). 
Furrows are much narrower and less incised than are 
contourite channels. However, in exceptional cases they can 
reach lengths of up to a few tens of kilometers. Their origin 
has been associated to small, detached �laments of �ow 
separated from the main bottom current (possibly as a 
result of topographic e�ects).

Contourite channels: They are elongate erosional depres-
sions formed mainly by the action of bottom currents. They 
are characterized by the presence of truncated re�ections 
and can be along-slope trending, or sinuous and oblique 
relative to the slope.

Moats: They are channels parallel to the slope and originated 
by non-deposition and localized erosion beneath the core of 
the bottom current, accentuated by the Coriolis force. They 
di�er from contourite channels in their genetic relationship 
with elongated-mounded and separated drifts.
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Figure 1.3. A) Location map of the various CDSs in the Indian Ocean. 
White circles represent present-day CDSs, black circles represent past 
CDSs. B) Zoom on the Mozambique Channel area. Abbreviations: AP 
= Agulhas plateau; APa = Agulhas passage; DFZ = Davie fracture zone; 
EARS = East African rift system; MdgR = Madagascar ridge; MozR = 
Mozambique ridge; NMB = Northern Mozambique basin; NV = Natal 
valley; SMB = Southern Mozambique basin; TB = Transkei basin; ZV 
= Zambezi Valley. Dashed blue-white lines represent major faults (from 
Chorowicz, 2005; Macgregor, 2015). Earthquakes since 1960 (Magni-
tude >4; USGS) are represented by red circles. Bathymetric map from 
Weatherall et al. (2015). References: 1) Flemming and Kudrass, 2017, 
2) Flemming, 1978, 3) Kolla et al., 1980b, 4) Wiles et al., 2014, 5) 
Breitzke et al., 2017, 6) Miramontes et al., 2019a, 7) Miramontes et al., 
2019b, 8) Miramontes, in revision, 9) Preu et al., 2011, 10) Dingle et al., 
1978, 11) Martin et al., 1981, 12) Uenzelmann-Neben, 2001, 13) Uen-
zelmann-Neben and Huhn, 2009, 14) Uenzelmann-Neben et al., 2011, 
15) Fisher and Unenzelman-Neben, 2018a, b, 16) Niemi et al., 2000, 
17) Fonnesu et al., 2020, 18) Ben-Avraham et al., 1994, 19) Schlüter 
and Uenzelmann-Neben, 2007, 2008, 20) Uenzelmann-Neben et al., 
2007; Gruetzner and Uenzelmann-Neben, 2015, 21) Damuth and John-
son, 1989, 22) Sansom, 2018, 23) Rodriguez et al., 2016, 24) Betzler et 
al., 2013; Lüdmann et al., 2013.C) Location map showing the Zambezi 
river catchment area. 
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these data (e.g., Hernández-Molina et al., 2015). In areas 
without well data, the use of seismic imaging is espe-
cially helpful. This is particularly true for buried CDSs. 
Palaeoceanographic events are recorded in CDSs by cha-
racteristic geometries, internal reflections configuration 
(i.e., stacking patterns, discontinuities) and seismic fa-
cies (Faugères et al., 1999). In geological records, their 

palaeoceanographic information generally correspond to 
palaeo-current pathways and changes in current energy 
and direction. In particular, high-quality two-dimensio-
nal and three-dimensional seismic data collected by the 
petroleum industry, which in recent years has been made 
available to research communities, have enabled detailed 
morphological reconstructions of CDSs (e.g., Creaser et 
al., 2017). Palaeoceanographic information from CDSs 
is of major importance, seeking a better understanding 
of how the ocean affects the Earth’s climate, e.g. IODP 
expedition 361 in South-Africa, Hall et al. (2017). It is 
especially relevant in the vicinity of oceanic gateways 
(Knutz, 2008), where the majority of CDSs studies are 
made (see Rebesco et al., 2014). Several articles relate to 
the study of CDSs, showing how they can be used for the 
reconstruction of palaeoceanographic changes, and the 
decoding of major control factors in basin evolution such 
as climatic events, eustatic sea-level changes, tectonics, 
sediment input, volume and extent of ice cover (in polar 
areas), atmospheric dynamics, etc. (e.g., Hernández-Mo-
lina et al., 2003, 2009). In the end, the development of 
CDSs act as an archive for both local and global changes. 

1.2.3. Cretaceous and Cenozoic contourite depositional 
systems of the Indian Ocean

The Cenozoic time extends from 65.5 Ma up to pre-
sent-day. This geological period is marked by major tec-
tonic changes (e.g., opening and closing of oceanic ga-
teways) that, along with Earth’s orbital variations (i.e., 
eccentricity, obliquity, and precession), have driven the 
global climatic evolution. This evolution is especial-
ly typified by temperatures variations and the onset of 
Southern and Northern Hemisphere ice-sheets, from the 
Eocene-Oligocene to the present-day and from the Mio-
cene-Pliocene to the present-day respectively (Zachos 
et al., 2001). Cenozoic is also characterized in parallel 
by major global sea-level fluctuations (mostly linked to 
the growth and decay of continental ice-sheets, Miller et 
al., 2005) and large-scale palaeoceanographic changes, 
e.g., at the Eocene-Oligocene transition with the onset 
of the Antarctic Circumpolar Current (ACC). The onset 
of the ACC links to the opening of the Drake passage 
and the establishment and growth of the Antarctic ice 
sheet (Lawver and Gahagan, 2003), highlighting the pos-
sible interactions between these various parameters. In 
early to late Cretaceous times, the Earth’s climate was 
entirely different, mainly due to considerable differences 
in paleogeography/paleo topography, paleo temperature 
and greenhouse gas level. Since several uncertainties re-
main on these parameters, the same is true for the eustatic 
sea-level changes, atmospheric dynamics and paleocea-
nography (see the review of Hay, 2016). Therefore, Cre-
taceous paleoceanography in the Indian Ocean remains 
obscure. In this area, currents circulation is inferred to 
begin around the Albian time according to the modeling 
study of Uenzelmann-Neben et al. (2016). In general, an-
cient CDSs are poorly documented in the Indian Ocean 
(Rebesco et al., 2014; Thran et al., 2018). Most of them 
flourished off South-Africa (e.g., Dingle et al., 1978; 
Martin et al., 1981; Ben-Avraham et al., 1994; Niemi 
et al., 2000; Uenzelmann-Neben, 2001; Uenzelmann-
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Neben et al., 2007; Schlüter and Uenzelmann-Neben, 
2007, 2008; Uenzelmann-Neben and Huhn, 2009; Uen-
zelmann-Neben et al., 2011; Preu et al., 2011; Gruetzner 
and Uenzelmann-Neben, 2015; Fisher and Unenzelman-
Neben, 2018a, b), while some examples have been repor-
ted in isolated oceanic settings in the Indian Ocean: in the 
Maldives (Betzler et al., 2013; Lüdmann et al., 2013) and 
the vicinity of the Amirante ridge south of the Seychelles 
(Damuth and Johnson, 1989). Moreover, some ancient 
CDSs (i.e., mixed features where contourites and turbi-
dites interact) host some of the largest gas reserves (e.g., 
offshore Tanzania, Sansom, 2018 and references therein; 
offshore Mozambique, Fonnesu et al., 2020) (Fig. 1.3). 
In particular, the position of the Mozambique Channel, 
located in the African - Southern Ocean gateway, an ar-
chive of the evolving exchange of water masses between 
the South Atlantic Ocean and the Indian Ocean (Caste-
lino et al., 2015), lends it a crucial importance to better 
understand the paleoceanography. Although the presence 
of CDSs had already being recognized in the northern 
part of the Channel (hereafter the Northern Mozambique 
basin) (Castelino et al., 2015), these have not been preci-
sely studied, which is the topic of the third article. It cor-
responds to a paper published in Marine Geology in April 
2020 (Thiéblemont et al., 2020, see reference below).

Thiéblemont, A. (contribution: main author), Hernán-
dez-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 Mo-
zambique Channel, SW Indian Ocean. Marine Geology. 
http://dx.doi.org/10.1016/j.margeo.2020.106192

1.2.4. The economic significance of contourite deposi-
tional systems 

Depending on their intensities, bottom currents may 
have an impact on several aspects of petroleum systems. 
Reservoir, sealing and source rock deposition can be di-
rectly or indirectly influenced by ocean current activity, 
allowing or preventing the accumulation of sediments of 
different types and textures. Also, the modification of sea-
floor topography by erosional and depositional processes 
controlled by bottom currents may be responsible for a 
readjustment of accommodation space, resulting in the 
creation of local sub-basins, sediment ponding, or pas-
sageways for sediment transfer (contourite-turbidite al-
ternations, Fig. 1.4A; Viana et al., 2007). In deep waters, 
bottom currents and secondary oceanographic processes 
may interact with sediments in several ways, such as 1) 
sweeping the fine-grained population of turbiditic flows 
(synchronous interaction between contour and gravity 
currents, Fig. 1.4C; e.g., Fonnesu et al., 2020) or 2) par-
tially or totally eroding previous deposits, modifying the 
original depositional geometry, or transferring sediments 
to a new depocenter, where coarse-grained sediments can 
be accumulated and preserved (redistribution of gravity 
flow deposits by contour current processes, Fig. 1.4B; 
e.g., Viana et al., 2007). Whilst these deposits are com-
monly observed in modern-day settings there is still a ge-
neral paucity of examples from the ancient record, which 
is the topic of the fourth paper. It corresponds to a paper 
published in Geology in September 2017 (Hernández-
Molina et al., 2017, see reference below).

 
Hernández-Molina, F.J., Campbell, S., Badalini, G., 

Thompson, P., Walker, R., Soto, M., Conti, B., Preu, 
B., Thiéblemont, A. (contribution: data and review pro-
cess), Hyslop, L., Miramontes, E., Morales, E., 2017. 
Large bedforms on contourite terraces: Sedimentary and 
conceptual implications. Geology. Vol 46, 27-30. http://
dx.doi.org/10.1130/G39655.1
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1.3. Geological setting: the Southwest In-
dian Ocean and the Mozambique Channel
1.3.1. The Southwest Indian Ocean

The development of the Southwest Indian Ocean be-
gan with the break-up between East Gondwana (i.e., 
Madagascar, India, Antarctica and Australia) and West 
Gondwana (i.e., Africa and South America), correlated 
to the Karoo - Bouvet magmatic events in the early - 
middle Jurassic times (~183 - 177 Ma) (Le Pichon and 
Heirtzler, 1968; McElhinny, 1970; Smith and Hallam, 
1970; McKenzie and Sclater, 1971; Duncan et al., 1997) 
(Fig. 1.5A). During the late Jurassic, rifting between East 
Gondwana and West Gondwana had developed into sea-
floor spreading within the opening of the Northern Mo-
zambique basin (NMB), the Southern Mozambique basin 
(SMB) and the Somali basin (SB) (Norton and Sclater, 
1979; Rabinowitz et al., 1983). This north-south oriented 
rifting - drifting phase created a marginal fracture ridge 
(i.e., Davie fracture zone) (Coffin and Rabinowitz, 1987, 
1992; Nairn et al., 1991). Rifting and early drifting of East 
Antarctica from Africa formed the NMB/SMB spreading 
system from 159 Ma to 124 Ma (Jokat et al., 2003; König 

and Jokat, 2010; Leinweber and Jokat, 2012; Leinweber 
et al., 2013). The SMB is bounded to the west by the 
Mozambique ridge, about 100 km off the coast, interpre-
ted as a large igneous province of oceanic origin, with a 
suggested occurrence between 140 and 122 Ma (König 
and Jokat, 2010; Fischer et al., 2017). The SB formed 
concurrent with the NMB/SMB between 153 - 141 Ma 
to 120 Ma (Le Pichon and Heirtzler, 1968; Smith and 
Hallam, 1970; Rabinowitz et al., 1983; Cochran, 1988; 
Eagles and König, 2008; Davis et al., 2016) (Fig. 1.5B, 
C). Following the formation of the NMB, SMB and SB, 
East Gondwana began to internally fragment at around 
135 Ma (McElhinny, 1970; McKenzie and Slater, 1971; 
Davis et al., 2016). This rifting splits East Gondwana 
into two plates: 1) India, Madagascar, Seychelles, Sri 
Lanka; and 2) Antarctica, Australia (Markl, 1974; Sclater 
and Fisher, 1974). Breakup between India and Antarc-
tica started at 130 Ma, roughly contemporaneous to In-
dia - Australia breakup (~136 Ma) (Gaina et al., 2007; 
Gibbons et al., 2012; Williams et al., 2013) (Fig. 1.5C). 
After Madagascar came to rest as part of African plate at 
around 120 Ma, spreading system between Antarctica and 
Africa proceeded rapidly. The separation between India 
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and Madagascar started around 83.5 Ma with the opening 
of the Mascarene basin (83.5 to 61 Ma) accompanied by 
several ridge jumping events (Norton and Sclater, 1979; 
Molnar et al., 1988; Bernard and Munschy, 2000; Torsvik 
et al. 2013). It occurs shortly after a large igneous pro-
vince event in Madagascar attributed to the Marion hots-
pot with volcanic ages range from 91.6±0.3 to 83.6±1.6 
Ma (Storey et al., 1995; Torsvik et al., 1998, 2000; Bar-
dintzeff et al., 2001) (Fig. 1.5D, E). After 61 Ma, there 
was a radical change in the Indian Ocean architecture: the 
Reunion plume, located beneath the southwest margin of 
India, probably assisted a major northeast ridge jump that 
led to the termination of seafloor spreading in the Masca-
rene basin (Torsvik et al. 2013) (Fig. 1.5F).

1.3.2. The Mozambique Channel
The Mozambique Channel is typified by the NMB 

and SMB along the Eastern African margin. The NMB 
lies between the Mozambican continental margin from 
~15° S to 27° S and the Davie fracture zone, and it is 
bisected by a continental basement high (i.e., Beira 
high) that is about 80 km off the coast of Mozambique 
(Mahanjane, 2012; Mueller et al., 2016) (Fig. 1.3). The 
Davie fracture zone is currently represented by a major 
N 170 trend, 1,200 km-long topographic high crossing 
the Mozambique Channel from the East African margin 
to the southwest Madagascar margin. This structure is 
punctuated by several seamounts, from north to south: 
Paisley, Macua and Sakalaves seamounts. Moreover, the 
centre of the NMB is characterized by several seamounts 
(Bassas Da India, Jaguar bank, Europa, Hall bank, Mt. 
Boucart). The SMB (southward of 27° S) is bounded to 
the west by the Mozambique ridge, about 100 km off the 
coast, and to the east by the Madagascar ridge interpreted 
as a large igneous province of oceanic origin (Sinha et 
al., 1981) (Fig. 1.3).

These basins, resulting from Gondwana break-up, have 
accumulated thick sedimentary deposits consisting of two 
main phases: (1) pre-breakup Karoo (i.e., upper Carbo-
niferous to the lower Jurassic continental sediments and 
volcanic rocks), and (2) post-breakup Karoo (i.e., upper 
Jurassic to Cenozoic continental transitional and marine 
sediments) (Nairn et al., 1991). The post-breakup Ka-
roo succession reaches its maximum thickness along the 
shelf and upper continental slope in the NMB (>12 km of 
sediment since the early Cretaceous; Salman and Abdula, 
1995). Sediments are mainly sourced by the Zambezi ri-
ver, which has a present-day very large catchment area 
(1,320,000 km2) (Fig. 1.3). Its present sediment load is 
from 20.106 to 48.106 t/yr (Milliman and Syvitski, 1992; 
Milliman and Farnsworth, 2013). Catchment area mainly 
evolved throughout three main deformation events that 
occurred since the Cretaceous (Moore et al., 2007): (1) 
uplift of the South African plateau in the late Cretaceous 
(Moore, 1999), (2) uplift of the South African plateau 
from the Oligocene to the early Miocene (Belton and 
Raab, 2010; Emmel et al., 2014), and (3) development 
and progressive southward migration of the East African 
rift system since the Oligocene (Chorowicz, 2005; Mac-
gregor, 2015).

The East African rift system began to develop and pro-

pagated southwards from the late Cenozoic (at ~30 Ma), 
and bifurcated into an eastern and western branch over 
the next 20 Myr until it finally propagated offshore (Ba-
ker et al., 1996; Franke et al., 2015; Macgregor, 2015). 
Along the NMB, the Davie fracture zone is characte-
rized by extensional deformation since the late Miocene, 
correlated with the evolution of the offshore continua-
tion of the eastern branch of the East African rift system 
(Mougenot et al., 1986; Franke et al., 2015). The western 
branch of the East African rift system may just be star-
ting to propagate offshore as there is a concentration of 
earthquakes in the NMB (Macgregor, 2015) (Fig. 1.3). 
Furthermore, Courgeon et al. (2016) suggested that seve-
ral seamounts (e.g., Hall bank) drowned during the late 
Miocene - early Pliocene from the influence of tectonic 
and volcanism correlated to the East African rift system.

1.4. Oceanographic setting: the Southwest 
Indian Ocean

The Southwest Indian Ocean is an area of active sur-
face to deep-water circulation (Fig. 1.6 and Table 1.1). 

The main water masses contributing to the upper sur-
face waters (<200 m wd) in the Southwest Indian Ocean 
are the Tropical Surface Water (TSW) and the Subtro-
pical Surface Water (STSW). The TSW is formed north 
of the South Equatorial Current (SEC) near the equator 
by excess warming and precipitation (Toole and Warren, 
1993) and propagates southward in the Mozambique 
Channel (Duncan, 1970) or along the eastern Madagas-
car coast (e.g., Swallow et al., 1988; Schott et al., 1988) 
(Fig. 1.6A). The STSW subducts below the TSW and 
formed by larger evaporation than precipitation in the 
region 25 - 35° S (Wyrtki, 1973) (Fig. 1.6A). The predo-
minant water mass in the permanent thermocline of the 
Southwestern Indian ocean (200 - 600 m wd) is the South 
Indian Central Water (SICW) which is made up of sub-
ducted surface water (You, 1997). In particular there is 
the Subtropical Mode Water (STMW) which forms north 
of the Agulhas Return Current (ARC) (Olson et al., 1992) 
(Fig. 1.6A). Toole and Warren (1993) found this STMW 
west of about 45° E on their hydrographic section at 32° 
S (Fig. 1.6B). The STSW and the SICW spread wes-
tward with the South Equatorial Current (SEC) within 
the latitude range 12 - 25° S (Fig. 1.6A). At about 17° 
S, the SEC splits into northward and southward flowing 
branches, known as the Northeast Madagascar Current 
(NEMC) and the Southeast Madagascar Current (SEMC) 
respectively (Fig. 1.6A). The NEMC flows past the nor-
thern tip of Madagascar and feeds into the East African 
Coast Current (EACC) while part of the water enters the 
Mozambique Channel and feeds into the Mozambique 
Current (MC) (Fig. 1.6A). Interaction between Mada-
gascar and westward-traveling Rossby waves from the 
tropical Indian Ocean contribute to the formation of large 
southward moving mesoscale anticyclonic eddies (‘me’) 
with diameters of >300 km (Schouten et al., 2002) east 
of Madagascar (Biastoch and Krauss, 1999) (Fig. 1.6A). 
These eddies can impose short-term circulation modula-
tion over the entire depth and width of the Mozambique 
Channel (i.e., >2,500 m wd near 17° S) (de Ruijter et 
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al., 2002; Halo et al., 2014). The frequency of the eddy 
passage is about four to seven per year (Schouten et al., 
2003). The SEMC bifurcates around the southern tip of 
Madagascar (Siedler et al., 2009) with one branch retro-
flecting and connecting to the South Indian Ocean Coun-
tercurrent (SICC) (Siedler et al., 2006; Palastanga et al., 
2007) and the other branch flowing westward partly in 
the form of eddies (de Ruijter et al., 2004) (Fig. 1.6A). 
At the latitude of Durban (30° S), the westward-flowing 
southern extension of the SEMC converges with the 
southward-flowing train of Mozambique Channel eddies 
to form the Agulhas Current (AC) as a narrow jet-type 
current that is steered by the steep South African conti-
nental margin (Fig. 1.6A). At the tip of Africa, the AC re-
troflects to the east into the Indian Ocean as the Agulhas 
Return Current (ARC, Lutjeharms and Van Ballegooyen, 
1988). 

Intermediate waters in the Southwest Indian Ocean 
may be influenced by different water masses, foremost 
the salty Red Sea Water (RSW) from the north at around 

900 - 1,200 m wd (Donohue et al., 2000; Beal et al., 
2000; Swart et al., 2010) or the fresh Antarctic Interme-
diate Water (AAIW) from the south at around 800 - 1,500 
m wd (Fine, 1993). The RSW forms when warm, saline 
water from the Red Sea overflows through the Strait 
Bab-el-Mandeb and is modified by mixing in the Gulf of 
Aden (Beal et al., 2000) (Fig. 1.6A). It spreads over large 
parts of the Southwest Indian Ocean, often occurring as 
patches and lenses (Shapiro and Meschanov, 1991). The 
main tongue of the RSW follows the African continent 
southward (Beal et al., 2000), with the dilute RSW obser-
ved as far south as the Agulhas Current (Beal and Bryden, 
1999). However, at the southern end of the Mozambique 
Channel, the RSW influence is reduced (Roman and Lu-
tjeharms, 2007, 2009). The AAIW, formed from surface 
water around Antarctica, is transported eastward by the 
Antarctic Circumpolar Current and penetrates northward 
into the Southwest Indian Ocean (Talley, 1996; Toole 
and Warren, 1993). In the Southwest Indian Ocean, the 
AAIW is known to spread northward up to about 10° S 
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(Wyrtki, 1973) after being injected in the southwestern 
portion of the basin, around 50 - 60° E (Park et al., 1993; 
Donohue and Toole, 2003) (Fig. 1.6A). In the Madagas-
car basin, the AAIW flows near the continental slope, as-
sociated with the East Madagascar Undercurrent, defined 
between 1,000 - 3,000 m wd (Nauw et al., 2008; Ponsoni 
et al., 2015). In the Mozambique Channel, the Mozam-
bique and Agulhas Undercurrents flow northward along 
the Mozambican continental slope carrying the AAIW 
after its westward flow over the Madagascar ridge (Fine, 
1993; de Ruijter et al., 2002) while eddies transport the 
RSW southward (Swart et al., 2010) (Fig. 1.6B).

The deep-water masses consist of the Circumpolar 
Deep Water (CDW) and the Antarctic Bottom Water 
(AABW), which flows locally beneath it (below ~4,000 
m wd). The CDW flows primarily towards the east with 
the Antarctic Circumpolar Current, and is internally sub-
divided into the Upper Circumpolar Deep Water (UCDW) 
and the Lower Circumpolar Deep Water (LCDW). War-
ren (1981) defined the lower boundary of the UCDW at 
3,500 m wd, while Mantyla and Reid (1995) used 2,000 
m wd as the upper boundary (Fig. 1.6B). Near the study 
area, the CDW and the AABW enter the Southwest In-
dian Ocean through deep fracture zones in the mid-ocean 
ridge (e.g., Southwest Indian ridge; Warren, 1978; Toole 

and Warren, 1993; Mantyla and Reid, 1995; Haine et al., 
1998). These allow deep-water masses inflow of both the 
Lower and the Upper CDW and the AABW from Crozet 
basin to the north (e.g., Madagascar basin) (Fig. 1.6A). 
These water masses flow northward along the eastern 
boundary of the Madagascar ridge (Warren, 1974; Swal-
low and Pollard, 1988; Reid, 2003). At ~18° S to ~12° S 
(Mascarene basin), a separate water-mass is described at 
the water depth range of 2,000 - 3,500 m wd referred to 
as the Indian Deep Water (IDW) (Warren and Johnson, 
1992; Spencer et al., 1982; Gordon et al., 1987; Toole 
and Warren, 1993; Mantyla and Reid, 1995) (Fig. 1.6A). 
The IDW is composed of the upwelled CDW and water 
masses from intermediate depths in the Arabian Sea and 
perhaps the Bay of Bengal (e.g., Warren and Johnson, 
1992; Warren, 1993). It circulates southward leading to 
major recirculation in the basin (e.g., Warren, 1981; Spen-
cer et al., 1982; Toole and Warren, 1993; McCave et al., 
2005). In the Almirante passage at 9° S, 53° E, Johnson 
et al. (1998) found the IDW flowing southward above the 
northward flowing LCDW and the AABW (Fig. 1.6A). 
The NADW formed in the northern North Atlantic and 
spread through the world’s ocean by the thermohaline 
circulation (van Aken, 2007). The NADW flows into the 
Southwest Indian Ocean south of Africa between 35° S 

Water mass 
name Acronym n (kg.m-3) Water depth 

range (m) Comments 

Tropical 
Surface 
Water 

TSW < 25.8 0-200 Characterized by salinity less than 35.55 psu, temperature warmer than 
24 °C (Ullgren et al., 2012). 

Subtropical 
Surface 
Water 

STSW = 25.8 0-200 Salinity maximum (> 35.55 psu) (Ullgren et al., 2012). 

South Indian 
Central 
Water 

SICW 26.1 to 27 200-800 Characterized by a linear n/S relationship for the temperature range 
down to 7-8 °C (Schott and McCreary, 2001). 

Subtropical 
Mode Water STMW 26.0±0.1 - T = 16.54 ± 0.49 °C and S = 35.51 ± 0.04 psu (Tsubouchi et al., 2010). 

Antarctic 
Intermediate 

Water 
AAIW 27 to 27.5 800-1,500 Characterized by a salinity minimum and oxygen maximum in the 

density range (Ullgren et al., 2012). 

Red Sea 
Water RSW 27.4 900-1,200 Salinity maximum of about 34.7-34.8 psu (DiMarco et al., 2002), and 

may exceed 34.8 psu (de Ruijter et al., 2002). 

North 
Atlantic Deep 

Water 
NADW > 27.8 2,200-3,500 Marked by a high-salinity (S = ~34.8 psu at T = 2 °C) and high-oxygen 

(> 5 ml/l) at about 2,500 m depth (Ullgren et al., 2012).  

Indian Deep 
Water IDW 27.95 to 28.12 2,000-3,500 High salinity (S = 34.86 psu at T = 3.2 °C) and low-oxygen (< 5 ml/l) 

(Warren, 1993; Read and Pollard, 1993; Park et al., 1993; You, 1999). 

Upper 
Circumpolar 
Deep Water 

UCDW - 2,000-3,500 

Lower 
Circumpolar 
Deep Water 

LCDW > 28.15±0.01 > 3,500 

- 

Antarctic 
Bottom Water AABW > 28.2 > 4,000 T < 0.5 °C, low salinity (< 34.75 psu) and high-oxygen (> 5 ml/l) (Read 

and Pollard, 1993). 

 

Table 1.1. Water masses in the Southwest Indian Ocean
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and 40° S (Wyrtki, 1971; Gordon et al., 1982) at ~2,200 
- 3,500 m wd; it supplants the CDW there above about 
3,500 m wd (Fig. 1.6B). It flows through the Agulhas pas-
sage into the Transkei basin and then into the Natal valley 
(Toole and Warren, 1993) towards the Southern Mozam-
bique basin, south of the Mozambique ridge. A portion 
of the NADW flows into the Southern Mozambique ba-
sin across deep corridors within the Mozambique ridge 
(Wiles et al., 2014) (Fig. 1.6A). Toole and Warren (1993) 
showed that the NADW was largely blocked from sprea-
ding east of ~45° S by the Madagascar ridge; and north 
of ~15° S by the Davie fracture zone in the Mozambique 
Channel (Mantyla and Reid, 1995; You, 1999). However, 
in the Mozambique Channel, the influence of the NADW 
is seen up to about 2,000 m wd. Thus, upper portion of 
the NADW passes the sill of ~2,500 m depth to enter the 
Somali basin, while the remaining NADW flows along 
the eastern boundary of the Northern Mozambique ba-
sin with a southerly returning current (van Aken et al., 
2004; Ullgren et al., 2012) (Fig. 1.6A). Between 35° S 
and 40° S, below the NADW, deep-water masses are oc-
cupied by the AABW that circulates below 4,000 m wd. 
It flows northward as a western boundary current along 
the Southern Mozambique basin (Tucholke and Em-
bley, 1984; Read and Pollard, 1999). Because the basin 
is closed in the north, the AABW is deflected to form a 
southerly flowing boundary current along the east flank 
of the Southern Mozambique basin (Kolla et al., 1980b) 
(Fig. 1.6A).

1.5. Structure and contents of the manus-
cript

The present document is composed of 3 main chapters 
(Chapters 3, 4 and 5) that are coherent and complete se-
parately, so that they can be understood independently. A 
short introduction with the problematic and aims, as well 
as a geological and oceanographic setting, are provided 
in every chapter according to the needs of the topic. But 
to avoid repetitions and for more clarity, the materials 
and methods used in all the project are combined in a 
single chapter (Chapter 2). The chapters are distributed 
in a logic sequence, in order to acquire at each step useful 
information for the following chapters.

• Chapter 1: Introduction

This introductive chapter aims at: (1) defining the ge-
neral scope of the study, (2) exposing the main scientific 
questions, (3) presenting the study area and (4) presen-
ting the overall structure of the manuscript.

• Chapter 2: Materials and methods

All the materials and methods used in the whole pro-
ject are explained in detail in Chapter 2. The dataset is 
composed of: (1) bathymetry, (2) multichannel two-di-
mensional seismic reflection profiles, (3) hydrographic 
data and (4) wells data. We also used a numerical model 
(i.e., a regional oceanic modeling system).

• Chapter 3: Significance of bottom currents in modern 
deep-sea morpho-dynamics: an example from the Mo-
zambique Channel, SW Indian Ocean

Article 1: Thiéblemont, A., Hernández-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 1: Ocea-
nographic Research Papers. Vol 147, 79-99. http://dx.doi.
org/10.1016/j.dsr.2019.03.012

Article 2: Miramontes, E., Jouet, G., Thereau, E., 
Bruno, M., Penven, P., Guerin, C., Le Roy, P., Droz, 
L., Jorry, J.S., Hernández-Molina, F.J., Thiéblemont, 
A., Silva Jacinto, R., Cattaneo, A., 2020. The impact 
of internal waves on upper continental slopes: insights 
from the Mozambican margin (southwest Indian Ocean). 
Earth Surface Processes and Landforms. http://dx.doi.
org/10.1002/esp.4818

• Chapter 4: The Mozambique contourite depositional 
systems (SW Indian Ocean): Cretaceous to Cenozoic 
stratigraphic evolution

Article 3: Thiéblemont, A., Hernández-Molina, F.J., 
Ponte, J-P., Robin, C., Guillocheau, F., Cazzola, C., Rais-
son, F., 2020. Seismic stratigraphic framework and de-
positional history for Cretaceous and Cenozoic contou-
rite depositional systems of the Mozambique Channel, 
SW Indian Ocean. Marine Geology. http://dx.doi.
org/10.1016/j.margeo.2020.106192

• Chapter 5: A Paleocene to Miocene analogue for an-
cient contourite terrace settings: the Pelotas and Punta 
Del Este basins (Uruguayan margin, western South At-
lantic)

Article 4: Hernández-Molina, F.J., Campbell, S., Ba-
dalini, G., Thompson, P., Walker, R., Soto, M., Conti, 
B., Preu, B., Thiéblemont, A., Hyslop, L., Miramontes, 
E., Morales, E., 2017. Large bedforms on contourite ter-
races: Sedimentary and conceptual implications. Geo-
logy. Vol 46, 27-30. http://dx.doi.org/10.1130/G39655.1

• Chapter 6: Discussions, conclusions and perspectives

The 6th and conclusive chapter of this manuscript aims 
at synthesizing the various results presented in the pre-
vious chapters, discussing the major contributions of this 
PhD work and proposing perspectives for further scien-
tific questions.
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CHAPTER 2. Materials and methods
The study of contourite depositional systems (CDSs) requires a good comprehension of the sedimentary stacking pattern 
and physiography of the margin, its stratigraphy and evolution through geological times. In addition, it necessitates infor-
mation about the present-day physical oceanographic processes in order to understand how they influence the formation 
of CDSs. For this purpose, a broad data set was acquired, composed of high-resolution multibeam datasets, seismic data 
(multichannel two-dimensional seismic reflection profiles) and hydrographic data (conductivity, temperature and depth 
stations). The whole data set is presented in detail in this chapter. Here, we also explain the numerical model used in this 
project: a regional oceanic modeling system.

Credit: Schlumberger
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2.1. Bathymetric data
The bathymetric base map used in this thesis is based on 

the General Bathymetric Chart of the Oceans (GEBCO) 
2014 grid with a 30 arc-second resolution (Weatherall 
et al., 2015). Except for the polar regions, land data are 
based on topography derived from version 2.0 of the 
SRTM30 gridded digital elevation model (http://www2.
jpl.nasa.gov/srtm/) (Farr et al., 2007). 

In chapter 3 (Deep-Sea Research Part I article), a 
slope-gradient map was generated in ArcGIS™ software 
(ESRI) from the GEBCO 2014 grid using the ‘calcula-
ting slope’ tool. It calculates the maximum rate of change 
between each cell and its neighbors. Additional bathy-
metric data of the Mozambique Channel were retrieved 
from the studies of Wiles et al. (2014, 2017) and Breitzke 
et al. (2017) (Fig. 2.1). These data are collected from 
three research cruises: AISTEK II (2005) aboard the R/V 
Sonne (Jokat, 2006); AISTEK III (2009) aboard the R/V 
Pelagia (Jokat, 2009); and MOCOM (2014) aboard the 
R/V Sonne (Jokat, 2014). AISTEK II and MOCOM in-
vestigated the Mozambique basin and the Mozambique 
ridge using a SIMRAD EM120 multibeam echosounder. 
A Kongsberg EM300 multibeam echosounder was used 
to acquire bathymetry data over the Mozambique ridge 
and Natal valley during the AISTEK III survey. The final 
bathymetry data have an output matrix of ~35 m to ~93 
m, providing a relatively high-resolution dataset. These 
data were used to create a morpho-sedimentary map of 
the Mozambique Channel. 

In chapter 3 (Earth Surf. Process. Landforms article), 
multibeam bathymetry and the co-registered backscatter 
intensity were collected during the PAMELA-MOZ04 
survey (2015, R/V Pourquoi pas?; Jouet and Deville, 
2015) (Fig. 2.1) with the Kongsberg EM710 and Kongs-
berg EM122 systems. The final bathymetry data have an 
output matrix of ~20 m (up to about 700 m below sea 
level) to ~40 m in deeper areas. The multibeam bathy-
metry acquired with the EM710 system was re-gridded 
independently in two localized areas to increase the reso-
lution to 3 and 5 m, respectively. These high-resolution 
bathymetry maps were used to measure dune and channel 
morphologies.

2.2. Seismic data 
In chapter 3 (Deep-Sea Research Part I article) and 

chapter 4, profiles interpreted derive from regional two 
dimensional (2D) multichannel seismic (MCS) reflection 
datasets. The first dataset was obtained by WesternGeco 
during the 2013/2014 geophysical cruises aboard the 
Pacific Falcon and M/V WG Western Patriot. The pri-
mary 2D seismic reflection dataset is a regional grid of 
36,179 km of linear 2D MCS reflection profiles, spaced 
at approximately 10 to 70 km intervals (Fig. 2.2A and 
Table 2.1). The second and third datasets were acquired 
in 2013/2014 by CGG. They consist of widely spaced 
arrays spanning 6,920 km. The profiles were processed 
in 2D anisotropic Kirchhoff pre-stack time migration 
(PSTM) (Fig. 2.2A and Table 2.1). Seismic data interpre-
tation was performed using Sismage software developed 
by TOTAL. 
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Figure 2.1. Sketch showing location of multibeam data from Jokat 
(2006, 2009 and 2014)  in white lines and  multibeam and seismic 
data from Jouet and Deville (2015) in red lines. Bathymetric map from 
Weatherall et al. (2015).

In chapter 3 (Earth Surf. Process. Landforms article), 
72-channel high-resolution mini GI-gun seismic reflec-
tion profiles (50-250 Hz) that imaged the water column 
and the seafloor, and sub-bottom profiler (SBP) data 
(1,800-5,300 Hz) were collected during the PAMELA-
MOZ04 survey (2015, R/V Pourquoi pas?; Jouet and De-
ville, 2015) (Fig. 2.1). 

In chapter 5, seismic data is based on a) regional Uru-
guaySPAN 2D MCS reflection profiles (2,788 km) ob-
tained by ION and acquired by the M/V Discoverer in 
2012;  b) regional 2D MCS reflection profiles (10,035 
km) supplied by ANCAP (Administración Nacional de 
Combustibles, Alcoholes y Portland - Uruguay) acqui-
red in 2007 and 2008 by Geotrace Technologies Ltd., 
on behalf of Wavefield Inseis AS; and c) an initial 7,470 
km2 3D seismic dataset acquired during in 2012/2013 
and later merged with a 6,970 km2 3D dataset acquired 
in 2013/2014 (Fig. 2.2B). Datasets were acquired by the 
M/V Polarcus Amani and processed by PGS for British 
Gas (BG) Group (now Shell). Seismic data interpretation 
was performed using IHS Kingdom Suite 8.8 and Petrel 
2015 (Schlumberger software). 

In chapter 4, seismic stratigraphic nomenclature is 
based on Ponte et al. (2018) and compared with other 
studies (Nairn et al., 1991; Salman and Abdula, 1995; 
Mahanjane, 2012; Castelino et al., 2015). Disconti-
nuities are expressed as reflections, with sequential ‘a’ 
to ‘h’ labels from older to younger. Nine seismic units 
(SU) were identified in this study, labeled ‘SU1’ to ‘SU9’ 
from bottom to top (Fig. 2.3). Reflection horizons were 
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Survey name/ area: 2D Mozambique/ Mozambique 2D Durban and Zululand Basins 2D Durban and Zululand Basins 

Acquired by: WesternGeco CGG CGG 

Survey type: 2D Marine streamer 2D Marine streamer 2D Marine streamer 

Vessel: Pacific Falcon, M/V WG Western 
Patriot 

M/V Princess M/V Princess 

Recording dates: Apr 2013-Jan 2014 March-May 2013  Apr 2014 

Sail line prefix: MBWG13 CDZ13 CDZ14 

Coverage 460,000 km2, 36,179 km of 2D 
lines 

4,940 km of 2D lines 1,973 km of 2D lines 

1 array  1 array 1 array 

24 airguns 24 airguns 1 airgun 

Source 

(83.33 l) (83.25 l) (91.44 l) 

Marine streamer 10,300.0 m 10,050.0 m 10,050.0 m 

Shot interval 25 m 37.5 m 37.5 m 

Sampling rate 2 ms 2 ms 2 ms 

Recorder Triacq V Sercel Seal Sercel Seal 

Recording length 12,288 ms 12,050 ms 12,050 ms 

Processing 
Software 

WesternGeco’s Omega™ 
Software 

CGG’s Geovation™ software CGG’s Geovation™ software 

2D anisotropic Kirchhoff PSTM 2D anisotropic Kirchhoff PSTM 2D anisotropic Kirchhoff PSTM Processing 
sequence 

Time migration Time migration Time migration 

 Table 2.1. Seismic survey parameters for the seismic datasets used in the Mozambique Channel area.

Figure 2.2. A) Sketch showing location of seismic profiles as well as exploration wells X’, X1, X2 and X3 (Ponte et al., 2018), DSDP Leg 25, Sites 242, 
243, 244, 246, 247, 248 and 249 (Simpson et al., 1974), DSDP Leg 26, Site 250 (Davies et al., 1974) and IODP 361, Sites U1474, U1476, U1477 and 
U1478 (Hall et al., 2017) offshore Mozambique; DFZ = Davie fracture zone. B) Sketch showing location of seismic profiles and 3D seismic volume as 
well as exploration wells Lobo-1 and Gaviotin-1 offshore Uruguay (Morales, 2013). Bathymetric map from Weatherall et al. (2015).

DSDP 250

DSDP 248

DSDP 249

DSDP 246-247

DSDP 242
U1476

U1477

U1474 G-H
U1474 A-F

DSDP
243-244

U1478

X’

X1 X3

X2

25°S

15°S

30°S

35°S
40°E35°E30°E

Southern
Mozambique

basin

Northern
Mozambique

basin

Madagascar
ridgeMozambique

ridge

Natal
Valley

TB

Angoche

Beira

Maxixe

Maputo

Durban

Beira
High

DFZ

8000

6000

4000

2000

0 (m)

-2000

-4000

-6000

-8000

-10000

AFRICA

M
ad

ag
as

ca
r

A

MCS pro�les WesternGeco
MCS pro�les CGG
Additional 2D seismic pro�les in Ponte et al. (2018); 
Ponte (2018)

Wells

Wells

Seismic pro�le in �gure 3

Lobo -1
Gaviotín -1

Montevideo
URUGUAY

56°W 54°W 52°W 50°W

36°S

34°S

38°S

Punta
del Este

basin

Pelotas
basin

Argentine
basin

Salado
basin

Plata
high

Polonio
highB

MCS pro�les ANCAP
MCS pro�les ION
3D Seismic Polarcus/PGS

(A)

(B)

A
B

AFRICA
SOUTH

AMERICA
South

Atlantic
Ocean Southwest

Indian
Ocean

Chapter 2.



40

mapped and gridded to produce continuous surfaces for 
each discontinuity with a grid cell size of ~10,000 m to 
20,000 m depending on the spacing between 2D MCS 
reflection profiles. To characterize the sedimentary stac-
king pattern of the margin, isochore maps were generated 
for all seismic units (i.e., SU1 to SU9) (thickness of units 
is measured in ‘s’ or ‘ms’ two-way travel time: TWTT). 
Determination of major physiographic domains and the 
margin main sedimentary features were made for each 
discontinuity and within each seismic unit. Lastly, the 
age of the oceanic crust is inferred from marine magne-
tic anomalies (König and Jokat, 2010; Leinweber et al., 
2013) (Fig. 2.3). 

In chapter 5, seismic stratigraphic nomenclature is 
based on Morales (2013) and Raggio et al. (2011) as 
well as regional stratigraphic work done by other authors 
(Hinz et al., 1999; Preu et al., 2012, 2013). Discontinui-
ties are expressed as reflections, with sequential ‘DV’ 
to ‘DI’ labels from older to younger. Four seismic units 
(SU) were identified in this study, labeled ‘SU4’ to ‘SU1’ 
from bottom to top. Reflections horizons were mapped 
on the 3D seismic dataset for each discontinuity. Isobaths 
and isopach maps were created for all major disconti-
nuities and seismic units, to help characterize the major 
sedimentary stacking pattern changes. To characterize 
the morpho-sedimentary features, surface attributes 
(Root Mean Square- RMS, dip, and azimuth) have been 
generated for each discontinuity surfaces. Furthermore, 
a Palaeoscan (Ellis) Geomodel has been used on the 3D 
volume to map these features, infer the grain size, and 
decode the location of coarser-grained deposits.

2.3. Well data 
In chapter 3 (Earth Surf. Process. Landforms article), 

one Calypso piston core (MOZ04-CSF19, 9.12m long) 
was collected on the upper continental slope and dated 
using radiocarbon analyses on bulk planktonic foramini-
fera performed at Beta Analytic Laboratories. Radiocar-
bon ages were calibrated using the Marine13 calibration 
curve (Reimer et al., 2013).

Chronologic constraints in chapter 4 were evaluated 
using exploration wells drilled in the 1970s and made 
available by TOTAL (X’, X1, X2 and X3) and scienti-
fic wells from DSDP Leg 25, Sites 248 (Simpson et al., 
1974) and DSDP Leg 26, Site 250 (Davies et al., 1974) 
(Figs. 2.2A and 2.3). Furthermore, seismic data in the 
study area were compared with well DSDP Leg 25, Site 
249 data; Simpson et al. (1974) (Figs. 2.2A and 2.3). Cor-
relation of exploration well data (checkshots, sonic and 
density logs) to seismic reflections data was performed 
through the generation of synthetic seismograms in Sis-
mage software. The resulting synthetic seismic trace was 
compared to intersecting seismic profiles to establish the 
well to seismic tie. Biostratigraphic information is made 
available from TOTAL (wells X’ and X2). The biostrati-
graphy of wells X1 and X3 was re-sampled recently to 
strengthen the chronological framework (by studying 
planktonic foraminifera and calcareous nannofossils) as 
part of Ponte (2018) thesis. In general, for wells that have 
multiple biostratigraphic reports spanning the same inter-

val, the most recent results were assumed to be the most 
accurate and were used for this study. 

In chapter 5, only two exploratory wells (Lobo-1 and 
Gaviotín-1) were drilled offshore in 1976 by Chevron in 
shallow waters (42-56 meters) in the Punta del Este Ba-
sin, although they are not representative of the deepest 
part of the basin (Fig. 2.2B). Original age model pro-
posed by Morales (2013) has been recently amended by 
Morales et al. (2016) and Conti et al. (2017) using new 
biostratigraphic interpretations.

2.4. Hydrographic data
In chapter 3, an oceanographic analysis was perfor-

med using hydrographic data from the World Ocean 
Database 2013 (WOD13; https://www.nodc.noaa.gov/
OC5/WOD13/) and the Coriolis Database (http://www.
coriolis.eu.org/). These data consist of conductivity, tem-
perature, and depth (CTD) stations (Fig. 2.4). It is an 
electronic instrument that continuously records the sali-
nity (by measuring conductivity), temperature, and depth 
(by measuring pressure) as the instrument is lowered 
on a hydro wire from the ship. The CTD is attached to 
a frame fitted with large water-collecting bottles called 
Niskins; the instrument together with the bottles is called 
the CTD rosette. The Niskin bottles are designed so that 
they have lids at both ends. They are sent down open and 
triggered to close electronically at the depth that water 
needs to be collected. This way, water can be sampled 
at many different depths throughout the water column 
and kept separate from water collected in other bottles at 
other depths (Fig. 2.4). Also, one expendable bathyther-
mograph (XBT) profile, that measures the temperature 
as it falls through the water, and one expendable CTD 
(XCTD) profile were collected on the Mozambican upper 
slope during the PAMELA MOZ04 survey (Earth Surf. 
Process. Landforms article). A very thin wire transmits 
the data to the ship where it is recorded for later analysis. 
The probes are designed to fall at a known rate so that the 
depth of the probes can be inferred from the time since 
they were launched. 

Ocean Data View software (Schlitzer, 2013) was used 
to visualize and grid the data. In chapter 3, calculated as 
the oscillation frequency of a parcel displaced vertically 
in a statically stable environment, the buoyancy or Brunt-
Väisälä frequency (N) provides information on water co-
lumn stratification (Da Silva et al., 2009). It is calculated 
from hydrographic data (WOD13) as:

N=√[(-g/ρ)*(δ ρ / δ z)] * 573 (cph) 
where g is the gravitational acceleration, ρ is the den-

sity, and (δ ρ / δ z) is the vertical density gradient.

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 the 
method of Cacchione et al. (2002) (Earth Surf. Process. 
Landforms article). The angle c is given by:

c = ± √ [(σ2 - f2)/(N2 - σ2)]
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Figure 2.3. Regional stratigraphic sketch showing the correlation with 
exploration wells X’, X2, and X3 (Ponte et al., 2018) as well as relation 
to DSDP Leg 25 Sites 248 and 249 (Simpson et al., 1974a, b), DSDP 
Leg 26 Site 250 (Davies et al., 1974). Previous nomenclature from 
Ponte et al. (2018) and Castelino et al. (2015).
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where σ 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 lati-
tude φ (-19.5°S and -19°S), where f = sin(φ in degree)/12 
(cph); and N is the local Brunt-Väisälä (or buoyancy) 
frequency. 

The slope criticality (i.e. how tidal beams are reflec-
ted from the slope) is analyzed according to the ratio 
between the seafloor slope angle (γ) and the natural inter-
nal wave propagation angle (c): (i) transmissive or sub-
critical conditions when γ/c<1; (ii) critical or near-critical 
conditions when γ/c≈1; and (iii) reflective or supercritical 
conditions when γ/c>1 (Cacchione et al., 2002).

In chapter 3 (Deep-Sea Research Part I article), hydro-
graphic data from WOD13 were used to create combined 
hydrographic and seismic cross-sections. Due to the lack 
of hydrographic sections, we constructed cross-slope 
sections by combining all available CTD stations and 
then projecting water sample stations onto the seismic 
cross-section at distances of up to 50 km. CTD data were 
also used for generating potential temperature-salinity 
diagrams in order to identify water masses present along 
the Mozambique Channel. Cross-slope hydrographic sec-
tions based on CTD stations were used to interpret rela-
tions between water mass stratification and sedimentary 
features along the continental margin. Combining these 
sections with potential salinity-temperature-oxygen dia-
grams from the same dataset allowed us to identify the 
main water masses in each physiographic domain. This 
approach also revealed lateral variation in water mass dy-
namics along the Mozambique Channel. Accurate identi-
fication of water masses and their spatial correlation with 
seafloor morphology can elucidate longer-term oceano-
graphic and sedimentary processes (Hernández-Molina 
et al., 2016).

2.5. Satellite imagery
In chapter 3 (Deep-Sea Research Part I article), sa-

tellite images were obtained from ESA website (http://
earth.esa.int/ers/ & https://earth.esa.int/envisat/):

(A) ENVISAT Wide Swath ASAR (C-band, VV) da-
ted 6 March 2003 at 07 h 17m UTC (orbit 5299, frame 
4140). Imaged area is approximately 260 km x 260 km. 

(B) ERS-2 (C-band, VV) SAR image dated 13 January 
1996 at 07 h 44m UTC (orbit 3825, frame 3825). Imaged 
area is 100 km x 100 km.

(C) ERS-2 (C-band, VV) SAR image dated 7 January 
2002 at 07 h 39m UTC (orbit 35116, frames 4095, 4113, 
4131). Imaged area is 100 km x 300 km.

(D) ENVISAT Wide Swath ASAR dated 7 April 2003 
and was acquired at 07 h 09m UTC. It is centered ap-
proximately at 36.6°E, 21.3°S, with an area of about 76 
km × 156 km.

(E) ENVISAT Wide Swath ASAR dated 4 December 
2009 and was acquired at 20 h 07m UTC. It is centered 
approximately at 36.26°E, 20.33°S, with an area of about 
77 km × 77 km.

In chapter 3 (Earth Surf. Process. Landforms article), 

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.

2.6. Numerical modeling
In the chapter 3, the regional oceanic modeling sys-

tem (ROMS, CROCO version: https://www.croco-ocean.
org/), a three-dimensional oceanographic model descri-
bed by Shchepetkin and McWilliams (2005), was used to 
simulate the bottom currents in the Mozambique Channel 
(Fig. 2.4). ROMS is a primitive equation model that can 
estimate basin-scale, regional and coastal oceanic pro-
cesses at high resolution (Shchepetkin and McWilliams, 
2005). ROMS uses a topography following vertical grid 
allowing explicit resolution of interactions between bot-
tom topography and ocean dynamics. The model used 
the GEBCO 2014 (Weatherall et al., 2015) bathymetric 
base map smoothed for numeric constraints. The model 
simulation ran for 21 years (from 1993 to 2014). The mo-
del surface conditions are derived from the ERA Interim 
atmospheric reanalysis (Dee et al., 2011) using a bulk 
formulation (Fairall et al., 1996). The lateral boundary 
conditions are drawn from a global Ocean reanalysis 
GLORYS (Ferry et al., 2012). To reach a high resolu-
tion 1/36° (~3 km) in the Mozambique Channel, three 
levels of embedded grids are used, based on the AGRIF 
two-way nesting method (Debreu et al., 2012). The mo-
del was used to generate the mean and maximum bot-
tom current velocities and bottom shear stress, related to 
geostrophic currents and barotropic tidal currents in the 

Chapter 2.
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Mozambique Channel.   

References
 

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. 
Marine Geophysical Research. Vol 38, Issue 3, 241-269. http://dx.doi.
org/10.1007/s11001-017-9322-7

Cacchione DA, Pratson LF, Ogston AS. 2002. The shaping of conti-
nental slopes by internal tides. Science. Vol 269, Issue 5568, 724-727. 
http://dx.doi.org/10.1126/science.1069803

Castelino, J., Reichert, C., Klingelhoefer, F., Aslanian, D., Jokat, W., 
2015. Mesozoic and Early Cenozoic sediment influx and geomorpho-
logy of the Mozambique Basin. Marine and Petroleum Geology. Vol 
66, Part 4, 890-905. http://dx.doi.org/10.1016/j.marpetgeo.2015.07.028

Conti, B., de Jesus Perinotto, J.A., Veroslavsky, G., Castillo, M.G., 
de Santa Ana, H., Soto, M., Morales, E., 2017. Speculative petroleum 
systems of the southern Pelotas Basin, offshore Uruguay. Marine and 
Petroleum Geology. Vol 83, 1-25. http://dx.doi.org/10.1016/j.marpe-
tgeo.2017.02.022

Da Silva, J.C.B., New, A.L., Magalhaes, J.M., 2009. Internal Solitary 
Waves in the Mozambique Channel: Observations and Interpretation. 
Journal of Geophysical Research Oceans. Vol 114, Issue C5. http://
dx.doi.org/10.1029/2008JC005125

Davies, T.A., Luyendyk, B.P., Rodolfo, K.S., Kempe, D.R.C., Mc-
Kelvey, B.C., Leidy, R.D., Horvath, G.J., Hyndman, R.D., Thierstein, 
H.R., Herb, R.C., Boltovskoy, E., Doyle, P., 1974. Site 250. In: Davies, 
T.A., Luyendyk, B.P., Rodolfo, K.S., Kempe, D.R.C., McKelvey, B.C., 
Leidy, R.D., Horvath, G.J., Hyndman, R.D., Thierstein, H.R., Herb, 
R.C., Boltovskoy, E., Doyle, P. (Eds.), Initial Reports of the Deep Sea 
Drilling Project. Washington (U.S. Government Printing Office). Vol 
25, 21-73. http://dx.doi.org/10.2973/dsdp.proc.26.103.1974

Debreu, L., Marchesiello, P., Penven, P., Cambon, G., 2012. Two-
way nesting in split-explicit ocean models: algorithms, implemen-
tation and validation. Ocean Model. Vol 49-50, 1-21. http://dx.doi.
org/10.1016/j.ocemod.2012.03.003

Dee, D., Uppala, S., Simmons, A., Berrisford, P., Poli, P., Kobayashi, 
S., Vitart, F., 2011. The ERA-Interim reanalysis: Configuration and 
performance of the data assimilation system. Quarterly Journal of 
the Royal Meteorological Society. Vol 137, 553-597. http://dx.doi.
org/10.1002/qj.828

Fairall, C.W., Bradley, E.F., Rogers, D.P., Edson, J.B., Young, G.S., 
1996. Bulk parameterization of air-sea fluxes for tropical ocean-global 
atmosphere coupled-ocean atmosphere response experiment. Journal 
of Geophysical Research. Vol 101, Issue C2, 3747-3764. http://dx.doi.
org/10.1029/95JC03205

Farr, T.G., Rosen, P.A., Caro, E., Crippen, R., Duren, R., Hensley, S., 
Kobrick, M., Paller, M., Rodriguez, E., Roth, L., Seal, D., Shaffer, S., 
Shimada, J., Umland, J., Werner, M., Oskin, M., Burbank, D., Alsdorf, 
D., 2007. The Shuttle Radar Topography Mission. Reviews of Geophy-
sics. Vol 45, Issue 2. http://dx.doi.org/10.1029/2005RG000183

Ferry, N., Parent, L., Garric, G., Bricaud, C., Testut, C., LeGallou-
dec, O., Zawadzki, L., 2012. Glorys2v1 global ocean reanalysis of the 
altimetric era (1992-2009) at meso-scale. Mercator Ocean-Quaterly 
Newsletter. Vol 44, 29-39.

Hernández-Molina, F.J., Soto, M., Piola, A.R., Tomasini, J., Preu, 
B., Thompson, P., De Santa Ana, H., 2016. A contourite depositional 
system along the Uruguayan continental margin: sedimentary, oceano-
graphic and paleoceanographic implications. Marine Geology. Vol 378, 
333-349. http://dx.doi.org/10.1016/j.margeo.2015.10.008

Hinz, K., Neben, S., Schreckenberger, B., Roeser, H.A., Block, M., 
De Souza, K.G., Meyer, H., 1999. The Argentine continental mar-
gin north of 48S: sedimentary successions, volcanic activity during 
breakup. Marine and Petroleum Geology. Vol 16, 1-25. http://dx.doi.
org/10.1016/S0264-8172(98)00060-9

Jokat, W., 2006. Southeastern Atlantic and southwestern Indian 
Ocean: reconstruction of the sedimentary and tectonic develop-
ment since the Cretaceous. AISTEK-II: Mozambique Ridge and 
Mo¬zambique Basin. Report of the RV “Sonne” cruise SO-183, Project 
AISTEK-II 20 May to 7 July 2005, Alfred-Wegener- Institute for Polar 
and Marine Research, Bremerhaven, 71 pp.

Jokat, W., 2009. The expedition of the research vessel “Pela-
gia” to the Natal Basin and the Mozambique Ridge in 2009 (Project 
AISTEK III). Alfred-Wegener- Institute for Polar and Marine Research, 

Breme¬rhaven, 63 pp.
Jokat, W., 2014. The expedition of the research vessel “Sonne” to 

the Mozambique Basin in 2014 (SO230). Alfred-Wegener- Institute for 
Polar and Marine Research, Bremerhaven, 126 pp.

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

König, M., Jokat, W., 2010. Advanced insights into magmatism 
and volcanism of the Mozambique Ridge and Mozambique Basin 
in the view of new potential field data. Geophysical Journal Interna-
tional. Vol 180, Issue 1, 158-180. http://dx.doi.org/10.1111/j.1365-
246X.2009.04433.x

Leinweber, V.T., Klingelhoefer, F., Neben, S., Reichert, C., Asla-
nian, D., Matias, L., Heyde, I., Schreckenberger, B., Jokat, W., 2013. 
The crustal structure of the Central Mozambique continental margin 
d Wide-angle seismic, gravity and magnetic study in the Mozambique 
Channel, Eastern Africa. Tectonophysics. Vol 599, 170-196. http://
dx.doi.org/10.1016/j.tecto.2013.04.015

Mahanjane, E.S., 2012. A geotectonic history of the northern Mo-
zambique Basin including the Beira High e a contribution for the un-
derstanding of its development. Marine and Petroleum Geology. Vol 36, 
Issue 1, 1-12. http://dx.doi.org/10.1016/j.marpetgeo.2012.05.007

Morales, E., 2013. Evolução Tectônica E Estratigráfica das bacias da 
Margem Continental do Uruguai. Universidade Estadual Paulista (PhD 
Thesis).

Morales, E., Chang, H.K., Soto, M., Corrêa, Sontos, Veroslavsky, 
G., de Santa Ana, H., Conti, B., Daners, G., 2016. Tectonic and stra-
tigraphic evolution of the Punta del Este and Pelotas basins (offshore 
Uruguay). Pet. Geosci. http://dx.doi.org/10.1144/petgeo2016-059

Nairn, A.E., Lerche, I., Iliffe, J. E., 1991. Geology, basin analy-
sis, and hydrocarbon potential of Mozambique and the Mozambique 
Channel. Earth-Science Reviews. Vol 30, Issue 1, 81-123. http://dx.doi.
org/10.1016/0012-8252(91)90014-7

Ponte, J.P., 2018. La marge africaine du canal du Mozambique (le 
système turbiditique du Zambèze): une approche “Source to Sink” au 
Méso-Cénozoïque. Sciences de la Terre. Université Rennes 1, 2018. 
Français. (NNT : 2018REN1B005). (tel-01865479). 353 pp. 

Ponte, J.P., Robin, C., Guillocheau, F., Popescu, S., Suc, J.P., Dall’As-
ta, M., Melinte-Dobrinescu, M.C., Bubik, M., Dupont, G., Gaillot, J., 
2018. The Zambezi delta (Mozambique channel, East Africa): High 
resolution dating combining bio-orbital and seismic stratigraphy to de-
termine climate (palaeoprecipitation) and tectonic controls on a passive 
margin. Marine and Petroleum Geology. http://dx.doi.org/10.1016/j.
marpetgeo.2018.07.017

Preu, B., Hernández-Molina, F.J., Violante, R., Piola, A.R., Paterlini, 
C.M., Schwenk, T., Spiess, V., 2013. Morphosedimentary and hydrogra-
phic features of the northern Argentine margin: the interplay between 
erosive, depositional and gravitational processes and its conceptual im-
plications. Deep-Sea Research Part I. Oceanographic Research Papers. 
157-174. http://dx.doi.org/10.1016/j.dsr.2012.12.013

Preu, B., Schwenk, T., Hernández-Molina, F.J., Violante, R., Pater-
lini, M., Krastel, S., Spieß, V., 2012. Sedimentary growth pattern on 
the northern Argentine slope: the impact of North Atlantic Deep Water 
on southern hemisphere slope architecture. Marine Geology. 113-125. 
http://dx.doi.org/10.1016/j.margeo.2012.09.009

Raggio, F., Gerster, R., Welsink, H., 2011. Cuencas del Salado y Pun-
ta del Este, in: VIII Congreso de Exploración y Desarrollo de Hidro-
carburos Simposio Cuencas Argentinas: visión actual. IAPG (Instituto 
Argentino del Petróleo y el Gas), Buenos Aires, 81-96.

Reimer, P.J., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., 
Ramsey, C.B., Buck, C.E., Cheng, H., Edwards, R.L., Friedrich, M., 
Grootes, P.M., Guilderson, T.P., Haflidason, H., Hajdas, I., Hatte, C., 
Heaton, T.J., Hoffmann, D.L., Hogg, A.G., Hughen, K.A., Kaiser, K.F., 
Kromer, B., Manning, S.W., Niu, M., Reimer, R.W., Richards, D.A., 
Scott, E.M., Southon, J.R., Staff, R.A., Turney, C.S.M., van der Plicht, 
J., 2013. IntCal13 and Marine13 radiocarbon age calibration curves 
0-50,000 years cal BP. Radiocarbon. Vol 55, 1869-1887. https://doi.
org/10.2458/azu_js_rc.55.16947

Salman, G., Abdula, I., 1995. Development of the Mozambique 
and Ruvuma sedimentary basins, offshore Mozambique. Sedimen-
tary Geology. Vol 96, Issue 1, 7-41. http://dx.doi.org/10.1016/0037-
0738(95)00125-R

Schlitzer, R., 2013. Ocean Data View. http://odv.awi.de
Shchepetkin, A.F., McWilliams, J.C., 2005. The regional oceanic 

modeling system (ROMS): a split-explicit, free-surface, topography-
following-coordinate oceanic model. Ocean Model. Vol 9, 347-404. 
http://dx.doi.org/10.1016/j.ocemod.2004.08.002

Chapter 2.



44

Simpson, E.S.W., Schlich, R., Gieskes, J., Girdley, W.A., Leclaire, 
L., Marshall, B.V., Moore, C., Müller, C., Sigal, J., Vallier, T.L., White, 
S.M., Zobel, B., 1974 (Eds.). Initial Reports of the Deep Sea Drilling 
Project. Washington (U.S. Government Printing Office). Vol 25. http://
doi.org/10.2973/dsdp.proc.25.1974

Simpson, E.S.W., Schlich, R., Gieskes, J., Girdley, W.A., Leclaire, 
L., Marshall, B.V., Moore, C., Müller, C., Sigal, J., Vallier, T.L., White, 
S.M., Zobel, B., 1974a. Site 248. In: Simpson, E.S.W., Schlich, R., 
Gieskes, J., Girdley, W.A., Leclaire, L., Marshall, B.V., Moore, C., 
Müller, C., Sigal, J., Vallier, T.L., White, S.M., Zobel, B. (Eds.), Initial 
Reports of the Deep Sea Drilling Project. Washington (U.S. Govern-
ment Printing Office). Vol 25, 259-286. http://doi.org/10.2973/dsdp.
proc.25.109.1974

Simpson, E.S.W., Schlich, R., Gieskes, J., Girdley, W.A., Leclaire, 
L., Marshall, B.V., Moore, C., Müller, C., Sigal, J., Vallier, T.L., White, 
S.M., Zobel, B., 1974b. Site 249. In: Simpson, E.S.W., Schlich, R., 
Gieskes, J., Girdley, W.A., Leclaire, L., Marshall, B.V., Moore, C., 
Müller, C., Sigal, J., Vallier, T.L., White, S.M., Zobel, B. (Eds.), Initial 
Reports of the Deep Sea Drilling Project. Washington (U.S. Govern-
ment Printing Office). Vol 25, 287-346. http://doi.org/10.2973/dsdp.
proc.25.110.1974

Weatherall, P., Marks, K. M., Jakobsson, M., Schmitt, T., Tani, S., 
Arndt, J. E., Rovere, M., Chayes, D., Ferrini, V., Wigley, R., 2015. A 
new digital bathymetric model of the world’s oceans. Earth and Space 
Science. Vol 2, Issue 8, 331-345. http://doi.org/10.1002/2015EA000107

Wiles, E., Green, A., Watkeys, M., Jokat, W., Krocker, R., 2014. A 
new pathway for Deep water exchange between the Natal Valley and 
Mozambique Basin? Geo-Marine Letters. Vol 34, Issue 6, 525-540. 
http://dx.doi.org/10.1007/s00367-014-0383-1

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. Vol 38, 
Issue 3, 227-240. http://dx.doi.org/10.1007/s11001-016-9301-4

Chapter 2.



45

CHAPTER 3. Significance of bottom currents 
in modern deep-sea morpho-dynamics: an 
example from the Mozambique Channel, SW 
Indian Ocean
Until recently, the contourite depositional systems (CDSs) of the Mozambique Channel represented barely known geolo-
gical objects. This chapter consists of a paper published in Deep-Sea Research Part 1: Oceanographic Research Papers in 
April 2019 and a paper published in Earth Surface Processes and Landforms in December 2019. It aims first at describing 
sedimentary features, through the analysis of multichannel two-dimensional seismic reflection profiles and bathymetric 
data including high-resolution multibeam datasets. Secondly, it focuses on the oceanographic processes of the Mozam-
bique Channel, in particular through the study of hydrographic data (i.e., Conductivity, temperature, and depth stations) 
and the use of a regional oceanic modeling system. While evidences of CDSs are observed in the Mozambique Channel, 
this chapter also aims at decoding the role of oceanographic processes in CDSs build-up and discussing the potential 
impact of ‘local’ parameters (i.e., seafloor obstacles and proximity/intensity of sediment sources) in their morphology.

Credit: Schlumberger
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A R T I C L E I N F O
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A B S T R A C T

We present a combined study of the geomorphology, sedimentology, and physical oceanography of the
Mozambique Channel to evaluate the role of bottom currents in shaping the Mozambican continental margin and
adjacent Durban basin. Analysis of 2D multichannel seismic reflection profiles and bathymetric features revealed
major contourite deposits with erosive (abraded surfaces, contourite channels, moats, furrows and scours),
depositional (plastered and elongated-mounded drifts, sedimentary waves), and mixed (terraces) features, which
were then used to construct a morpho-sedimentary map of the study area. Hydrographic data and hydrodynamic
modelling provide new insights into the distribution of water masses, bottom current circulation and associated
processes (e.g., eddies, internal waves, etc.) occurring along the Mozambican slope, base-of-slope and basin
floor. Results from this work represent a novel deep-sea sedimentation model for the Mozambican continental
margin and adjacent Durban basin. This model shows 1) how bottom circulation of water masses and associated
sedimentary processes shape the continental margin, 2) how interface positions of water-masses with contrasting
densities (i.e., internal waves) sculpt terraces along the slope at a regional scale, and 3) how morphologic
obstacles (seamounts, Mozambique Ridge, etc.) play an essential role in local water mass behaviours and dy-
namics. Further analysis of similar areas can expand understanding of the global role of bottom currents in deep-
sea sedimentation.

1. Introduction

Contour-following currents generated by thermohaline circulation
are common processes that affect continental margins and abyssal
plains of the world's oceans (e.g., Stow, 1994; Faugères et al., 1999;
Stow et al., 2002, 2009; Rebesco and Camerlenghi, 2008; Rebesco et al.,
2014). Deposits generated by along-slope currents are known as ‘con-
tourites’ or ‘contourite drifts’ (see McCave and Tucholke, 1986; Rebesco
and Stow, 2001). ‘Erosional features’ (e.g., abraded surfaces, contourite
channels, contourite moats) are locally developed in association with
contourite drifts in areas traversed by higher velocity current cores
(e.g., García et al., 2009; Cattaneo et al., 2017). In some settings, ‘mixed
features’ develop due to long-term depositional and erosional phases
that form contourite terraces (e.g., Viana et al., 2007; Hernández-
Molina et al., 2009, 2017a). Other settings host interactions between
along-slope (contourites) and across-slope gravity-driven processes

(turbidity currents and mass transport deposits). These processes may
form ‘hybrid features’ (e.g., Creaser et al., 2017; Hernández-Molina
et al., 2017b; Sansom, 2018). The range of depositional, erosional and
mixed (erosional-depositional) features associated with a particular
water mass can be interpreted as a ‘Contourite Depositional System’
(CDS). Continental margins host a number of CDSs associate to a water
mass within a given depth range.

Recent studies have demonstrated the effectiveness of combining
oceanographic analysis and geomorphologic approaches in interpreting
CDSs (e.g., western South Atlantic margin: Preu et al., 2013;
Hernández-Molina et al., 2016a; Gulf of Cadiz: Hernández-Molina et al.,
2016b; Mediterranean Sea: Cattaneo et al., 2017). However, CDSs can
become difficult to decipher (e.g., Hernández-Molina et al., 2006a) in
the case of interactions of several different water masses, intermittent
oceanographic processes (e.g., eddies, internal waves), and/or complex
physiography. These special cases remain less understood due to lack of
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direct observations (Rebesco et al., 2014).
Since initial publication of studies on current-controlled sedi-

mentation along the southern Mozambique basin (e.g., Kolla et al.,
1980; 6, Fig. 1A), the southwestern region of the Indian Ocean and its
CDSs have enjoyed growing scientific interest (Fig. 1A). To date, de-
posits directly linked to bottom current action have been described
from at least eight different locations (Fig. 1A). The largest features are
associated with water masses formed from Antarctic and sub-Antarctic
sources. These include features along the north-eastern Agulhas Ridge

and Cape Rise seamounts (Gruetzner and Uenzelmann-Neben, 2015; 1,
Fig. 1A), contourite drifts of the Transkei, which include the Oribi drift,
M-drift (Niemi et al., 2000; 3, Fig. 1A), and Agulhas drift (Schlüter and
Uenzelmann-Neben, 2008; 3, Fig. 1A), features along the southern
Mozambique Ridge (Uenzelmann-Neben et al., 2011; 7, Fig. 1A), fea-
tures along the Agulhas Plateau and Passage (Uenzelmann-Neben,
2001; Uenzelmann-Neben and Huhn, 2009; 2 and 8, Fig. 1A), and
features along the continental margin of Mozambique off the Limpopo
River (Preu et al., 2011; 5, Fig. 1A). In summary, these studies link the

Fig. 1. Location of study area and data collection
sites. (A) Bathymetric map (ETOPO1 1 arc-minute
global relief model; Amante and Eakins, 2009) of the
southwest Indian Ocean indicating catchment areas
of the Zambezi, Limpopo, and Tugela rivers basins.
Yellow dots indicate examples with large contourite
deposits in present-day (or recent) ocean basins and
in the ancient sedimentary record generated by
bottom currents. 1: Gruetzner and Uenzelmann-
Neben, 2015; 2: Uenzelmann-Neben (2001); 3:
Schlüter and Uenzelmann-Neben (2008); Niemi et al.
(2000); 4: Flemming (1978); 5: Preu et al. (2011); 6:
Breitzke et al. (2017); Kolla et al. (1980); 7: Uen-
zelmann-Neben et al., 2011; 8: Uenzelmann-Neben
and Huhn (2009); (B) Bathymetric map (ETOPO1 1
arc-minute global relief model; Amante and Eakins,
2009) of the Mozambique Channel indicating posi-
tion of the dataset interpreted and the main bathy-
metric features. The study area covered by high-re-
solution multibeam data was interpreted based on
Breitzke et al. (2017) and Wiles et al. (2017). Yellow
dots show the location of the IODP Expedition 361
and DSDP Leg 25. Abbreviations: MozR=Mo-
zambique Ridge; MdgR=Madagascar Ridge; and FZ
= Fracture Zone. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Figure 3.1.1. Location of study area and data collec-
tion sites. (A) Bathymetric map (ETOPO1 1 arc-mi-
nute global relief model; Amante and Eakins, 2009) of 
the southwest Indian Ocean indicating catchment areas 
of the Zambezi, Limpopo, and Tugela rivers basins. 
Yellow dots indicate examples with large contourite 
deposits in present-day (or recent) ocean basins and 
in the ancient sedimentary record generated by bottom 
currents. 1: Gruetzner and Uenzelmann-Neben, 2015; 
2: Uenzelmann-Neben, 2001; 3: Schlüter and Uenzel-
mann-Neben, 2008; Niemi et al., 2000; 4: Flemming, 
1978; 5: Preu et al., 2011; 6: Breitzke et al., 2017; 
Kolla et al., 1980; 7: Uenzelmann-Neben et al., 2011; 
8: Uenzelmann-Neben and Huhn, 2009; (B) Bathyme-
tric map (ETOPO1 1 arc-minute global relief model; 
Amante and Eakins, 2009) of the Mozambique Chan-
nel indicating position of the dataset interpreted and 
the main bathymetric features. The study area cove-
red by high-resolution multibeam data was interpreted 
based on Breitzke et al. (2017) and Wiles et al. (2017). 
Yellow dots show the location of the IODP Expedition 
361 and DSDP Leg 25. Abbreviations: MozR = Mo-
zambique Ridge; MdgR = Madagascar Ridge; and FZ 
= Fracture Zone.
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development of contourite features to particular water masses and
water depth ranges. Despite the strong influence that circulation exerts
on sedimentary processes (e.g., Wiles et al., 2014, 2017; Breitzke et al.,
2017), long stretches of the East African continental margin have not
been interpreted in terms of their depositional processes. This paper
presents novel analysis of water mass influence on seafloor morphology
to interpret CDSs along the East African continental margin between the
latitudes of 15° S and 30° S (hereafter the Mozambique Channel). The
primary aims of this work are 1) to identify the main regional sedi-
mentary features related to bottom current action, 2) to generate a
regional morpho-sedimentary map of the Mozambique Channel and 3)
to interpret the interplay between sedimentary and oceanographic
processes.

2. Regional setting

2.1. Geologic setting

The Mozambique Channel is located in the southwest Indian Ocean
between the East African continental margin of Mozambique and
Madagascar (Fig. 1A). It developed during the break-up of East Gond-
wana (i.e., Madagascar, India, Antarctica, and Australia) and West
Gondwana (i.e., Africa and South America) (McElhinny, 1970;
McKenzie and Sclater, 1971). Rifting began in the Early-Middle Jurassic
(183 - 177Ma; Eagles and König, 2008) with the opening of the
northern Mozambique basin (159Ma to 124Ma; Jokat et al., 2003;
König and Jokat, 2010; Leinweber and Jokat, 2012; Leinweber et al.,
2013) and persisted to the Early Cretaceous opening of the southern
Mozambique Basin (124Ma to 84Ma; Gradstein et al., 2012) and the
Natal Valley (135Ma to 115/90Ma; Goodlad et al., 1982; Watkeys and
Sokoutis, 1998). Currently, the Mozambique Channel consists of three
major basins: the northern Mozambique basin, the southern Mo-
zambique basin, and the Durban basin (Fig. 1B). The northern Mo-
zambique basin is bounded by the East African continental margin of
Mozambique to the west and by the Davie Fracture Zone (DFZ) to the
east. The DFZ developed during southerly movement of East Gondwana
(including Madagascar) (Coffin and Rabinowitz, 1987, 1992) and was
later reactivated by extensional deformation (e.g., Lacerda Graben)
since the late Miocene (Mougenot et al., 1986). A group of isolated
carbonate platforms (e.g., Bassas Da India) formed in the middle of the
northern Mozambique basin from the Paleocene to early Miocene
(Courgeon et al., 2016). Late Miocene-early Pliocene cessation of car-
bonate deposition and initiation of graben formation along the DFZ
appears to be coeval and spatially linked with the development and
propagation of the East African Rift System (Franke et al., 2015). The
southern Mozambique basin is bounded to the west by the Mozambique
Ridge (MozR), which occurs about 100 km off the coast, and to the east
by the Madagascar Ridge (MdgR) (Fig. 1B). Both ridges are interpreted
to represent a large igneous province of oceanic origin (Sinha et al.,
1981; Fischer et al., 2017) forming between 140 and 122Ma for the
Mozambique Ridge (König and Jokat, 2010). Finally, the Durban basin

represents the eastern termination of a major east-west trending fault
system, the Agulhas-Falkland Fracture Zone (Broad et al., 2006).

Open marine sedimentation began in the Early Cretaceous for the
northern and southern Mozambique basins and in the Late Cretaceous
for the Durban basin (Davison and Steel, 2017). Over the past 30Ma,
the areas of interest have experienced significant periods of middle
Oligocene, middle Miocene, and late Pliocene hinterland uplift
(Castelino et al., 2015). Periods of uplift are associated with increase in
sediment transport to the adjacent basins along the southwestern Indian
Ocean (Walford et al., 2005; Wiles et al., 2014; Castelino et al., 2015;
Hicks and Green, 2016). Sediment delivery to the Mozambique Channel
is complex and related to global eustatic changes and hinterland tec-
tonics (Walford et al., 2005; Castelino et al., 2015; Hicks and Green,
2016; Wiles et al., 2017). Sediments are primarily sourced from the
adjacent Zambezi river (present-day catchment of 1.39∙106 km2), Lim-
popo river (present-day catchment of 4.15∙105 km2), and Tugela river
(present-day catchment of 2.91∙104 km2) (Fig. 1A). These control the
general sediment type and flux delivered to the Mozambique Channel
over time.

2.2. Oceanographic framework

The south Indian Ocean hosts a variety of water masses character-
ized by different hydrographic properties as summarized in Table 1. At
present, oceanic circulation along the Mozambique Channel consists
primarily of the southward flowing Mozambique current and the
northward flowing Mozambique undercurrent (De Ruijter et al., 2002).
The Mozambique current is part of the Agulhas current system
(Lutjeharms, 2006) and is characterized by anticyclonic eddies with
diameters of ∼300 km (Fig. 2). Four to six anticyclonic eddies per year
occur in the Channel, and propagate southwards at ∼3–6 km/day (De
Ruijter et al., 2002; Schouten et al., 2003; Halo et al., 2014). The Mo-
zambique current carries Tropical Surface Water, Subtropical Surface
Water (TSW and STSW,<200m water depth, wd), the South Indian
Central Water (SICW, between 200 and 600m wd) (De Ruijter et al.,
2002), and the northwest Indian-origin Red Sea Water (RSW,
900–1200m wd) (Donohue et al., 2000; Beal et al., 2000; Swart et al.,
2010). The Mozambique and Agulhas undercurrents flow northward
along the Mozambican continental slope (Fig. 2) carrying Antarctic
Intermediate Water (AAIW, 800–1500m wd) after its westward flow
over the Madagascar ridge (Fine, 1993) and the North Atlantic Deep
Water (NADW, 2200–3500m wd), which flows into the Natal Valley
(Toole and Warren, 1993) towards the southern Mozambique basin,
south of the Mozambique Ridge. A portion of the NADW flows into the
southern Mozambique basin across deep corridors within the Mo-
zambique Ridge (Wiles et al., 2014). The upper volume of the NADW
crosses a sill in the northern Mozambique basin to enter the Somali
Basin, while the remaining NADW flows along the eastern boundary of
the northern Mozambique basin with a southerly returning current (van
Aken et al., 2004; Ullgren et al., 2012). The Antarctic Bottom Water
(AABW) circulates below 4000m wd (Fig. 2). It flows northward as a
western boundary current along the southern Mozambique basin
(Tucholke and Embley, 1984; Read and Pollard, 1999). Because the
basin is closed in the north, the AABW is deflected to form a southerly
flowing boundary current along the east flank of the southern Mo-
zambique basin (Kolla et al., 1980).

3. Data and methods

This study utilizes bathymetry, multichannel 2D seismic reflection
profiles, hydrographic data, and hydrodynamic modelling. A slope
gradient map was generated using GEBCO 2014 (Weatherall et al.,
2015). The bathymetric base map included data from previous works of
Wiles et al. (2014, 2017) and Breitzke et al. (2017), which were used to
generate the morpho-sedimentary map.

Profiles interpreted derive from a regional 2D multichannel seismic

Table 1
Neutral densities used to characterize water masses interacting with bathy-
metric features of the Mozambique Channel based on the work of Kolla et al.
(1980); Fine (1993); Toole and Warren (1993); Talley (1996); Orsia et al.
(1999); Schott and McCreary (2001); DiMarco et al. (2002); Lutjeharms (2006);
Ullgren et al. (2012).

Water mass Water depth (m) γη (kg/m3)

TSW&STSW 0–200 23–25.8
SICW 200–800 26.4–26.8
AAIW 800–1500 27–27.8
RSW 900–1200 ∼27.4
NADW 2200–3500 >27.8
AABW >4000 >28.2
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Table 3.1.1. Neutral densities used to characterize water masses interacting with 
bathymetric features of the Mozambique Channel based on the work of Kolla 
et al. (1980); Fine (1993); Toole and Warren (1993); Talley (1996); Orsia et al. 
(1999); Schott et al. (2001); DiMarco et al. (2002); Lutjeharms (2006); Ullgren 
et al. (2012).
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reflection (MCSs) dataset (Fig. 1) acquired for the Mozambique basin
during 2013/2014 geophysical cruises by WesternGeco. This primary
dataset represents a regional grid of linear, 36179 km MCSs spaced at
approximately 10–70 km intervals. Profiles were migrated in time. A
second dataset was acquired for the Durban basin in 2013–2014 by
CGG. The secondary dataset consists of widely spaced arrays spanning
6920 km and including 17 strike lines and 25 dip lines. The data were
processed with Kirchhoff pre-stack time migration. Major morpho-se-
dimentary features were identified and mapped using bathymetry and
seismic profiles.

Oceanographic analysis was performed using hydrographic data
from the World Ocean Database 2013 (WOD13; https://www.nodc.
noaa.gov/OC5/WOD13/) and a Regional Oceanic Modelling System
(ROMS, version CROCO: https://www.croco-ocean.org/).

Hydrographic data from WOD13 was used to create combined hy-
drographic and seismic cross sections. Due to the lack of hydrographic
sections, we constructed cross-slope sections by combining all available
conductivity, temperature, salinity, and depth (CTD) stations and then
projecting water sample stations onto the seismic cross-section at dis-
tances of up to 50 km. The cross-sections were created using Ocean Data
View (Schlitzer, 2013). CTD data were also used for generating po-
tential temperature-salinity diagrams in order to identify water masses
present along the Mozambique Channel.

The Regional Oceanic Modelling System (ROMS, CROCO version), a
three dimensional ocean model described by Shchepetkin and

McWilliams (2005), was used to simulate the bottom currents in the
Mozambique Channel. ROMS is a primitive equation model that can
estimate basin-scale, regional and coastal oceanic processes at high
resolution (Shchepetkin and McWilliams, 2005). ROMS uses a topo-
graphy following vertical grid allowing explicit resolution of interac-
tions between bottom topography and ocean dynamics. The model used
the GEBCO 2014 (Weatherall et al., 2015) bathymetric base map
smoothed for numeric constraints. The model simulation ran for 21
years (from 1993 to 2014). The model surface conditions are derived
from the ERA Interim atmospheric reanalysis (Dee et al., 2011) using a
bulk formulation (Fairall et al., 1996). The lateral boundary conditions
are drawn from a global ocean reanalysis GLORYS (Ferry et al., 2012).
To reach a high resolution 1/36° (∼3 km) in the Mozambique Channel,
three levels of embedded grids are used, based on the AGRIF two-way
nesting method (Debreu et al., 2012). Since the mean kinematic
bottom-shear-stress induced by tides affects only the shelf (i.e., Bight of
Sofala; Chevane et al., 2016), barotropic tides were not introduced in
the model for this simulation.

Three cross-slope hydrographic sections based on CTD stations from
northern, central, and southern sector water columns were used to in-
terpret relations between water mass stratification and sedimentary
features along the continental margin. Combining these sections with
potential salinity-temperature-oxygen diagrams from the same
dataset allowed us to identify the main water masses in each physio-
graphic domain. This approach also revealed lateral variation in water

Fig. 2. Bathymetric map (ETOPO1 1 arc-minute global relief model; Amante and Eakins, 2009) of the Mozambique Channel indicating schematic position of present-
day water masses.
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Figure 3.1.2. Bathymetric map (ETOPO1 1 arc-minute global relief model; Amante and Eakins, 2009) of the Mozambique Channel indicating schematic position of 
present-day water masses.
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mass dynamics along the Mozambique Channel. Accurate identification
of water masses and their spatial correlation with seafloor morphology
can elucidate longer-term oceanographic and sedimentary processes
(Hernández-Molina et al., 2016a). Calculated as the oscillation fre-
quency of a parcel displaced vertically in a statically stable environ-
ment, the buoyancy or Brunt-Väisälä frequency (N) provides informa-
tion on water column stratification (Da Silva et al., 2009). It is
calculated from hydrographic data (World Ocean Database, 2013) as:

=
∂
∂

N
g
ρ

ρ
z (1)

where g is the gravitational acceleration, ρ is the density, and ∂
∂
ρ
z
is the

vertical density gradient.
This analytical approach identified numerous bottom current-con-

trolled depositional and erosional features. We use the term ‘contourites’
for sediments deposited or substantially reworked by the persistent
action of bottom currents (Faugères and Stow, 2008). This term in-
cludes a large variety of sediments affected by different types of cur-
rents (Rebesco et al., 2014). Thick, extensive sedimentary accumula-
tions are defined as ‘contourite drifts’ or ‘drifts’. Interpretation of features
followed criteria for drift morphology and internal configuration de-
tailed in McCave and Tucholke (1986), Faugères et al. (1999), Rebesco
and Stow (2001), Rebesco (2005), and Rebesco et al. (2014).

4. Results

4.1. Physiography of the study area

The Mozambique Channel includes three major physiographic pro-
vinces, as defined by IHO and IOC (1983): the continental shelf, the
continental slope and the abyssal plain (Fig. 3). All three margin pro-
vinces were interpreted from southern, central, and northern sectors of
the study area. These represent the Tugela, Limpopo, and Zambezi
Rivers discharge areas, respectively (Fig. 1A).

The continental shelf exhibits an average gradient of 0.4°. It is
particularly narrow (∼2–15 km in width) compared to the global
average of ∼50 km (Shepard, 1963), except in the regions in front of
the Tugela, Limpopo and Zambezi rivers (i.e., 51 km, 80 km and 130 km
respectively) (Fig. 3). The continental slope is bordered to the west by
the shelf-break, which is around 50–120m water depths (set at∼200m
wd in this study). In the study area, the continental slope exhibits a
relatively gentle gradient (1.1° on average) relative to the global
average slope (3°, Kennett, 1982). The slope divides into upper, middle,
and lower subdomains. Each subdomain was defined to highlight zones
of abrupt changes in seabed gradient (Fig. 3 and Table 2); the upper,
middle and lower slope, respectively, have an average gradient of: 1.6°,
1.1° and 0.9°, and occur between isobaths of: 200–1000m,
1000–1600m, and 1600–2400m. The morphological seafloor changes
that determine the upper, middle and lower slope subdomains roughly
coincide with the distribution of large-scale flatter areas or terraces.
These terraces have been described and locally characterized by Martin
(1981) in the central sector: the Inharrime terrace (< 800m wd) and
the Central terrace (∼1400–2000 m wd), which are separated by the
SW-NE rough topography of the Almirante Leite Bank. Furthermore, a
broad (∼90 km) gently seaward dipping (0.3°) terrace occurs around
21° S (1300–1600m wd) that has been described by Wiles et al. (2017)
(Fig. 3). In this study, the base-of-slope is set at 2400m water depth
(wd). In areas where the buried Beira High and the Mozambique Ridge
abut the continental slope (i.e., 21° S to 29° S), a steep surface (2–10°)
develops at the foot of the lower slope (from ∼2400m wd) (Fig. 3). In
this study, this feature belongs to the abyssal plain province.

The abyssal plain of the southern sector (i.e., Natal Valley) lies
between 2400m (uppermost, narrowest part) and ∼3000m wd
(southward at ∼31° S). This feature is bounded to the east by the
Mozambique Ridge, which rises to a depth of 1800m (Fig. 3). The

Mozambique Ridge deepens along E-W oriented pathways (at depths of
∼2000–3000m wd) connecting the abyssal plain regions of the Natal
Valley and the southern Mozambique basin. The abyssal plain depth of
the Mozambique basin in the northern and central sector increases from
∼2400m to ∼4000m wd southward at ∼27° S. The large-scale mor-
phology of the abyssal plain includes numerous seamounts (i.e., Bassas
Da India and Boucart) (Fig. 3).

4.2. Gravitational features

The continental slope of the southern sector hosts numerous sub-
marine canyons extending from the upper slope to the distal limit of the
lower slope. Northward (and south of the Tugela canyon), submarine
canyons only occur within the lower slope (Fig. 4). Tugela canyon
obliquely crosscuts the continental slope and feeds the Tugela Cone, a
deep-water fan complex (Fig. 4). The canyon reaches widths of up to
19 km and incision depths of up to 1000m in the middle slope. The
canyon lacks any form of connection with the modern fluvial system. A
second, unnamed canyon originates at 1400m wd north of the Tugela
canyon. It widens and deepens downslope to 2320m wd with incision
depths of up to 250m around a prominent basement high, the Naudé
Ridge (Dingle et al., 1987) (Figs. 4 and 5A). The continental slope of the
central sector is dominated by along-slope sedimentary processes
(Figs. 4 and 5B), except south of 27° S, where the upper slope is dis-
sected by several submarine canyons of varying size (from 50 to 300m
wide and 10–40m deep to 750–2000 m wide and>400m deep)
(Fig. 4). Evidence of down-slope sedimentary processes is common
along the slope of the northern sector. Large Mass Transport Deposits
(MTDs) appear in the middle to lower slope, where huge deposits
gather on the seafloor (Fig. 4) or appear as buried features in seismic
profiles (Fig. 5C). This sector also hosts many submarine canyon sys-
tems (SCSs). Wiles et al. (2017) identified three different SCSs of this
area. From north to south, these include the Angoche SCS, the Middle
Zambezi SCS, and the Lower Zambezi SCS (Fig. 4). In the Angoche SCS,
the margin consists of a series of canyons that extend across the shelf
towards the lower slope and from the shelf to the middle slope (Fig. 4).
These canyons reach widths of up to 4 km (Fig. 5D). The Lower Zambezi
SCS consists of canyons mostly initiating in the middle slope at around
1000m wd. A few of these canyons appear at around 300m wd. These
canyons can reach 12 km in width (Fig. 5C). Along the abyssal plain,
sedimentary lobes form at the distal limit of the lower slope of the
Angoche SCS and the Lower Zambezi SCS (Figs. 4, 5C and 5D). The
Middle Zambezi SCS consists of canyons mostly initiating in the middle
slope (Fig. 4). The present-day canyons lack any form of connection
either with modern continental drainage channels or with incisional
canyons on the shelf. These canyons reach widths of up to 7 km and
incision depths of up to 200m at around 2500m wd. Along the abyssal
plain, the Middle Zambezi SCS converges at about 19° S to join the
Zambezi Valley. The combined feature then flows towards the south
confined by the western flank of the Davie Fracture Zone (DFZ) until
about 25° S where a large sedimentary lobe develops (Fig. 4).

4.3. Contourite features

Our analysis identified a wide range of contourite features, in-
cluding depositional (drifts and sedimentary waves), erosional (abraded
surfaces, moats, channels, scours, and furrows), and mixed (contourite
terraces) features occurring from the shelf break to the abyssal plain
(Fig. 4). Contourite drifts represent important along-slope accumula-
tions of sediment that appear as continuous, layered seismic reflections
with internal, regional-scale unconformities (Fig. 6). Erosional features
are mainly characterized by truncated reflections underlying stratified
and/or chaotic facies. These generally show relatively high amplitude
reflections (HARs) relative to those representing associated drifts
(Fig. 6). The mixed features (contourite terraces) display similar seismic
facies defined by continuous to discontinuous, subparallel, and
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occasionally truncated seismic reflections (Fig. 6). High amplitude re-
flections are generally found along these terraces with a number of 2D
sedimentary waves (e.g., Flemming, 1978; Green, 2011).

4.3.1. Depositional contourite features
Drifts are the dominant depositional features observed. The largest

of these features are ‘plastered drifts’ and ‘elongated-mounded drifts’.
Large, plastered drifts of the Mozambique continental slope show a

Fig. 3. Slope gradient map for surfaces dipping ≥2° along the Mozambican continental margin. Bathymetric map includes the main physiographic domains
(continental shelf; upper, middle, and lower continental slopes; and abyssal plain) and morphological features superimposed (ETOPO1 1 arc-minute global relief
model; Amante and Eakins, 2009). The white line indicates the location of the buried Beira High. Abbreviations: ALB=Almirante Leite Bank; CT = Central Terrace;
IT = Inharrime Terrace; LC=Limpopo Cone; MozR=Mozambique Ridge; NR = Naudé Ridge; and TC=Tugela Cone. (A) To (F) Bathymetric profiles showing
seafloor morphology for the three different sectors: (A) and (B) are the northern sector, (C) and (D) the central sector, and (E) and (F) the southern sector.

Table 2
Morphological characteristics (shape, gradient and width) for the continental slope subdomains (upper, middle and lower slopes) of the southern, central and
northern sectors within the study area. Letters (A-F) correspond to bathymetric profiles shown in Fig. 3.

Continental slope

Upper Slope Middle Slope Lower Slope

Sectors Sectors Sectors

Southern Central Northern Southern Central Northern Southern Central Northern

Shape Concave (F)/
convex (E)

Convex
(C,D)

Convex (B)/
concave (A)

Concave (F)/
convex (E)

Convex (C,
D)

Concave (A,
B)

Concave (E, F) Convex (C,
D)

Concave (A, B)

Gradienta (degrees) 7.2°/1.5° 1° 2.6°/3.7° 4.7°/1.4° 0.9° 1.4° 1.3° 1.1° 0.8°
Widtha (km) ∼4/∼56 ∼20 to 45 ∼25/∼10 ∼6/∼82 ∼10 to 90 ∼15 to 50 ∼10 ∼10 to 70 ∼70 to 170

a Represents average data.
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Table 3.1.2. Morphological characteristics (shape, gradient and width) for the continental slope subdomains (upper, middle and lower slopes) of the southern, central 
and northern sectors within the study area. Letters (A-F) correspond to bathymetric profiles shown in Fig. 3.1.3.

Figure 3.1.3. Slope gradient map for surfaces dipping ≥ 2° along the Mozambican continental margin. Bathymetric map includes the main physiographic domains 
(continental shelf; upper, middle, and lower continental slopes; and abyssal plain) and morphological features superimposed (ETOPO1 1 arc-minute global relief mo-
del; Amante and Eakins, 2009). The white line indicates the location of the buried Beira High. Abbreviations: ALB = Almirante Leite Bank; CT = Central Terrace; IT 
= Inharrime Terrace; LC = Limpopo Cone; MozR = Mozambique Ridge; NR = Naudé Ridge; and TC = Tugela Cone. (A) to (F) Bathymetric profiles showing seafloor 
morphology for the three different sectors: (A) and (B) are the northern sector, (C) and (D) the central sector, and (E) and (F) the southern sector. 
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prominent along-slope trend (Fig. 4). Elongated-mounded drifts are
dispersed throughout the continental slope and abyssal plain of Mo-
zambique's central sector (Fig. 4). In addition to large-scale plastered
and elongated-mounded drifts, other minor depositional features in-
clude large ‘sedimentary waves’ previously described by Breitzke et al.
(2017). These exhibit a wavy geometry (Fig. 5B) and occur throughout
the abyssal plain, particularly south of the Bassas Da India seamounts in
the centre of the Mozambique Channel (Fig. 4).

The three plastered drifts recognized in this study were informally
referred to as D1 to D3 based on their water depth range along the slope
(D1 being the shallowest and D3 the deepest; Fig. 4). ‘Plastered drifts 1

and 2’ (D1 and D2) are located between ∼300 and 600m wd along the
upper slope and between ∼900 and 1300m wd along the middle slope,
respectively (Fig. 4). These show aggradational and progradational
internal reflection configurations with thickness variations that indicate
depocenters parallel to the slope (Figs. 5E, 6A and 6B, and 6I). In the
southern sector, the 10–40 km wide D1 developed between 30° S and
the Tugela Cone (Fig. 4). In the central sector, D1 spans about 20 km
width and extends ∼56 km along the Inharrime Terrace (Fig. 4). In the
northern sector, D1 is about 7 km wide and disappears near 18° S
(Fig. 4). In the southern sector, the 15 km wide D2 developed between
30° S and the Tugela Cone (Fig. 4). In the central sector, between 29° S

Fig. 4. Morpho-sedimentary map of the Mozambique Channel. This map illustrates the complex morphology of the Mozambique Channel as well as the interplay
between down- and along-slope processes. Contourite depositional, erosional, and mixed erosive-depositional features are indicated. Lineations based on Breitzke
et al. (2017) and submarine canyons based on Wiles et al. (2017). Abbreviations: DFZ=Davie Fracture Zone and SCS = Submarine Canyon Systems.
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Figure 3.1.4. Morpho-sedimentary map of the Mozambique Channel. This map illustrates the complex morphology of the Mozambique Channel as well as the 
interplay between down- and along-slope processes. Contourite depositional, erosional, and mixed erosive-depositional features are indicated. Lineations based 
on Breitzke et al. (2017) and submarine canyons based on Wiles et al. (2017). Abbreviations: DFZ = Davie Fracture Zone and SCS = Submarine Canyon Systems.
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Fig. 5. Examples of four multichannel seismic reflection profiles of the Mozambican continental margin from south (A) to north (D), showing the major morpho-
sedimentary features. Horizontal scale is the same for all the profiles. (E) Inlay illustrating the D1 drift and the T1 terrace, as well as high amplitude reflection
patterns (HARs) of contourite terrace T1. Location in Figs. 1 and 4 (section (A) courtesy of CGG Multi-client and New Ventures and sections (B, C), and (D) courtesy of
INP and WesternGeco Multiclient).
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Figure 3.1.5. Examples of four multichannel seismic reflection profiles of the Mozambican continental margin from south (A) to north (D), showing the major mor-
pho-sedimentary features. Horizontal scale is the same for all the profiles. (E) Inlay illustrating the D1 drift and the T1 terrace, as well as high amplitude reflection 
patterns (HARs) of contourite terrace T1. Location in Figs. 3.1.1 and 3.1.4 (section (A) courtesy of CGG Multi-client and New Ventures and sections (B, C), and (D) 
courtesy of INP and WesternGeco Multiclient).
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and 25° S, D2 spans about 10 km in width (Fig. 4), and extends
∼116 km near 27° S before it disappears in the vicinity of topographic
highs associated with the Almirante Leite Bank (Fig. 4). North of the
Almirante Leite Bank, D2 is about 6–30 km wide and disappears in the
vicinity of the southeastern limb of the Beira High, near the northern
sector (Fig. 4). The deeper ‘plastered drift 3’ (D3) occurs in the lower
slope of the central sector (between ∼27° S and 29° S) at
∼1500–2200m wd (Fig. 4). Between the Tugela Cone and the abraded
surface, D3 extends to 88 km width (Fig. 4). In this area, D3 exhibits
aggradational to progradational internal reflections with a more pro-
nounced upslope progradational stacking pattern than those exhibited
by drifts D1 and D2 (Fig. 6C). North of the abraded surface, D3 extends
to a width of about 110 km along the Central Terrace (Fig. 4) and

exhibits predominantly progradational and seaward internal reflections
(Fig. 6E).

Apart of the aforementioned plastered drifts D1 to D3, the central
sector hosts other ‘elongated-mounded drifts’ (Fig. 4). Along the distal
limit of the middle slope, elongated-mounded drifts occur east of the
Almirante Leite Bank, near 24° S (Fig. 4), where they reach about 12 km
in width (Fig. 6B). Along the lower slope, elongated-mounded drifts are
widespread from 22° S to 26° S, ranging 1–20 km in width (Fig. 4). From
the distal limit of the lower slope to about 3200m wd, elongated-
mounded drifts occur in association with steep surfaces of the Mo-
zambique Ridge (29° S to 22° S) and the south-eastern limb of the Beira
High (21° S). These drifts reach widths of about 6–60 km (Figs. 4, 5B
and 6F, and 6G).

Fig. 6. Examples of depositional, erosional, and mixed contourite features from multichannel seismic reflection profiles. Details of contourite terraces T1 and T2 in
(A), T3 in (C), (D), and (E), and T4 in (G) and (H). Examples of plastered drift D1 are illustrated in (A), D2 in (A), (B), and (E), and D3 in (C) and (E). Moats and
elongated-mounded drifts are shown in (B), (F), and (G). Abraded surfaces and steep surfaces are illustrated in (B), (D), (G), and (H). (I) Inlay illustrating the
sedimentary stacking pattern of plastered drift D2. Locations in Fig. 4 for (A–H), in Fig. 11 for (A, B, E, F, G) and (H). Abbreviation: HARs=High Amplitude
Reflections. Profiles (A, B, F, G) and (H) courtesy of INP and WesternGeco Multiclient. Profiles (C–E) courtesy of CGG Multi-client and New Ventures.
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Figure 3.1.6. Examples of depositional, erosional, and mixed contourite features from multichannel seismic reflection profiles. Details of contourite terraces T1 and 
T2 in (A), T3 in (C), (D), and (E), and T4 in (G) and (H). Examples of plastered drift D1 are illustrated in (A), D2 in (A), (B), and (E), and D3 in (C) and (E). Moats 
and elongated-mounded drifts are shown in (B), (F), and (G). Abraded surfaces and steep surfaces are illustrated in (B), (D), (G), and (H). (I) Inlay illustrating the 
sedimentary stacking pattern of plastered drift D2. Locations in Fig. 3.1.4 for (A-H), in Fig. 3.1.11 for (A, B, E, F, G) and (H). Abbreviation: HARs = High Amplitude 
Reflections. Profiles (A, B, F, G) and (H) courtesy of INP and WesternGeco Multiclient. Profiles (C-E) courtesy of CGG Multi-client and New Ventures.
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‘Sedimentary waves’ occur along most of the basin floor of the central
sector (Fig. 4 and 5B). At water depths of ∼3500–4500m, sedimentary
waves can reach 60–80m in height and up to 5 km in length, with
wavelengths around 2.5–3 km. These features generally orient in a NE-
SW direction, but then shift to WSW-ENE and WNW-ESE orientations to
the north (Fig. 4). For water depths between ∼3000 and 3400m, se-
dimentary waves reach heights of 35–60m, wavelengths around
1–2 km, and lengths of up to 10 km. These shallower features strike
NW-SE, but shift into W-E and NE-SW orientations to the east (Fig. 4).

4.3.2. Erosional contourite features
Erosive contourite features occur locally along the Mozambican

continental margin and basin floor. Erosional features include moats/
contourite channels, abraded surfaces, and lineations (i.e., scours and
furrows) (Fig. 4). ‘Abraded surfaces’ occur along the lower slope of the
central sector (Figs. 4, 5B and 6B, 6G, and 6H), and north of the Naudé
Ridge (∼50 km wide, ∼100 km long, and deepening from
∼1900–2300m wd) (Fig. 4 and 6D). They also appear as steep surfaces
related to the Mozambique Ridge (29° S to 22° S) and the southeastern
limb of the Beira High (21° S) at the base of the slope (Figs. 4, 5B and
6G, and 6H). ‘Moats’ are associated with elongated-mounded drifts and
exhibit U-shaped cross sections (Figs. 4, 5B and 6B, 6F, and 6G). These
features can span up to 3 km in width and incise to depths of up to
100m ‘Contourite channels’ develop in the vicinity of the large topo-
graphic highs of the Almirante Leite Bank and within the deeper

corridor of the Mozambique Ridge (Fig. 4). ‘Lineations’ (i.e., scours and
furrows) occur along the abyssal plain near 26° S (Fig. 4). ‘Scours’ form
between 3500 and 4500m wd. Often exhibiting a crescent-like shape
(Breitzke et al., 2017), these can reach 20 km in length, 3–7 km in width
and incisional depths of up to 450m. Several large ‘furrows’ (i.e.,
60–100m deep, 2–3 km wide, and 8–15 km long) are located east of the
giant erosional scours between 3600 and 4300m wd. Furrows generally
assume a NW-SE or E-W orientation and a smooth V-shape morphology
as described in Breitzke et al. (2017).

4.3.3. Mixed features
‘Contourite terraces’ represent mixed features that appear as sub-

horizontal elements developed during long-term depositional and ero-
sional phases of the continental slope (Hernández-Molina et al., 2016a).
These form erosive features in proximal domains and mostly deposi-
tional features in distal domains. Terraces are morphological features
that extend to distinct depth intervals above large plastered drifts to
produce long flatter areas with subtle (< 1°) seaward dips along the
Mozambican margin (T1 to T4) (Fig. 5B and 6). Terraces develop along
the upper slope (T1 at ∼300m wd) near the transition between upper
and middle slopes (T2 at ∼800m wd), near the transition between
middle and lower slopes (T3 at ∼1500m wd), and along the lower
slope (T4 at ∼2200m wd) (Fig. 4 and 5B).

‘Terrace 1’ (T1) is associated with the upper surface and landward
proximal domain of the D1 drift (Fig. 6A). In the southern sector, T1

Fig. 7. (A–C) Temperature (°C) vs. Salinity (psu) diagrams for southern, central, and northern sectors respectively. (D–E) Panel plots with neutral densities (kg/m3)
vs. Oxygen content (ml/l) along the Mozambican continental margin for data collected from hydrographic sections of the southern (D) and central (E) sectors. Deep
water mass circulation denoted as: AABW=Antarctic Bottom Water; NADW = North Atlantic Deep Water; AAIW=Antarctic Intermediate Water; RSW=Red Sea
Water; SICW = South Indian Central Water; TSW-STSW=Tropical Surface Water – Subtropical Surface Water. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Figure 3.1.7. (A-C) Temperature (°C) vs. salinity (psu) diagrams for southern, central, and northern sectors respectively. (D-E) Panel plots with neutral densities (kg/
m3) vs. oxygen content (ml/l) along the Mozambican continental margin for data collected from hydrographic sections of the southern (D) and central (E) sectors. 
Deep water mass circulation denoted as: AABW = Antarctic Bottom Water; NADW = North Atlantic Deep Water; AAIW = Antarctic Intermediate Water; RSW = Red 
Sea Water; SICW = South Indian Central Water; TSW-STSW = Tropical Surface Water – Subtropical Surface Water.
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develops between 30° S and the Tugela Cone to reach a width of
∼4 km. In the central sector, T1 reaches∼4–5 km in width and extends
∼50 km along the Inharrime Terrace. In the northern sector, T1 reaches
about ∼2.5 km in width and disappears near 18° S (Fig. 4). ‘Terrace 2’
(T2) is associated with the top surface and landward proximal domain
of the D2 drift (Fig. 6A). In the southern sector, T2 forms between 30° S
and the Tugela Cone to reach widths of ∼15 km. In the central sector
between 29° and 25° S, T2 spans less than 1 km in width. It extends up
to ∼30 km near 27° S (Limpopo Cone) before it disappears in the vi-
cinity of the topographic highs of the Almirante Leite Bank. North of the
Almirante Leite Bank, T2 reaches widths of about ∼20–30 km and
extends 80 km near the Beira High. T2 disappears in the vicinity of the
large MTDs occurring in the northern sector (Fig. 4). ‘Terrace 3’ (T3) is
associated with the top surface and landward proximal domain of the
D3 drift (Fig. 6C and 6E). In the central sector, T3 is about ∼4–25 km
wide, extending ∼60 km and disappearing in the vicinity of the topo-
graphic highs of the Almirante Leite Bank. North of the Almirante Leite
Bank, T3 is about ∼4 km wide but poorly developed relative to T1 and
T2. T3 disappears in the vicinity of the southeastern limb of the Beira
High (21° S) (Fig. 4). ‘Terrace 4’ (T4) only appears from 21° to 25° S
where it spans about ∼60 km in width (Fig. 6H). Toward the northern
sector, T4 is about ∼2 km wide and disappears in the vicinity of the
southeastern limb of the Beira High (21° S) (Fig. 4). Unlike T1-T3,
which exhibit mostly a depositional character in their distal domain
(i.e., plastered drifts D1 to D3), T4 exhibits a steep surface with an
erosive character along its seaward flank (Fig. 4 and 6H).

4.4. Identification of water masses and associated oceanographic processes

Temperature and salinity profiles indicate seven major water masses
operating the Mozambique Channel of the southwest Indian Ocean
(Fig. 7 and Table 1). These include three of Indian origin (TSW, Tro-
pical Surface Water; STSW, Subtropical Surface Water; and SICW, South
Indian Central Water), one of North Atlantic origin (NADW, North
Atlantic Deep Water), one of Red Sea origin (RSW, Red Sea Water), and
two of Antarctic origin (AAIW, Antarctic Intermediate Water; AABW,
Antarctic Bottom Water). An eighth water mass lies below the TSW, the
Tropical Thermocline Water, which differs from STSW (same tem-
perature) according to the former's much lower oxygen content
(Lutjeharms, 2006) (Fig. 7D and 7E). The TSW, STSW, Tropical Ther-
mocline Water, and SICW make up the upper water column, while the
AAIW and RSW constitute the intermediate water column, and the
NADW and AABW form the base of the water column (Ullgren et al.,
2012). Select neutral density profiles in this region showed that
γn=∼26.4 kg/m3 for the Subtropical Surface Water (STSW) – South
Indian Central Water (SICW) transition, γn= 27 kg/m3 for the SICW –
Antarctic Intermediate Water (AAIW) transition, γn= 27.8 kg/m3 for
the AAIW – North Atlantic Deep Water (NADW), and γn= 28.2 kg/m3

for the NADW – Antarctic Bottom Water (AABW) (Toole and Warren,
1993; Talley, 1996; Ullgren et al., 2012) (Fig. 7). Identification of
present water masses and their correlation with seafloor morphology
can help elucidate longer-term oceanographic and sedimentary pro-
cesses. The present oceanic circulation offshore of Mozambique is re-
latively complex and composed of various water masses interacting at
different depths. These are briefly described below.

4.4.1. Identification of water masses along the southern sector
At shallow water depths (< 200m), the Tropical Surface Water

(TSW; above 24 °C) covers the Sub-Tropical Surface Water (STSW),
which exhibits a maximum in salinity of 35.7 psμ and temperature of
around 17 °C (Fig. 7A). Both are saturated in dissolved oxygen
(Fig. 7D). Tropical Thermocline Water can be distinguished from STSW
(same temperature) by the former's much lower dissolved oxygen
concentrations (< 4ml/l) (Fig. 7D). Directly below the STSW, within a
neutral density range of 26.4 kg/m3 to 26.8 kg/m3 and a water depth
range of about 200–600m, temperature-salinity properties declined

down to values of 8–14 °C and 34.8–35.5 psμ, respectively. These
parameters are characteristic of the South Indian Central Water (SICW)
(Fig. 7A). The relatively fresh Antarctic Intermediate Water (AAIW) and
relatively saline Red Sea Water (RSW) with neutral densities ranging
from 27.0 to 27.8 kg/m3 occupy intermediate depths below the ther-
mocline (Fig. 7A). The AAIW forms a salinity minimum of<34.5 psμ,
while the RSW modifies this minimum by interleaving the water
column with relatively saline layers (> 34.6 psμ) (Fig. 7A). Further
downslope, at neutral densities greater than 27.8 kg/m3, a cold (∼2 °C)
and high salinity (> 34.8 psμ) bottom layer is interpreted as the North
Atlantic Deep Water (NADW) (Fig. 7A).

4.4.2. Identification of water masses along the central sector
Along this hydrographic section, the TSW, STSW, and Tropical

Thermocline Water occupy the upper water column (< 200m wd,
γn < 25.8 kg/m3) (Fig. 7B and 7E). The TSW forms surface water,
which is warmer than 24 °C. Directly beneath, the STSW exhibits a
maximum in salinity of 35.8 psμ at temperatures of around 17 °C
(Fig. 7B). TSW and STSW are saturated with dissolved oxygen while
Tropical Thermocline Water, at the same depth as the STSW salinity
maximum, exhibits lower dissolved oxygen concentrations (< 4ml/l)
(Fig. 7E). At water depths of 200–600m, temperature-salinity proper-
ties (8–14 °C and 34.8 to 35.5 psμ, respectively) are characteristic of the
SICW (26.4 kg/m3 to 26.8 kg/m3) (Fig. 7B). The AAIW appears at water
depths of∼800m near the neutral density of the SICW-AAIW transition
(27 kg/m3) (Fig. 7B). The AAIW layer at this section exhibits low sali-
nities (∼34.5). AAIW combines high salinities (> 34.6 psμ) and low
dissolved oxygen (< 3.5ml/l) layers of the RSW at water depths of 800
and 1500m (Fig. 7B and 7E). Below, as neutral densities surpass
27.8 kg/m3, the NADW (< 4 °C, ∼34.8 psμ) appears at around 2200m
wd (Fig. 7B). At water depths around 3500–4000m, cold (∼1.5 °C),
low salinity (< 34.7 psμ) bottom waters approach the neutral density of
the NADW-AABW transition (28.2 kg/m3) (Fig. 7B).

4.4.3. Identification of water masses along the northern sector
The hydrographic section located in the northern part of the margin

intersects the 2000 m isobath. Dissolved oxygen data for this part of the
basin was not available. The surface water column is characterized by
warm temperatures (> 24 °C) and high salinity (∼35.2 psμ) of the TSW
(Fig. 7C). Beneath this water mass lies the STSW, which exhibits a
maximum salinity of ∼35.5 psμ and temperature of 15 °C to give a
neutral density of< 25.8 kg/m3 for its upper layers (< 200m wd)
(Fig. 7C). Below the STSW salinity maximum, temperature-salinity
properties increase to values characteristic of the SICW, which exhibits
a neutral density range of 26.4 kg/m3 to 26.8 kg/m3 in the 200–600m
depth range (Fig. 7C). The base of the SICW reaches a local salinity
minimum and neutral density of 27 kg/m3, which marks the transition
to properties associated with intermediate water masses (Fig. 7C). The
intermediate water masses exhibit a neutral density range of 27 kg/m3

to 27.8 kg/m3 and flow at depths of 800–1500m wd. The water masses
are relatively salty and salinities greater than 34.9 psμ in the middle of
the density range indicate the presence of the RSW (Fig. 7C). Below the
RSW, salinities decrease (< 34.7 psμ) to another local minimum around
1500m wd and 27.6 kg/m3 density indicating a deeper AAIW core
(Fig. 7C). For deeper water approaching 27.8 kg/m3 neutral density,
salinities increase to about 34.8 psμ at temperatures of around 2 °C.
These parameters indicate the presence of the NADW in contact with
the seafloor at around 2200m wd (Fig. 7C).

4.4.4. Associated interface processes
Near-bottom layers for the water masses described above indicate

that TSW, STSW and SICW traverse the continental shelf and upper
slope of the Mozambican margin while the AAIW and RSW traverse the
middle and lower slopes, and the NADW and AABW occupy the
Mozambican base-of-slope and deep basins (Fig. 2 and 8). Interfaces
between the TSW + STSW/SICW and SICW/AAIW (and RSW) thus
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interact with the Mozambican slope (Fig. 8), whereas interfaces be-
tween AAIW (and RSW)/NADW and NADW/AABW affect the Mo-
zambican base-of-slope and basin floor. The interfaces (pycnoclines)
between the TSW + STSW/SICW and SICW/AAIW are characterized by
sharp density gradients while the interface between AAIW/NADW is
characterized by a diffuse density gradient with a gradual transition
from one water mass to the other (Fig. 9C). High values of buoyancy
(Brunt-Väisälä) frequency (> 2 cycl/h) is observed at around 800m wd
and above ∼300m wd (Fig. 9A), matching the TSW + STSW/SICW
and SICW/AAIW interfaces. Above ∼300 m wd, the buoyancy (Brunt-
Väisälä) frequency reaches maximum values around 50–100 m wd (> 6
cycl/h) (Fig. 9B). Internal waves (solitons) were observed propagating
from the shelf of the Bight of Sofala into the Indian Ocean (20° S to 21°
S; Fig. 10D and 10E). Fig. 10 (A, B, and C) also illustrates internal wave
propagation towards the coast in the Bay of Maputo.

4.5. Circulation model results

Bottom current simulations carried out with the Regional Oceanic
Modelling System (ROMS) indicated that currents often flow parallel to
the isobaths but exhibit some degree of variation in direction and ve-
locities depending on location (Fig. 11). Along the upper slope, the si-
mulated bottom currents show southward movement with mean velo-
cities of> 12.5 cm/s (Fig. 11A and 11B). The upper slope along the
Inharrime Terrace and Limpopo Cone experienced W-NW transport
near the shelf break (200m wd) with inversions towards the W-SW,
especially along the distal limit of the upper slope (∼1000m wd)
(Fig. 11C). Flow directions corresponded to a local cyclonic eddy pre-
viously described by Lamont et al. (2010). Along the middle slope, si-
mulated bottom currents showed greater variability in current direc-
tion. Current direction was less rectilinear and flowed northward with
at relatively low current velocities (< 12.5 cm/s). By contrast, current
direction indicated southward transport deflected E-SE associated with
the highest estimated current velocities (> 12.5 cm/s) (Fig. 11A, C, and

11D). Higher current speeds correspond to periods of southward
moving anticyclonic eddies as documented by Schouten et al. (2003).
Slope morphology constrains current direction near the Almirante Leite
Bank. Steeper slope flanks in this area intensify circulation (> 25 cm/s)
(Fig. 11C). Along the lower slope, simulated currents showed pre-
dominantly northward transport with mean velocities reaching>25
cm/s (Fig. 11). Faster currents occur along steep surfaces around
1800m (Figs. 11B), 2500m (Fig. 11A) and 3000m wd (Fig. 11D and
11E) with mean velocities of ∼12.5 cm/s but locally reaching as much
25 cm/s. Along the abyssal plain, simulated bottom currents intensify
along the Mozambique Ridge with mean velocities oscillating between
12.5 and 25 cm/s (Fig. 11D) and around Mt. Boucart, especially along
its western flank, where mean velocities can exceed 25 cm/s (Fig. 11B).
Current directions indicate predominantly northward transport along
the western side of the margin and eastward deflection in the middle of
the abyssal plain (Fig. 11A and 11E).

5. Discussion

The morpho-sedimentary map and oceanographic features de-
scribed above enable interpretation of sedimentary processes operating
within the Mozambique Channel. Interpretation indeed suggests that
bottom currents adequately explain the formation and variability of
observed contourite features (depositional, erosive and mixed).
Matching contourite types with the relevant bottom water masses al-
lows us to propose a depositional model for the Mozambique Channel.

5.1. Water-mass interfaces sculpt contourite terraces

Contourite terraces 1 and 2 represent regional scale features formed
along the Mozambique Channel while contourite terraces T3 and T4
show much more variation in their spatial distribution (Fig. 4). The
terraces occur in water depths of ∼300m for T1, ∼800m for T2,
∼1500m for T3 and ∼2200m for T4. Hydrographic Sections A and B

Fig. 8. Seismic and hydrographic vertical sections for the Mozambican continental margin. The water column colour ranges indicate salinity (psu), temperature (°C)
and oxygen content (ml/l). These profiles are located in Fig. 1. Water mass interpretations and major contourite features are indicated on the sections. Profile (A)
courtesy of TOTAL and partners and Profiles (B, C) courtesy of INP and WesternGeco Multiclient. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Figure 3.1.8. Seismic and hydrographic vertical sections for the Mozambican continental margin. The water column colour ranges indicate salinity (psu), temperature 
(°C) and oxygen content (ml/l). These profiles are located in Fig. 3.1.1. Water mass interpretations and major contourite features are indicated on the sections. Profile 
(A) courtesy of TOTAL and partners and Profiles (B, C) courtesy of INP and WesternGeco Multiclient. 
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(Fig. 8) cover T1, T2, T3 and T4. These show that terraces occur close to
the present water depth range of various water mass interfaces. For
example, terrace T1 with Tropical + Subtropical Surface Water
(TSW + STSW)/South Indian Central Water (SICW) interface, terrace
T2 with SICW/Antarctic Intermediate Water (AAIW) interface, and
terraces T3 and T4 with AAIW/North Atlantic Deep Water (NADW)
interface. The interfaces (pycnoclines) for T1 and T2 represent sharp
and well-defined density gradients (Fig. 9C). A 700m thick transition
zone marks the interface for T3 and T4 between AAIW (800–1500m
wd) and NADW (2200–3500m wd). The transition zone is marked by a
diffuse density gradient with a gradual transition from one water mass
to the other (Fig. 9C). These interfaces can be affected by different
oceanographic processes, which are described below.

5.1.1. The effect of internal tides
According to both in situ measurements (tidal gauges) and numer-

ical models, the most important harmonic affecting the Mozambique
Channel is semi-diurnal (M2 tidal constituent; 12.42 h) tides (sea-level
amplitudes up to 2m) (Chevane et al., 2016). Manders et al. (2004)
demonstrated that the barotropic tidal current (with the dominant M2

component) velocity oscillates within± 2–5 cm/s in north-south di-
rection. The east-west oriented tidal current oscillates within±1 cm/s
and is thus negligible, except along the shelf (30–70 cm/s; Chevane
et al., 2016). Interaction between the barotropic tidal current with the
bottom topography, in regions where it changes more or less abruptly,
as ridges, banks, slopes, shelf breaks, etc., may often result in the

generation of large internal waves of tidal period, known as internal
(baroclinic) tides (Shanmugam, 2013; Hernández-Molina et al., 2016b).
According to Manders et al. (2004), internal semi-diurnal tidal current
oscillates within±3–4 cm/s, with peaks exceeded 12 cm/s (∼250m
wd). Internal waves of tidal period (M2) are also a major driving force
for vertical displacements of the isopycnals (Maas et al., 2018). Iso-
pycnal displacement (∼100m) produced by internal waves propaga-
tion can be observed directly from Envisat advanced synthetic aperture
radar (ASAR) images (Fig. 10). It shows clear evidence of internal
waves travelling oceanward away from the shelf break (Fig. 10E and
10D) and toward the continental shelf (Fig. 10A, B, and 10C). In Fig. 9,
higher buoyancy (Brunt-Väisälä) frequency is observed on the proximal
and/or nearly flat sector of terrace T1. It coincides with the water depth
range of the interface between TSW + STSW/SICW (∼200 m wd). Da
Silva et al. (2009) observed internal waves travelling at 1.4 m/s with
wavelengths of 0.5 km along the pycnocline near the surface
(∼60–100m). It leads to oscillation around 10 cycl/h which is con-
sistent with values observed along T1 at ∼100m wd (Fig. 9B). For T2,
high values of buoyancy (Brunt-Väisälä) frequency along the water
depth range of the interface between SICW/AAIW (∼800m wd)
(Fig. 9A) indicate a stably-stratified boundary layer, allowing for in-
ternal waves to propagate (Maas et al., 2018). Lastly, Maas et al. (2018)
indicated that the fluctuation of the isopycnal (displacements of 80m)
at 1500 wd was in general dominated by the internal tides, as reported
for internal waves above. This fact point to a probable propagation of
internal waves in the water depth range of T3. However, the study of

Fig. 9. (A) Seismic and hydrographic vertical section for the Mozambican continental margin. Water column colour range indicates the buoyancy (Brunt-Väisälä)
frequency (cycl/h). This profile is denoted as Fig. 6A located in Fig. 4. (B) Inlay illustrating the buoyancy (Brunt-Väisälä) frequency (cycl/h) along contourite terrace
T1. Seismic line courtesy of INP and WesternGeco Multiclient. (C) Panel plots with Depth from pressure (m) vs. Neutral densities (kg/m3) and buoyancy (Brunt-
Väisälä) frequency (cycl/h) at station 17802 (WOD13) located in Fig. 1. The yellow stripes indicate areas potentially correlated with internal wave generation at
interfaces between Subtropical Surface Water (STSW) and South Indian Central Water (SICW), and between SICW and Antarctic Intermediate Water (AAIW). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Figure 3.1.9. (A) Seismic and hydrographic vertical section for the Mozambican continental margin. Water column colour range indicates the buoyancy (Brunt-
Väisälä) frequency (cycl/h). This profile is denoted as Fig. 3.1.6A located in Fig. 3.1.4. (B) Inlay illustrating the buoyancy (Brunt-Väisälä) frequency (cycl/h) along 
contourite terrace T1. Seismic line courtesy of INP and WesternGeco Multiclient. (C) Panel plots with Depth from pressure (m) vs. neutral densities (kg/m3) and 
buoyancy (Brunt-Väisälä) frequency (cycl/h) at station 17802 (WOD13) located in Fig. 3.1.1. The yellow stripes indicate areas potentially correlated with internal 
wave generation at interfaces between Subtropical Surface Water (STSW) and South Indian Central Water (SICW), and between SICW and Antarctic Intermediate 
Water (AAIW). 
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Maas et al. (2018) is located along the narrowest part of the Mo-
zambique Channel (17° S) while T3 occurs at around 22° S (Fig. 4). This
assumption remains nevertheless to be confirmed by further studies.
Hence, we suggest that internal waves of tidal period may act as the
primary mechanism in the erosion or non-deposition of contourite
terraces T1, T2 and T3 as have been proposed along the south Atlantic
continental slopes (e.g., Hernández-Molina et al., 2009; Preu et al.,
2013). These can mobilize and re-suspend bottom sediments (e.g.,
Cacchione et al., 2002; McCave, 2009; Pomar et al., 2012; Shanmugam,
2013).

5.1.2. The effect of eddies
Mesoscale eddies (either cyclonic or anticyclonic) can be considered

as a further mechanism (e.g., García et al., 2015). Such eddies are well
described along the Mozambique Channel (De Ruijter et al., 2002).
These eddies have a large barotropic component, affecting the whole

water column with current velocities ∼50 - 25 cm/s at ∼200–300m
wd, respectively (Ternon et al., 2014). Current velocities are, however,
greatly weakened near the bottom (∼10 cm/s at depths > 2000 m)
(Schouten et al., 2003). Consequently, these eddies were able to induce
erosion or non-deposition along the contourite terraces. This finding is
consistent with the area of erosion or non-deposition of T1 along the
Inharrime Terrace (Martin, 1981) (Fig. 4) maintained by strong bottom
currents due to eddies (Lamont et al., 2010; Preu et al., 2011). As a final
remark, internal waves are also likely to be amplified by interaction
with mesoscale eddies (Magalhaes et al., 2014; Xie et al., 2015). Beal
et al. (2006) also suggested eddy-induced generation of internal waves
along the upper boundary of the NADW (∼2200m wd) in the water
depth range of T4 (e.g., Clément et al., 2017).

5.1.3. The effect of along-slope bottom currents
Another possible mechanism controlling sediment dynamics

Fig. 10. Select examples of internal waves (solitons) propagating along the Mozambique Channel. Images (A–C) are located along the Bay of Maputo (from Jackson,
2004) and (D–E) are along the Bight of Sofala (from Magalhaes et al., 2014). Abbreviations: NMB = Northern Mozambique Basin; SMB = Southern Mozambique
Basin; NV = Natal Valley; MozR=Mozambique Ridge; IWs= Internal waves.
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Figure 3.1.10. Select examples of internal waves (solitons) propagating along the Mozambique Channel. Images (A-C) are located along the Bay of Maputo (from 
Jackson, 2004) and (D-E) are along the Bight of Sofala (from Magalhaes et al., 2014). Abbreviations: NMB = Northern Mozambique Basin; SMB = Southern Mo-
zambique Basin; NV = Natal Valley; MozR = Mozambique Ridge; IWs = Internal waves. Details about satellite images are given in Part 2.5 in Chapter 2.
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originates from the along-slope bottom currents. Fig. 11 shows clear
evidence for high current velocities influencing T3 and T4 (> 25 cm/s).
For T3, Beal (2009) reported northward flow velocities of 25 cm/s with
peak speed over 95 cm/s at ∼1400m wd within the Agulhas under-
current (1000–2900m wd). Ridderinkhof and de Ruijter (2003) inter-
preted northward flow velocities of 4.5 cm/s with peak speed around
40 cm/s at 1500–2400m wd within the Mozambique undercurrent.
However, it should be noted that geostrophic flows have periods of
intense, reduce or even revert circulation modulated by periodic or a-
periodic processes (eddies, deep water tidal currents, etc.).

Additionally, internal waves may be generated when the along-slope
bottom currents flow over rough topography (Liang and Thurnherr,
2012).

5.2. Along-slope bottom current circulation governs the formation of
plastered drifts

Large-scale plastered drifts (D1 and D2) occur on a regional scale
along the Mozambican margin while plastered drift D3 occurs on a
more local scale (Fig. 4). These occur in basinward areas and in distal

Fig. 11. Results from the Regional Oceanic Modelling System (ROMS) showing mean bottom current velocities along the seafloor of five different sectors indicated in
Fig. 4.
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Figure 3.1.11. Results from the Regional Oceanic Modelling System (ROMS) showing mean bottom current velocities along the seafloor of five different sectors 
indicated in Fig. 3.1.4. 
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areas of contourite terraces T1, T2 and T3, respectively (Fig. 6A, C, and
6E). Plastered drift water depths range from ∼300–600m for D1,
∼900–1300m for D2 and ∼1600 to ∼2200m for D3. Their distribu-
tion determines morphological seafloor changes that roughly coincide
with the major physiographic provinces (D1, upper slope; D2, middle
slope; and D3, lower slope; Fig. 5 and 6). Thus, these have significant
effect in the shaping of the continental margin (e.g., Mosher et al.,
2017). Hydrographic sections indicate that D1 and D2 match the near-
bottom layer distribution of water masses bounded by the most pro-
nounced density contrasts (pycnoclines) (Fig. 9). We therefore interpret
large plastered drifts D1 and D2 along the Mozambican slope as influ-
enced by the SICW (200–600m wd) and AAIW (800–1500m wd), re-
spectively (Fig. 8A and 8B). In contrast, plastered drift D3 occurs in the
transition zone between AAIW (800–1500m wd) and NADW
(2200–3500m wd). Along-slope bottom currents move relatively
slowly in the water depth range occupied by the plastered drifts
(∼5–10 cm/s) (Fig. 11). These currents exhibit generally southward
direction over D1 (Fig. 11A), and northward direction over D2 and D3
(Fig. 11B and 11D). This hypothesis is further confirmed by other stu-
dies: Martin (1981) demonstrated that rapid sediment accumulation of
D1 along the Inharrime Terrace occurs under weak southward flow
conditions; and Beal (2009) reported weak northward flow velocities of
10 cm/s at 1100m wd in the water depth range of D2.

These morpho-sedimentary and hydrographic coincidences lead us
to propose that the regional physiographic configuration of the
Mozambican margin is most likely related to along-slope bottom cur-
rents. Seismic profiles indicate that the present-day physiographic
configuration and the sub-bottom architecture of the plastered drifts
have a stable behaviour on geological timescales, as reported by Dingle
et al. (1978) and Preu et al. (2011) for D1 along the Inharrime Terrace.
It allows us to suggest a long-term, stable behaviour of the water masses
(e.g., Rebesco et al., 2014; Ercilla et al., 2016). Thus, the observed
variability of geostrophic flows in the region (eddies, deep water tidal
currents, etc.) appears to have no significant effect in the long-term
shaping of the continental margin. Although their apparent not sig-
nificant effect may simply reflect poor interpretation because their
importance cannot be resolved in our seismic profiles. This point was
mentioned in the study of Ercilla et al. (2016). Lastly, the actual
oceanographic model and all observed variability (eddies, deep water
tidal currents, etc.) might differ over the geological time span of plas-
tered drifts formation. This scenario might explain the present-day
unusual location of D3 in the water depth range of the transition zone
between two water masses (AAIW and NADW).

5.3. Influence of bottom topography on bottom current processes

The AAIW and NADW encounter obstacles such as seamounts (i.e.,
Almirante Leite Bank, Naudé Ridge), the Beira High and the
Mozambique Ridge. These obstacles produce streamline distortions,
creating current cores that can winnow, distribute, erode, and rework
near-surface sediment (e.g., Kennett, 1982; Faugères et al., 1999;
García et al., 2009). The AAIW and NADW usually have main current
cores that run northward, parallel to isobaths along the walls of the
obstacles (e.g., Dingle et al., 1987) (Fig. 11). The velocity of these cores
manifests in erosive features (moats, contourite channels, abraded
surfaces, and lineations; scours and furrows) (Fig. 4). Moats are asso-
ciated with elongated-mounded drifts at the foot of high walls, as well
as the abraded surfaces along their walls (e.g., Kennett, 1982;
Hernández-Molina et al., 2006b) (Figs. 4–6). These features suggest
helicoidal flows around the cores of the current, referred to as ‘hor-
izontal eddies’ (Rebesco et al., 2014). It result from Coriolis effect di-
recting the cores of the current against the adjacent slope eroding the
left side of the moat and depositing sediment on the right side where
the current velocity is lower (e.g., Llave et al., 2001; Faugères and
Mulder, 2011). The currents then form the abraded surfaces north of
the Naudé Ridge (Fig. 6D) and along the steep lower-slopes of the

Mozambique margin (Figs. 5B, 6G and 6H). They also influence con-
tourite channels and moats along the Almirante Leite Bank (Fig. 4), on
the Mozambican lower-slope (Fig. 5B and 6B), at the foot of the Mo-
zambique Ridge (Figs. 5B, 6F and 6G), and eastern-limb of the Beira
High (Fig. 6G), and across deep, E-W corridors within the Mozambique
Ridge (Fig. 4; described in Wiles et al., 2014). Finally, they form
elongated-mounded drifts immediately seaward of moats (Figs. 5B, 6B
and 6F, and 6G). As shown in Fig. 11, bands of high bottom current
velocities (> 25 cm/s) correspond either to the presence of moats/
contourite channels or abraded surfaces, while elongated-mounded
drifts experience the lowest bottom current velocities (< 12.5 cm/s).
Both are associated with northward flowing water masses of the AAIW
and NADW within the Mozambique and Agulhas undercurrents. How-
ever, Fig. 11C shows the complexity of AAIW circulation, a large part of
which is diverted southward. Observations of Dingle et al. (1978) and
Martin (1981) support the interpretation given here by emphasizing
that the deepest moats lie along upstream (NE) flanks of topographic
highs centered on the Almirante Leite Bank between ∼900 and 1300m
wd. This suggests southward flow of the AAIW following the model of
Faugères et al. (1999), Llave et al. (2001), and Hernández-Molina et al.
(2006b). Re-circulation of the AAIW may be due to the occurrence of
passing moving anticyclonic eddies that also carry the RSW southward
at a depth of ∼900–1200m (Gründlingh, 1985; Ridderinkhof and de
Ruijter, 2003). Beal (2009) also defined the core of the Agulhas un-
dercurrent at 1000–2900m wd, where it carries both AAIW and NADW
northward. For the northern part of the Mozambique Channel near 17°
S, Ridderinkhof and de Ruijter (2003) interpreted the core of the Mo-
zambique undercurrent at 1500–2400m wd and suggested entrainment
of the AAIW southward where it exits the local undercurrent.

Sedimentary waves at water depths of 2500–3500m along the
abyssal plain are linked to the presence of the NADW, which would be
locally guided by seafloor irregularities and incisions created by the
Zambezi Valley and seamounts (i.e., Bassas Da India, Mt. Boucart)
(Fig. 4 and 11). Breitzke et al. (2017) demonstrated that these sedi-
mentary waves are draped with sediments, indicating that present-day
velocities cannot erode sediments along this part of the abyssal plain. At
water depths greater than ∼3500m, Breitzke et al. (2017) described
bedforms as consisting mainly of large sedimentary waves, giant ero-
sional scours, and furrows. These occur in the transition zone (∼500m)
between the NADW (<3500m) and the AABW (>4000m) and within
the AABW. Crests tend to be aligned oblique to the current direction in
the case of sedimentary waves associated with geostrophic bottom
currents (Fox et al., 1968; Manley and Flood, 1993). Simulation results
(Fig. 11E) demonstrate that bottom currents direction is consistent with
the oblique alignments of the sediment wave crests (Fig. 4). Here, the
shallow bathymetry (< 4000m wd) of the northern part of the margin
topographically blocks the AABW to the north and deflects it eastward.
Thus, we can infer that these features likely result from the geostrophic
flows (∼12.5 cm/s), being aided by internal waves in the transition
zone of NADW and AABW (3500–4000m wd) (Kolla et al., 1980).
Furrows, observed to run oblique relative to the main bottom currents,
and scours point toward the northward flowing AABW (Fig. 4 and 11E).
Furthermore, high northward flow velocities (> 25 cm/s) at the foot of
the Mozambique Ridge (along 37° E, Fig. 11E) suggest the role of
‘horizontal eddies’ in generating these features (e.g., Hernández-Molina
et al., 2014).

5.4. A model for deep-sea sedimentation in the Mozambique channel

We present a new model for deep-sea sedimentation within the
Mozambique Channel (Fig. 12). Sediments from the continent are
mainly transported by the Zambezi, Limpopo, and Tugela rivers. When
these rivers reach coastal areas, the Mozambique Current and Agulhas
Current quickly disperse the suspended sediment over large areas along
the continental shelf and upper slope. The Mozambique Undercurrent
and Agulhas Undercurrent subsequently transport and deposit the
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sediment along the middle-lower slopes, base-of-slope, seamount
flanks, and abyssal plain. The TSW + STSW (+Tropical Thermocline
Water)/SICW, SICW/AAIW (+RSW), AAIW (+RSW)/NADW, and
NADW/AABW interfaces along the Mozambican margin form super-
imposed nepheloid layers by settling processes (McCave and Tucholke,
1986; Preu et al., 2013). For example, fine-grained sediments arriving
as turbidity currents from the continent are remobilized by the NADW/
AABW interface and subsequently concentrated into a dense nepheloid
layer between 3500 and 4500m wd (Kolla et al., 1980). These layers
represent a major regional/basin scale transport mechanism for fine-
grained sediments at different water depths. They deposit sediments
laterally and basinward with a dominant along-slope component. Ma-
terial in the Mozambique Channel can thus experience significant
transport over long distances prior to deposition. Turbulent processes
generated at the interfaces (e.g., internal waves) interacting with the
continental slope/shelf may induce bottom current erosion, re-suspen-
sion, and redistribution of sediment (e.g., Dickson and McCave, 1986;
Cacchione et al., 2002; Pomar et al., 2012; Shanmugam, 2013, 2014).
These mechanisms change slope morphology by steepening upslope and
developing a terrace-like feature along the water mass interface
(Hernández-Molina et al., 2009; Preu et al., 2013). This sweep and
winnow of the seafloor may also supply the nepheloid layers with se-
diment at the seaward limit of the terrace (Dickson and McCave, 1986;
Puig et al., 2004; Wilson et al., 2015). Kolla et al. (1980) suggested that
sedimentary waves on the Mozambican abyssal plain can result from
very deep internal waves (e.g., van Haren and Gostiaux, 2011) focused
on the nepheloid layer at the NADW/AABW interface between 3500
and 4500m wd. Deposition occurs mainly in areas experiencing rela-
tively low current velocities where settling of suspended particles can
form contourite drifts (Miramontes et al., 2016; Cattaneo et al., 2017).
Large-scale velocity variation in current pathways may reflect strong
rotational current velocities (> 70 cm/s) due to southward moving
anticyclonic eddies (Ridderinkhof and de Ruijter, 2003) interacting
with the Mozambican margin morphology (Dingle et al., 1987).

Contourite drifts can also form from local reworking of the seafloor by
bottom currents (e.g., ‘horizontal eddies’). In this case, topography in-
fluences the velocity of the impinging water-mass and sediments de-
posit near the eroded source area (Rebesco and Camerlenghi, 2008).
Coriolis forcing of northward currents towards the Mozambican margin
(e.g., Faugères and Mulder, 2011) can amplify this effect. In the de-
positional model for the Mozambique Channel described here, most
present-day sedimentary processes and their morpho-sedimentary pro-
ducts result from bottom current processes. Observations from similar
European and South American margins (Hernández-Molina et al., 2011,
2016a; Ercilla et al., 2016; Preu et al., 2013) support this interpretation.

Based on our results, two important aspects should be considered for
improving this sedimentary model in the future. First, we show a
dominance of across-slope gravity-driven processes operating along the
northern sector of the Mozambican margin (Fig. 4). Slope and shelf
areas associated with the northern sector experienced high rates of
sediment than those located in the central and southern sectors (e.g.,
estimated present annual sedimentary input: 100∙106 t from the Zam-
bezi River; 4.8∙106 t from the Limpopo River, Milliman, 1981). In the
northern sector, high rates of sediment delivery beginning in the Plio-
cene and continuing up to present (Dingle et al., 1983; Walford et al.,
2005; Franke et al., 2015) may have conditioned large MTDs and
maintained turbidity currents through time. In the central and southern
sectors, limited sediment supply between the Pliocene and present
(Green et al., 2008; Green, 2011; Said et al., 2015; Hicks and Green,
2016) led to a predominance of along-slope (contourite) processes. The
northern sector, however reveals a combination of along-slope (i.e., T1
and D1) and across-slope (i.e., MTDs, turbidity currents) processes that
may be related to sea-level fluctuations during glacial and inter-glacial
periods (Wiles et al., 2017). During interglacial periods, sediments in
front of the Zambezi River (‘inner mud belt’) are transported northward
along the ‘inner’ shelf. Much of these sediments transfer through upper
slope canyons of the Angoche SCS, few of these sediments are trans-
ported southward along the ‘outer’ shelf (‘outer mud belt’) toward the

Fig. 12. (A) 3D sketch summarizing the conceptual model of the effect of bottom current processes on deep-water sedimentation along the Mozambique Channel.
Simplified morpho-sedimentary and hydrographic features are shown. (B) Schematic model for the Mozambique Channel explaining water mass interface processes.
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Figure 3.1.12. (A) 3D sketch summarizing the conceptual model of the effect of bottom current processes on deep-water sedimentation along the Mozambique 
Channel. Simplified morpho-sedimentary and hydrographic features are shown. (B) Schematic model for the Mozambique Channel explaining water mass interface 
processes.
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Middle and Lower Zambezi SCSs (Schulz et al., 2011; Wiles et al., 2017)
(Fig. 4). This flux can be expected to have resulted in greater downslope
transport (i.e., MTDs and turbidity currents) in front of the Angoche
SCS than in front of the Middle and Lower Zambezi SCSs as it reached
the shelf edge (Wiles et al., 2017) and may inhibit along-slope processes
and their sedimentary features. Furthermore, shelf morphology (depth
of the shelf-break, width of the shelf, etc.) during interglacial periods
(such as in present-day, Wiles et al., 2017) is suitable for internal waves
to propagate along the shelf edge, especially in front of the Middle and
Lower Zambezi SCSs (Da Silva et al., 2009). Internal waves contributed
to erosion, re-suspension, and redistribution of sediments along the
upper slope, forming contourite terrace T1 and plastered drift D1 (e.g.,
Preu et al., 2013). During glacial periods, greater sediments supply and
variation of the shelf morphology in front of the Middle and Lower
Zambezi SCSs probably facilitate downslope sediment transport (Wiles
et al., 2017) along the continental slope as well as preclude generation
of internal waves. Further research can confirm or refute this hypoth-
esis.

Second, a particular deep plastered drift (D3) occurs over a specific
water depth range in the transition zone between two water masses
(AAIW and NADW) while upper plastered drifts (D2 and D3) match
water depth ranges of water masses (SICW and AAIW) between density
interfaces (pycnoclines) (e.g., Preu et al., 2013; Rebesco et al., 2014).
However, the interpretation of D3 being generated in the transition
zone between two water masses is questionable and it could be related
to vertical movement of interfaces. The plastered drift formation is the
result of processes acting on longer geological times. During the Qua-
ternary, the Atlantic and Southwest Indian water-mass circulation and
spatial fluctuations in water-mass interfaces may have been controlled
by the Agulhas leakage (Hall et al., 2017) with less leakage during full
glacial times than interglacial times (Peeters et al., 2004; Caley et al.,
2012; Petrick et al., 2015). Variations of the Agulhas leakage have led
to a weakening of the NADW flow during glacial stages, allowing the
deep Antarctic water masses (CDW and AABW) to extend farther north
than it does today (Bickert and Wefer, 1996; Pena and Goldstein, 2014).
During cold (glacial) periods under this scenario, the oceanographic
setting would differ from the present one and may have potentially
provoked vertical and lateral variations of the interfaces and the asso-
ciated oceanographic processes (e.g., internal waves), displacing drift
D3 under the influence of deep Antarctic water masses. This inter-
pretation is supported by Breitzke et al. (2017) suggesting that sedi-
mentary waves under the water depth range of the NADW along the
abyssal plain (Fig. 4) are draped with sediments. Thus, sedimentary
waves might be related to strong bottom currents during cold periods,
potentially under the AABW flow. While the discussion given above is
somewhat speculative, and open a discussion proposed by Preu et al.
(2013) in Argentine/Uruguay and Hernández-Molina et al. (2017b) in
the Pacific margin of the Antarctic Peninsula about if some deep water
features in the ocean are functional or relict. Are observed drifts and
contourite terraces identify in deep-environments (lower slope and
basin floor) relate to the same water masses structure than observed
today? The conditions and timing of their formation, remain still un-
resolved but future research should address these questions.

6. Conclusion

This work interpreted a number of large contourite deposits along
the Mozambique Channel and their associated bottom currents and
oceanographic processes. The oceanographic processes described act in
combination to determine the bottom current's local direction and ve-
locity. Although many of these processes and their effects on deep-
water sedimentation are not fully understood, local or regional inter-
action of these processes with the seafloor influences morphology and
sediment distribution along the Mozambican continental margin and
adjacent Durban basin. This study came to fourth major conclusions:

a) The first and most important finding is that internal waves originate
from instabilities in the transition zone (interfaces/pycnoclines)
between two water masses, caused by eddies, tidal and geostrophic
currents being aided by topography. It provides the most plausible
mechanism for sculpting contourite terraces (T1 to T4 in this study),
facilitating erosion, re-suspension and redistribution of sediments
(e.g., nepheloid layers).

b) Second, weak along-slope bottom currents on the plastered drifts
(D1 to D3) rarely exceed 12.5 cm/s and thus promote the settling of
suspended particles. Growth of plastered drifts D1 and D2 is fa-
cilitated by weak along-slope bottom currents of two major water-
masses circulating in the Mozambique Channel (i.e., SICW and
AAIW) or a counteraction of such currents with periodic or a-peri-
odic processes (e.g., eddies, deep water tidal currents), reducing
current velocities.

c) Third, the strengthening of along-slope bottom currents (e.g.,
Coriolis Effect, eddies, deep water tidal currents), being aided by
seafloor irregularities would result in ‘horizontal eddies’. Hence,
these currents lead to erosion inside the moat and deposition on the
elongated-mounded drift. Our study show that these drifts can de-
velop inside the transition zone. Nevertheless, the finding in our
study and limitations in the hydrodynamic modelling (e.g., sec-
ondary processes) point out a need for further studies, not only
based on numerical simulations but also by field measurements (i.e.,
sedimentary cores and mooring scheme) to better quantify the im-
pact of instabilities on contouritic depositional systems.

d) The fourth finding is that the specific plastered drift D3 in our study
area occurs in the transition zone between two water masses (AAIW
and NADW), and forms on a much smaller lateral scale. This marks a
major difference between the plastered drift investigated here and
the existing paradigm that plastered drifts are often formed below
water mass interfaces (such as D1 and D2). A possible explanation
for that could be related to the fact that, through geological times,
vertical movements of water masses and associated interfaces oc-
curred, as reported in the south Atlantic by Preu et al. (2013), where
the AABW was thicker, more vigorous and its top quite shallower
during glacial stages compared with interglacial stages, as the pre-
sent one. This hypothesis highlight new and important considera-
tions: are all present morphologies in deep marine environment
functional? Can some depositional and erosional features, especially
in the deepest oceans, be relicts, being active under different ocea-
nographic processes than the present ones?
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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.

KEYWORDS: contourite; sediment drift; bedform; sedimentary processes; tide; internal solitary waves; bottom currents

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 (Hernández-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-
strophic currents, eddies, overflows, dense shelf-water cas-
cading, barotropic and baroclinic tidal currents or internal
solitary waves (ISWs) (Rebesco et al., 2014; Hernández-
Molina et al., 2016a). Despite the ubiquity of contourites, lit-
tle is known about how the different oceanographic processes
affect continental slopes due to the paucity of direct

observations and modelling studies in deep-sea settings
(Hunter et al., 2007; de Lavergne et al., 2016; Hernández-
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
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),

EARTH SURFACE PROCESSES AND LANDFORMS
Earth Surf. Process. Landforms (2020)
© 2020 John Wiley & Sons, Ltd.
Published online in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/esp.4818

Chapter 3.
3.2. The importance of internal waves in shaping the Mozambican continental margin.



68

or sediment waves, as suggested in the western (Ribó 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 (inter-
nal baroclinic tides); or (ii) as internal tidal beams into the strat-
ified 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 sedimen-
tation 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 × 106 km2 (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 di-
rectly to the shelf edge and the continental slope (Schulz et
al., 2011). In contrast, at present and during past sea-level
high-stands, sediments 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 charac-
terized by a convex shape, with higher sediment accumula-
tion in the centre of the deposit (Faugères and Stow, 2008).
In their proximal part, they are commonly associated with
contourite terraces, which are large, broad and gently tilting
seaward (< 2°) surfaces dominated by erosional features
(Hernández-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 turbi-
dite 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 upper continental slope (Thiéblemont et al.,
2019).

Oceanographic setting

Currents in the Mozambique Channel are very complex and in-
tense, with surface currents up to 2m s-1 (Ternon et al., 2014)
and bottom currents in the deep basin up to 0.5m s-1

(Miramontes et al., 2019a). Surface currents along the Mozam-
bican margin are part of the greater Agulhas Current system,

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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Figure 3.2.1. (A) Bathymetric map of the Mozambique Channel showing the main ocean currents. The blue dots indicate the location of the CTD data used 
in Figure 3.2.2. 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 21st 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.
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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 (≥ 300 km 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 100–150m) and
subtropical surface water (STSW) (from 100 to 150m 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).
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 1A), 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 700m b.s.l.) and 40m 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 100m and
we subtracted the depth of the average plane from the original
multibeam bathymetry at a horizontal resolution of 3m. 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
GI-gun seismic reflection profiles (50–250Hz) 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, 9.12m 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
the method of Cacchione et al. (2002). The angle c is
given by:

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 (kgm-3). 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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Figure 3.2.2. Potential temperature-salinity diagram showing the main wa-
ter masses that affect the upper slope of the Mozambican margin genera-
ted with Ocean Data View (Schlitzer, 2018). The grey lines represent the 
potential density anomaly (kg m-3). TSW: Tropical Surface Water; STSW: 
Sub-Tropical Surface Water; SICW: South Indian Central Water; AAIW: 
Antarctic Intermediate Water; RSW: Red Sea Water. See Figure 3.2.1(A) 
for CTD location.
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c ¼ ±
σ2 � f 2

N2 � σ2

 !1=2

; (1)

where σ 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
φ (19.5°S and 19°S), where f = sin(φ)/12 cph; and N is the
local Brunt–Väisälä (or buoyancy) frequency, which is
calculated as:

N2 ¼ �g
ρ

∂ρ
∂z

; (2)

The slope criticality (i.e. how tidal beams are reflected from
the slope) is analysed according to ratio between the seafloor
slope angle (γ) and the natural internal wave propagation an-
gle (c): (i) transmissive or subcritical conditions when γ < c;
(ii) critical or near critical conditions when γ ≈ c; and (iii) re-
flective or supercritical conditions when γ < c (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
300–400m 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).
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 30μm. The upper 2m 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 71μm to 243μm (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 246m) and incises the seafloor
2–13m (mean channel incision depth of 9m) (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
becomes much straighter, showing continuous shallow and
deep flanks and more regular channel widths and depths. A

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 1 hour after high tide. [Colour figure can be viewed at
wileyonlinelibrary.com]

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]
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Figure 3.2.3. Predicted tide height at Chinde, Mozambique (see Figure 
3.2.1(B) for location). The red bands correspond to the periods of acquisition 
of the seismic profiles MOZ4-HR-102, MOZ4-HR-108 and MOZ4-HR-117. 
They were all collected during spring tides, profile 102 was collected on 
average during high tide, 108 2.5 h after high tide and 117 1 h after high tide.

Figure 3.2.4. 3D block composed of multibeam bathymetry and multi-chan-
nel 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 3.2.1(B) for location.



71

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.l. 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.
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 1.50m, 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
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).

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
wileyonlinelibrary.com]

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]
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Figure 3.2.5. (A) Multi-channel high-resolution seismic reflection profile MOZ04-HR-108 of the water column (greyscale) and below the seafloor (colour 
scale) showing wavy reflections in the water column in the vicinity of the channel. See Figure 3.2.1(B) for profile location. (B) Sub-bottom profiler image 
MOZ04-SDS-108b showing in detail the channel and the erosional truncations of the upper slope.

Figure 3.2.6. (A) Seafloor images at the core site characterised by straight- to sinuous-crested ripples. (B) Grain size distribution, sand volume, Napierian 
logarithm of the XRF Zirconium-Rubidium ratio of core MOZ04-CSF19. See Figures 3.2.1(B) and 3.2.2 for core location.
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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 (Sallarès et al., 2009; Ker et al., 2016).
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) (113–151m b.s.l., using a sound velocity of

1512m s-1 for time-depth conversion) (Figure 11). The zone at
0.20–0.25 s TWT (150–190m 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 (113–227m 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
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 0.15–0.20 s TWT, 113–151m b.s.l.)
(Figure 5).

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]

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]
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Figure 3.2.7. Multibeam bathymetry and bathymetric profiles of the channel characterised by an irregular shape in the southern part (A) and a straight shape 
in the northern part (B). See Figure 3.2.1(B) for location.

Figure 3.2.8. (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.
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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 0.3 s TWT (~227m b.s.l.) (Figure 12A). Partic-
ular undulated high amplitude seismic reflections are also ob-
served near the seafloor in the upper slope near the shelf
edge at about 0.18 s TWT (~136m 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 140m 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).

The ratio between slope angle (γ) 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

Figure 9. Differential bathymetry relative to the mean bathymetric surface of the upper part (A) and lower part (B) of the dune field, and bathymetric
profiles of differential bathymetry to highlight dune morphologies. See Figure 8A for location. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 10. Height-wavelength diagram of the sand dunes measured in this study compared with sand dunes suggested to be influenced by internal
solitary waves and internal tides in other settings (Santoro et al., 2002; Ma et al., 2016; Miramontes et al., 2019c), and with the mean and maximum
height–wavelength relationship after Flemming (1988). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 3.2.9. Differential bathymetry relative to the mean bathymetric surface of the upper part (A) and lower part (B) of the dune field, and bathymetric 
profiles of differential bathymetry to highlight dune morphologies. See Figure 3.2.7(A) for location.

Figure 3.2.10. Height-wavelength diagram of the sand dunes measured in this study compared with sand dunes suggested to be influenced by internal solitary 
waves and internal tides in other settings (Santoro et al., 2002; Ma et al., 2016; Miramontes et al., 2019b), and with the mean and maximum height-wavelength 
relationship after Flemming (1988).
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supercritical (γ/c > 1, reflective conditions) to semi-diurnal in-
ternal tides, the internal tide would thus be reflected down-
slope. 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 propagation angle γ/c ≈ 1, Figure 14). Under these condi-
tions, energy is trapped at the seafloor and bottom velocities
are intensified, often resulting in seafloor erosion and in the for-
mation 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
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
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

Figure 11. Multi-channel high-resolution seismic reflection profile MOZ04-HR-117 of the water column (greyscale) and the sub-seafloor (colour
scale), and temperature gradient profile collected at the same time. Note the good correlation between high amplitude reflections in the water column
and peaks in temperature gradient. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 12. (A) Multi-channel high-resolution seismic reflection profile MOZ04-HR-102 of the water column (greyscale) and the sub-seafloor (colour
scale), showing the dune field and internal solitary waves (ISWs) travelling onshore. (B) Detailed image of the ISWs. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Figure 3.2.11. Multi-channel high-resolution seismic reflection profile MOZ04-HR-117 of the water column (greyscale) and the sub-seafloor (colour scale), 
and temperature gradient profile collected at the same time. Note the good correlation between high amplitude reflections in the water column and peaks in 
temperature gradient.

Figure 3.2.12. (A) Multi-channel high-resolution seismic reflection profile MOZ04-HR-102 of the water column (greyscale) and the sub-seafloor (colour 
scale) showing the dune field and Internal Solitary Waves (ISWs) travelling onshore. (B) Detailed image of the ISWs.
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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
100–200m b.s.l., with the strongest change in density at about
140m 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 1A). In the area where ISWs were identi-
fied, the pycnocline was located at 60m 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
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).

Figure 13. Profiles of temperature, salinity, density and buoyancy fre-
quency (N). See Figure 1B for location. [Colour figure can be viewed at
wileyonlinelibrary.com]

Figure 14. Ratio between seafloor slope angle (γ) 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 γ/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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Figure 3.2.13. Profiles of temperature, salinity, density and buoyancy fre-
quency (N). See Figure 3.2.1(B) for location.

Figure 3.2.14. Ratio between seafloor slope angle (γ) and characteristic angle for semi-diurnal internal tides (c), and bathymetric profiles of two different 
slope profiles: (A) as seismic profile MOZ04-HR-114 characterised by a channel (orange profile); (B) as seismic profile MOZ04-HR-102 characterised by 
a dune field (green profile). The bathymetric profile corresponding to each γ/c graph is filled with colour and the other bathymetric profile is also plotted for 
comparison.
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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
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; Vázquez 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
(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

Figure 15. (A) Mean and (B) maximum bottom shear stress (BSS) related to geostrophic currents from the ROMSmodel (modified after Miramontes et
al., 2019a; Thiéblemont et al., 2019). (C) Mean and (D) maximum BSS related to tidal currents simulated with the ROMS model (modified after
Chevane et al., 2016). Depth contours are shown every 200m. Vertically average barotropic tidal currents during (E) high tide and (F) two hours after
high tide (modified after Chevane et al., 2016). The area filled with black dots represents the dune fields mapped by Flemming and Kudrass (2018) and
by the present study. The dashed black line represents the channel identified in the present study. [Colour figure can be viewed at wileyonlinelibrary.
com]
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Figure 3.2.15. (A) Mean and (B) maximum Bottom Shear Stress (BSS) related to geostrophic currents from the ROMS model (modified after Miramontes et 
al., 2019a; and Thiéblemont et al., 2019). (C) Mean and (D) maximum BSS related to tidal currents simulated with the ROMS model (modified after Chevane 
et al., 2016). Depth contours are shown every 200 m. Vertically average barotropic tidal currents during (E) high tide and (F) 2 hours after high tide (modified 
after Chevane et al., 2016). The area filled with black dots represents the dune fields mapped by Flemming and Kudrass (2018) and by the present study. The 
dashed black line represents the channel identified in the present study.
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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
100m 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., 2019c) 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 sedi-
ment 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
~200 ka (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.

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 155–170m 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

Figure 16. Schematic model of the processes that may be at the origin of the observed sedimentary features: (A) the channel may be formed by a
hydraulic jump generated by arrested internal solitary waves (ISWs), when the barotropic tidal current (U) is equal or greater than the propagation
velocity of the ISW (c); (B) the upslope migrating dunes may be formed by upslope bottom currents induced by ISWs of elevation. Here, h1 and
h2 are the thickness of the layers above and below the pycnocline. The red arrows represent the barotropic current (U) and the blue arrows represent
the currents induced by the ISW (UISW). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 3.2.16. Schematic model of the processes that may be at the origin of the observed sedimentary features: (A) the channel may be formed by a hydraulic 
jump generated by arrested internal solitary waves (ISWs), when the barotropic tidal current (U) is equal or greater than the propagation velocity of the ISW 
(c); (B) the upslope migrating dunes may be formed by upslope bottom currents induced by ISWs of elevation. Here, h1 and h2 are the thickness of the layers 
above and below the pycnocline. The red arrows represent the barotropic current (U) and the blue arrows represent the currents induced by the ISW (UISW).
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medium 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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CHAPTER 4. The Mozambique contourite 
depositional systems (SW Indian Ocean): Cre-
taceous to Cenozoic stratigraphic evolution
Following recent biostratigraphic constraints from Ponte et al. (2018) and TOTAL on exploration wells in the Mozam-
bique Channel, this chapter aims at integrating seismic and well data to illustrate the regional stratigraphic stacking pat-
tern of the Mozambique margin. Multichannel two-dimensional seismic reflection profiles are used to assess the major 
evolutionary stages of the contourite depositional systems (CDSs) from the early Cretaceous to the present-day. Detailed 
study of CDSs have been led to reconstruct the palaeoceanographic setting. This chapter finally focuses on the origin and 
development of CDSs, and on the role of local-regional/global changes in these parameters. Chapter 4 consists of a paper 
published in Marine Geology in March 2020. 

Credit: Schlumberger
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Chapter 4.
4.1. Seismic stratigraphic framework and depositional history of the Cretaceous and Cenozoic 
contourite depositional systems in the Mozambique Channel, SW Indian Ocean
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A B S T R A C T

This study describes previously unrecognized contourite depositional systems (CDSs) in the Mozambique
Channel which constrain palaeoceanographic models for this area. The stratigraphic stacking patterns record
nine seismic units (SU1 to SU9) separated by eight major discontinuities (a to h, oldest to youngest). Key seismic
markers in CDS evolutionary history occur during Aptian-Albian (~122Ma), late Cenomanian (94Ma), early
(38.2–36.2Ma) and late (25–23Ma) Oligocene, and early-middle Miocene (~17–15Ma) epochs. These record
onset (~122 to 94Ma), growth (94 to 25–23Ma), maintenance (25–23 to 17–15Ma), and burial (17–15Ma to
the actual time) stages for CDSs. CDSs first develop during the onset stage which coincides with the opening and
deepening of the African-Southern Ocean gateway (at 122 and 100Ma, respectively). The growth stage, be-
ginning in the late Cenomanian (94Ma), correlates with the opening and deepening of the Equatorial Atlantic
gateway. During the growth stage, two major shifts in sedimentary stacking pattern occur which coincide with
palaeoceanographic changes during the early (38.2–36.2Ma) and late (25–23Ma) Oligocene. These in turn
coincide with the onset and local enhancement of Antarctic water masses. CDS growth continued until the early-
middle Miocene during the maintenance stage (~17–15Ma). Most CDS growth ceased at the end of the main-
tenance stage. Circulation of the North Atlantic water mass into the Southern Hemisphere led to a deepening of
Antarctic water masses in the area.

1. Introduction

Deep marine sedimentary processes consist of pelagic particle set-
tling through the water column, contour currents, and density currents
(i.e., turbidity currents and mass-failures) (Rebesco et al., 2014, 2017).
The first of these represents a background process that predominates
only in abyssal areas. By contrast, density and contour currents affect
many continental margins. Recent studies have demonstrated the im-
portance of contour currents in shaping continental margins (Mosher
et al., 2017) and have emphasized their role in deep-water sedi-
mentation. Unlike episodic density currents, contour currents are rela-
tively permanent and continuously affect other deep-water sedimentary
processes (Rebesco et al., 2014). The interaction of contour currents
with a continental margin can generate depositional features (con-
tourites or contourite drifts), erosional features (moats, abraded

surfaces, contourite channels, scours, and furrows), and depositional-
erosional features (contourite terraces) (e.g., McCave and Tucholke,
1986; Rebesco and Stow, 2001; Viana et al., 2007; Hernández-Molina
et al., 2009, 2017a, 2017b; García et al., 2009; Cattaneo et al., 2017).
Moreover, recent studies have noted the relatively common interaction
between episodic density currents and the more permanent contour
currents in generating mixed features (e.g., Creaser et al., 2017;
Sansom, 2018; Fonnesu et al., 2020). When associated with a distinct
water mass, these features form a contourite depositional system (CDS).

CDSs occur on most continental margins (e.g., Rebesco et al., 2014)
and a single CDS may cover an area of 100,000 km2 (Rebesco et al.,
2017). As such they represent a major component of continental margin
depositional environments. As previously observed by Hernández-
Molina et al. (2009, 2010), major tectonic events can lead to large-scale
palaeoceanographic shifts or climatic changes recorded by CDSs. As
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records of large-scale ocean dynamics, CDSs can inform palaeoceano-
graphic interpretations. CDSs can also preserve and accumulate hy-
drocarbon deposits making them relevant to petroleum exploration
(e.g., Viana et al., 2007).

The Mozambique Channel serves as a circulation gateway between
the Indian Ocean and the Atlantic Ocean making it a significant location
for decoding sedimentary and palaeoceanographic events (Castelino
et al., 2015). Although Pleistocene to Quaternary palaeoceanographic
records from this margin have been studied extensively (Hall et al.,
2017 and references therein), the Early Cretaceous to Cenozoic history
of both surface, intermediate, and deep-water circulation through the
proto Indian -Atlantic Ocean gateway remains poorly understood. Sig-
nificant gaps in understanding exist concerning surface to deep-water
circulation around the continental margin and abyssal plain sedi-
mentation.

Numerous CDSs have been identified within the Cenozoic strati-
graphic record from the southern tip of Africa (south of 30°S latitude)
(Niemi et al., 2000; Uenzelmann-Neben, 2001; Schlüter and
Uenzelmann-Neben, 2007, 2008; Uenzelmann-Neben and Huhn, 2009;
Uenzelmann-Neben et al., 2007, 2011; Gruetzner and Uenzelmann-
neben, 2015; Fischer and Uenzelmann-Neben, 2018a, 2018b) and
within Quaternary units of the Mozambican continental margin (north
of 30°S latitude) (Flemming, 1978; Kolla et al., 1980; Wiles et al., 2014,
2017; Flemming and Kudrass, 2017; Breitzke et al., 2017; Miramontes
et al., 2019a, 2019b; Thieblemont et al., 2019). Besides Preu et al.'s
(2011) report on CDSs within the stratigraphic record from the Mo-
zambique Channel (north of 30°S latitude), no studies have addressed
CDSs in this area. This gap limits understanding of their role in shaping
the Mozambique Channel continental margin and abyssal plain from
the Mesozoic to Cenozoic.

This research sought to improve understanding of Mozambican
continental margin geological history through detailed examination of
its Mesozoic to Cenozoic CDSs. A better understanding of this con-
tinental margin can constrain palaeoceanographic models of the
southwest Indian Ocean.

2. Background and regional setting

2.1. Geological setting of the study area

The East African continental margin has a complex Mesozoic to
Cenozoic tectonic and sedimentary history. The margin initially formed
from the Mesozoic breakup of eastern (i.e., India, Antarctica, Australia,
and Madagascar,) and western (i.e., South America and Africa)
Gondwana, which occurred around 183–177Ma (Eagles and König,
2008). Rifting of Gondwana transitioned into seafloor spreading during
the Late Jurassic. This north-south oriented rift-to-drift phase created a
marginal fracture ridge (i.e., DFZ, Davie Fracture Zone) (Coffin and
Rabinowitz, 1987, 1992). The opening of the African-Southern Ocean
gateway definitively separated these two landmasses, establishing the
conditions for incipient intermediate and deep water exchange between
the proto- Indian and Southern oceans, an event which represented the
last phase in the process of rifting and subsequent sea floor spreading of
the northern Mozambique basin (NMB) and southern Mozambique
basin (SMB) between 159Ma and 124Ma (Jokat et al., 2003; König and
Jokat, 2010; Leinweber and Jokat, 2012; Leinweber et al., 2013;
Castelino et al., 2016).

The SMB (south of 25°S latitude) is now bounded to the west by the
Mozambique ridge, about 100 km off the coast, and to the east by the
Madagascar ridge (Sinha et al., 1981; Fischer et al., 2017) (Fig. 1A). The
NMB (the study area for this work) lies between the DFZ and the Mo-
zambican continental margin at ~15°S to 25°S latitude. A continental
basement high (i.e., Beira high) about 80 km off the coast of Mo-
zambique (Mahanjane, 2012; Mueller et al., 2016) (Fig. 1A) bisects the
NMB. The DFZ currently consists of a 1200 km-long, N 170° trending
topographic high connecting the east African margin and the southwest

Madagascar margin through the Mozambique Channel. This structure is
punctuated by seamounts (e.g., the Sakalaves seamount). The centre of
the NMB also hosts several seamounts (Bassas Da India, Jaguar Bank,
Europa, Hall Bank, Mt. Boucart) (Fig. 1A).

The NMB sedimentary record consists of two main sequences: (1)
pre-breakup Karoo formation (i.e., Upper Carboniferous to the Lower
Jurassic continental sediments and volcanic rocks), and (2) post-
breakup Karoo formation (i.e., Upper Jurassic to Cenozoic continental
transitional and marine sediments) (Nairn et al., 1991). The post-
breakup Karoo succession reaches its maximum thickness along the
shelf and upper slope in front of the Zambezi delta (> 12 km of sedi-
mentary accumulation since the Early Cretaceous; Salman and Abdula,
1995). Sediments are mainly sourced by the Zambezi river, which has a
very large present-day catchment area (1,320,000 km2) and sediment
load of 20.106 to 48.106 t/yr (Milliman and Syvitski, 1992) (Fig. 1A).
The catchment area evolved throughout three main deformation events
that occurred since the Cretaceous: (1) uplift of the South African pla-
teau in the Late Cretaceous (Moore, 1999), (2) uplift of the South
African plateau from the Oligocene to early Miocene (Belton and Raab,
2010; Emmel et al., 2014), and (3) development and progressive
southward migration of the East African Rift System (EARS) since the
Oligocene (Chorowicz, 2005; Macgregor, 2015).

The EARS began to develop and propagate southwards beginning in
the late Cenozoic (at ~30Ma). It bifurcated into an eastern and western
branch over the next 20Myr until it finally propagated offshore along
the NMB. Extensional deformation of the DFZ since the late Miocene
records offshore evolution of the eastern branch while recent seismic
activity around the NMB indicates that the western branch may be in-
itiating offshore propagation (Mougenot et al., 1986; Franke et al.,
2015) (Fig. 1A). Courgeon et al. (2016) suggested that several sea-
mounts (e.g., Hall Bank) drowned during the late Miocene-early Plio-
cene due to the influence of tectonic and volcanism correlating with the
EARS.

2.2. The modern oceanographic setting

The southwest Indian Ocean is an area of active surface, inter-
mediate, and deep-water circulation (Figs. 1B and A.1 in the Supple-
mentary material). The sedimentary processes in the southwest Indian
Ocean are presently influenced by several water masses (e.g.,
Thieblemont et al., 2019) whose understanding is an essential pre-
requisite to infer evolutionary scenarios of past ocean circulation. The
main water masses contributing to the upper layers (< 200m water
depth; wd) in the Mozambique Channel are the Tropical Surface Water
(TSW) and the Subtropical Surface Water (STSW) (Wyrtki, 1973; Toole
and Warren, 1993). The predominant water mass in the permanent
thermocline of the Mozambique Channel (200–600m wd) is the South
Indian Central Water (SICW) (You, 1997). The TSW, STSW, and SICW
enter the Mozambique Channel from the northern tip of Madagascar
and feed into the Mozambique Current. Part of the STSW and the SICW
enters the Mozambique Channel around the southern tip of Madagascar
(Siedler et al., 2009) with the Southeast Madagascar Current. This
component enters partly in the form of eddies (de Ruijter et al., 2004)
and converges with the Mozambique Current (Fig. 1B). The Mo-
zambique Current is characterized by large, southward-moving, me-
soscale anticyclonic eddies with diameters> 300 km (Schouten et al.,
2002). These eddies can impose short-term circulation modulation over
the entire depth and width of the channel (i.e., > 2500m wd near 17°S
latitude) (de Ruijter et al., 2002; Halo et al., 2014). The frequency of
these events ranges from four to seven eddie passages per year
(Schouten et al., 2003).

Intermediate waters in the Mozambique Channel are influenced by
different water masses. The salty Red Sea Water (RSW) enters from the
north at around 900–1200m wd (Donohue et al., 2000; Beal et al.,
2000; Swart et al., 2010) while the fresh Antarctic Intermediate Water
(AAIW) enters from the south at around 800–1500m wd (Fine, 1993)
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(Fig. 1B). The Mozambique Undercurrent flows northward along the
Mozambican slope carrying AAIW (Fine, 1993; de Ruijter et al., 2002),
while mesoscale anticyclonic eddies transport RSW southward (Swart
et al., 2010).

The deep-water masses of the Mozambique Channel consist of the
North Atlantic Deep Water (NADW) at ~2200–3500m wd and the
Antarctic Bottom Water (AABW) flowing locally beneath it (below
~4000m wd). Toole and Warren (1993) showed that the DFZ in the

Mozambique Channel effectively blocks the NADW from spreading
north of ~15°S latitude (Mantyla and Reid, 1995; You, 1999). However,
the influence of the NADW is seen up to about 2000m wd. The upper
portion of the NADW thus passes over the sill at ~2500m depth while
the remaining NADW flows along the eastern boundary of the NMB
with a southerly returning current (van Aken et al., 2004; Ullgren et al.,
2012) (Fig. 1B). The deepest part of the water column is occupied by
the AABW. This water mass flows northward as a western boundary

Fig. 1. A) Regional and geological setting of the
Mozambican continental margin. Filled yellow cir-
cles represent DSDP Leg 25 Sites 242, 243, 244, 248,
and 249 (Simpson et al., 1974a, 1974b), IODP 361
Sites U1474, U1476, U1477, and U1478 (Hall et al.,
2017), and DSDP Leg 26 Site 250 (Davies et al.,
1974). White thick line represents the present-day
Zambezi river catchment. Dashed blue-white lines
represent major fault zones (thick) also reported by
Chorowicz (2005) and Macgregor (2015). Thin da-
shed blue-white lines represent inferred fault zones.
Red circles represent earthquakes since 1960
(M > 4; USGS). Dashed black line represents the
location of the Beira High. Legend: DFZ=Davie
Fracture Zone, ZV=Zambezi Valley, NMB=
Northern Mozambique Basin, SMB= Southern Mo-
zambique Basin, MozR=Mozambique Ridge,
MdgR=Madagascar Ridge. Bathymetric map from
Weatherall et al. (2015). B) General sketch showing
the main circulation paths along the Mozambique
Channel. Map also shows the shelf circulation (based
on Malauene et al., 2018). Legend: ZV=Zambezi
Valley, DFZ=Davie Fracture Zone, NMB=
Northern Mozambique Basin, SMB= Southern Mo-
zambique Basin, MC=Mozambique Current,
me=Mesoscale Eddy, e= Eddy, SEMC=Southeast
Madagascar Current. Dashed black line represents
the location of the Beira High. Bathymetric map from
Weatherall et al. (2015). Fig. A.1 of the supplemen-
tary material gives a more complete sketch. Black
box represents the location of the study area in
Fig. 2. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)

A. Thiéblemont, et al. Marine Geology 425 (2020) 106192

3

Figure 4.1. (A) Regional and geological setting of 
the Mozambican continental margin. Filled yellow 
circles represent DSDP Leg 25 Sites 242, 243, 244, 
248, and 249 (Simpson et al., 1974a, b), IODP 361 
Sites U1474, U1476, U1477, and U1478 (Hall et 
al., 2017), and DSDP Leg 26 Site 250 (Davies et 
al., 1974). White thick line represents the present-
day Zambezi river catchment. Dashed blue-white 
lines represent major fault zones (thick) also repor-
ted by Chorowicz (2005) and Macgregor (2015). 
Thin dashed blue-white lines represent inferred 
fault zones. Red circles represent earthquakes since 
1960 (M>4; USGS). Dashed black line represents 
the location of the Beira High. Legend: DFZ = 
Davie Fracture Zone, ZV = Zambezi Valley, NMB 
= Northern Mozambique Basin, SMB = Southern 
Mozambique Basin, MozR = Mozambique Ridge, 
MdgR = Madagascar Ridge. Bathymetric map 
from Weatherall et al. (2015). B) General sketch 
showing the main circulation paths along the Mo-
zambique Channel. Map also shows the shelf cir-
culation (based on Malauene et al., 2018). Legend: 
ZV = Zambezi Valley, DFZ = Davie Fracture Zone, 
NMB = Northern Mozambique Basin, SMB = 
Southern Mozambique Basin, MC = Mozambique 
Current, me = Mesoscale Eddy, e = Eddy, SEMC = 
Southeast Madagascar Current. Dashed black line 
represents the location of the Beira High. Bathyme-
tric map from Weatherall et al. (2015). Figure 1.6 
in the Chapter 1 (A.1 in this article) gives a more 
complete sketch. Black box represents the location 
of the study area in Fig. 4.2.



85

Chapter 4.

current along the SMB (Tucholke and Embley, 1984; Read and Pollard,
1999). Due to the shallowing of the basin to the north (> 4000m wd),
the AABW is deflected to form a southerly flowing boundary current
along the east flank of the SMB (Kolla et al., 1980) (Fig. 1B).

3. Data and methods

3.1. Seismic reflection data

We analyzed two-dimensional (2D) multichannel seismic (MCS)
reflection profiles collected by WesternGeco (Fig. 2). The seismic da-
taset was obtained during 2013/2014 geophysical cruises aboard the
Pacific Falcon and M/V WG Western Patriot (Table 1). The primary da-
taset is a 36,179 km regional grid of linear 2D MCS reflection profiles,
spaced at approximately 10 to 70 km intervals. The profiles were pro-
cessed by 2D anisotropic Kirchhoff prestack time migration. Seismic
data interpretation was performed using Sismage™ software. Dis-
continuities are expressed as reflections, with sequential “a” to “h” la-
bels from older to younger. Nine seismic units (SU) were identified in
this study, labeled “SU1” to “SU9” from bottom to top. Discontinuities
were mapped and gridded to produce continuous surfaces with a grid
cell size of 40,000m. Major physiographic domains (shelf, continental
slope; hereafter “slope” for simplicity, continental rise; or simply “rise”,
and abyssal plain) were attributed to discontinuities a to h based on
criteria defined by IHO and IOC (1983). Isochore maps were generated

for all seismic units (i.e., SU1 to SU9). The thickness of units is reported
in seconds or milliseconds two-way travel time (s or ms TWTT).

3.2. Geological age constraints

Discontinuities in 2D MCS reflection profiles were identified based on
correlation with a previous study by Ponte et al. (2018). Chronostrati-
graphic interpretation referred to records from exploration wells X′, X2,
and X3 (Ponte et al., 2018) as well as abyssal plain scientific wells (DSDP
Leg 25 Sites 248 and 249; Simpson et al., 1974a, 1974b; and DSDP Leg
26 Site 250; Davies et al., 1974) and information available from previous
studies (Nairn et al., 1991; Salman and Abdula, 1995; Mahanjane, 2012;
Castelino et al., 2015). Figs. 3 and A.2 in the Supplementary material
show a regional stratigraphic framework for the margin. These sum-
marize results of shelf-to-abyssal plain regional stratigraphic correlation
and list age constraints for seismic units and discontinuities.

The acoustic basement corresponds to the base of the post-breakup
Karoo formation (i.e.,> 155Ma; Nairn et al., 1991; Salman and
Abdula, 1995). Above the Beira high, it correlates to the break-up un-
conformity described in Mahanjane (2012). Further offshore, this sur-
face merges with what is interpreted to be the top of the oceanic
basement based on marine magnetic anomalies (König and Jokat, 2010;
Leinweber and Jokat, 2012; Leinweber et al., 2013; Mueller and Jokat,
2017) (Fig. 3). SU1 overlies the acoustic basement and is older than
129.4Ma (i.e., Neocomian in age). SU2 developed between the upper
Neocomian (129.4Ma) and the Cenomanian-Turonian boundary
(94Ma). SU3 spans the Turonian to Senonian (94 to 67.3–63.2Ma).
SU4 formed during the Paleocene-Eocene interval (67.3–63.2 to
38.2–36.2Ma). SU5 formed during the Oligocene interval
(38.2–36.2Ma to 25–23Ma). SU6 is dated from the early to middle
Miocene (25–23 to 11.6Ma). SU7 is dated late Miocene (11.6Ma to
5.6Ma) in age, SU8 is Pliocene (5.6Ma to 2.8Ma), and SU9 spans the
base Pleistocene (2.8Ma) to present day (Ponte et al., 2018) (Fig. 3).

3.3. Seismic facies units

Delineation of individual seismic facies units was based on con-
tinuity, amplitude, and configuration of seismic features as described in
Sangree et al. (1978) and Sangree and Widmier (1979). Various seismic
facies units were designated (Fig. 4) in terms of a depositional element.
For density current features, we used the nomenclature developed in
Mutti and Normark (1991). Their work differentiated turbidity currents
as 1) channels and overbank, including levees and 2) sedimentary
lobes. Mass-failures are hereafter termed mass transport deposits
(MTDs) as defined by Shipp et al. (2011). Based on depositional ele-
ments, gross-depositional environment maps were generated for each
seismic unit (SU1 to SU9).

Fig. 2. Location of seismic profiles (multichannel seismic reflection profiles;
MSC) along the Mozambique Channel as well as exploration wells X′, X2, and
X3 (Ponte et al., 2018), DSDP Leg 25 Sites 243 and 244 (Simpson et al., 1974a,
1974b), and IODP 361 Site U1477 (Hall et al., 2017). Legend for oceanographic
features: ZV=Zambezi Valley; DFZ=Davie Fracture Zone; NMB=Northern
Mozambique Basin.

Table 1
Seismic survey parameters for the dataset interpreted this study.

Survey name/area: 2D Mozambique/Mozambique
Acquired by: WesternGeco
Survey type: 2D Marine streamer
Vessel: Pacific Falcon, M/V WG Western Patriot
Recording dates: Apr 2013-Jan 2014
Sail line prefix: MBWG13
Coverage 460,000 km2, 36,179 km of 2D lines
Source 1 array

24 airguns TUNED BOLT
(83.33 l)

Marine streamer 10,300.0 m
Shot interval 25m
Sampling rate 2 ms
Recorder Triacq V
Recording length 12,288 ms
Processing Software WesternGeco's Omega™ Software
Processing sequence 2D anisotropic Kirchhoff PSTM

Time migration
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Table 4.1. Seismic survey parameters for the dataset interpreted this study.

Figure 4.2. Location of seismic profiles (multichannel seismic reflection 
profiles; MSC) along the Mozambique Channel as well as exploration wells 
X’, X2, and X3 (Ponte et al., 2018), DSDP Leg 25 Sites 243 and 244 (Simp-
son et al., 1974a, b), and IODP 361 Site U1477 (Hall et al., 2017). Legend 
for oceanographic features: ZV = Zambezi Valley; DFZ = Davie Fracture 
Zone; NMB = Northern Mozambique Basin.
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3.4. Recognition of contourite depositional systems

The term contourites is used for “sediments deposited or sub-
stantially reworked by the persistent action of bottom currents”
(Rebesco et al., 2014). Thick and extensive accumulations of sediments
by bottom currents are defined as contourite drifts or drifts. Their
identification is based on the following criteria defined by Rebesco
(2005) and Rebesco et al. (2014): 1) external geometry, 2) bounding

reflections, and 3) internal seismic facies (Fig. 5). Absent consensus on
distinguishing large drifts from small ones, this study defined large
drifts as those covering a plan view area of> 1000 km2 (for a single
drift) as defined in Campbell and Mosher (2015) along the Nova Scotia
margin. We adopted the classification schemes for various types of drift
morphology from McCave and Tucholke (1986), Faugères et al. (1999),
Rebesco and Stow (2001), Rebesco (2005), and Rebesco et al. (2014).

Small contourite drifts formed from the interaction between contour

Fig. 3. Regional stratigraphic sketch showing correlations with exploration wells X2 and X3 (Ponte et al., 2018). It shows the main physiographic domains, stra-
tigraphic discontinuities, and seismic units identified by this research. Fig. A.2 in the supplementary material gives more complete sketch.

Fig. 4. Description and examples of seismic facies spanning the shelf, slope, rise, and abyssal plain of the Mozambique margin for seismic units (SU9 to SU1). Depths
given in ms TWTT.
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Figure 4.3. Regional stratigraphic sketch showing correlations with exploration wells X2 and X3 (Ponte et al., 2018). It shows the main physiographic do-
mains, stratigraphic discontinuities, and seismic units identified by this research. Figure 2.3 in the Chapter 2 (A.2. in this article) gives more complete sketch.

Figure 4.4. Description and examples of seismic facies spanning the shelf, slope, rise, and abyssal plain of the Mozambique margin for seismic units (SU9 to 
SU1). Depths given in ms TWTT.
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currents and density currents (i.e., turbidity currents) are referred to as
mixed drifts in Fonnesu et al. (2020). Creaser et al. (2017) identified
these features according to 1) asymmetry, 2) orientation, 3) dimen-
sions, and 4) internal seismic facies (Fig. 5). In this study, a single
mixed drift rarely exceeds 20 km in width and the entire observable
down-dip length of the system is generally< 40 km, suggesting that
they are under 1000 km2 in plan view. However, this classification is

not necessarily applicable in other areas (e.g., mixed drifts in Creaser
et al., 2017 that are up to 40 km wide and over 50 km in down-dip
direction).

Contour current erosional features are classified according to cri-
teria given in Hernández-Molina et al. (2008) and García et al. (2009).
These include: a) erosional surfaces, b) moats and contourite channels,
and c) scours and furrows. Moats differ from contourite channels in

Fig. 5. Seismic facies template for a contourite depositional system. White and black arrows represent boundaries terminations. Depths given in ms TWTT.

A. Thiéblemont, et al. Marine Geology 425 (2020) 106192
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Figure 4.5. Seismic facies template for a contourite depositional system. White and black arrows represent boundaries terminations. Depths given in ms 
TWTT.
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terms of their genetic relationship with drifts. Criteria for recognition of
erosional features include: 1) reflection truncation relationships, 2)
association with sediment drifts (i.e., forming bounding surfaces in drift
systems), and 3) inability to explain erosion by other processes, for
example in deep basinal areas, far from the continental margin (Fig. 5).

4. Results

Seismic units and discontinuities were mapped to produce surface
maps of the discontinuities a to h and isochore maps of seismic units 1
to 9 along the northern Mozambique basin (Figs. 11 and 12). Figs. 3 and
A.2 (Supplementary material) show seismic stratigraphic horizons
mapped in this study. Initial mapping efforts confirmed the existence of
contourite depositional systems (CDSs) first identified by Castelino
et al. (2015). Table 2 summarizes details concerning seismic facies of
SU1 to SU9 and Fig. 5 highlights the internal seismic facies of deposi-
tional, mixed and erosional features described below.

4.1. Large contourite drifts

Five large contourite drifts recognized in the study area were in-
formally named based on their proximity to present-day oceanographic
features. The oldest, large contourite drift, named the Beira drift, is
located along a rise in the Middle Zambezi region, which occupies the
northwestern edge of the Beira high (Fig. 11). The drift has a subtle
mounded shape apparent in dip oriented seismic profiles (Fig. 7) and is
slightly elongated in along a SSW-NNE direction (Fig. 9). The Beira drift
reaches a maximum thickness of 1.8 s TWTT (Fig. 12). Stratigraphically,
the drift developed within SU2, above regional seismic discontinuity a
and below regional seismic discontinuity b (Figs. 7 and 9). The overall
internal seismic facies of the drift consists of NNE prograding, high-
continuity reflections with low acoustic response (Fig. 5).

Two others large contourite drifts, the Angoche and Zambezi drifts,
occur along the slope of the Angoche region, and on the slope and rise in
the Lower and Middle Zambezi regions, respectively (Fig. 11). The An-
goche drift exhibits a plastered appearance and reaches a thickness of up
to 2 s TWTT (Fig. 12). It thins landward and basinward according to dip-
oriented seismic profiles (Fig. 6) but also laterally as documented in
strike-oriented seismic profiles (Fig. 9). The drift is partially bisected by
large downslope NNW-SSE oriented channels (Fig. 9). It occurs strati-
graphically above the regional seismic discontinuity c and below the re-
gional seismic discontinuity g (Figs. 6 and 9). The internal seismic facies
of the Angoche drift consists mainly of aggrading parallel reflections with
low acoustic response, which appear continuous during deposition of SU4
and SU5 and disrupted during deposition of SU6 and SU7 (Fig. 5).

The Zambezi drift has a mounded external geometry. It exhibits an
elongated and separated appearance along the Lower Zambezi region
and an elongated and detached appearance along the Middle Zambezi

region (Fig. 11). In the Lower Zambezi region, the drift formed along a
SW-NE trend, parallel to the distal limit of the slope (Fig. 8). In the
Middle Zambezi region, the drift becomes detached along the rise with
a pronounced arcuate geometry and an apparent steepened NE side
relative to its SW side. In this region, the drift attains a maximum
thickness of ~2 s TWTT (Figs. 7, 10A, 11 and 12). The drift occurs
stratigraphically above the regional seismic discontinuity c and below
the regional seismic discontinuity f (Figs. 7, 8 and 10A). The internal
seismic facies of the Zambezi drift consists mainly of aggrading, parallel
high-continuity reflections with low acoustic response (Fig. 5). SU5
however contains reflections indicating drift crest migration to the SW
(Fig. 10A).

The last two large contourite drifts, termed Limpopo drifts, are lo-
cated on the abyssal pain, in the southerly part of the northern
Mozambique basin. The drifts cover an area < 1000 km2 but may be
larger as they extend beyond the extent of study area (Figs. 2 and 10B).
The northern Limpopo drift exhibits a mounded external geometry and
reaches a maximum sedimentary thickness of ~1 s TWTT. It displays an
elongated and detached appearance with a crest oriented WNW-ESE.
The drift has a steep south side and a gently dipping, smooth north side
(Fig. 10B). It occurs stratigraphically above regional seismic dis-
continuity b and below regional seismic discontinuity d. The drift ex-
hibits mainly parallel, high-continuity reflections with low acoustic
response (Fig. 5). Reflections within the drift show a predominantly
aggradational stacking pattern, although northward drift crest migra-
tion is visible (Fig. 10B).

The second Limpopo drift is located further south. It occurs in the
vicinity of a buried seamount. The drift is elongated in a SW-NE di-
rection parallel to the trend of adjacent moats (sensu Rebesco et al.,
2014) that flank the buried seamount. It reaches a maximum thickness
of 1 s TWTT, which decreases in the vicinity of the moats (Fig. 10B).
Stratigraphically, the drift develops above regional seismic dis-
continuity a, overlying a continuous, high to very high acoustic re-
sponse reflector accompanied by occasional volcanic features (e.g.,
Polteau et al., 2008). It develops below regional seismic discontinuity d.
The drift exhibits mainly parallel, high-continuity reflections with low
acoustic response (Fig. 5).

4.2. Small contourite drifts (mixed drifts)

Mixed drifts are generally mounded in shape, and their elongation is
almost perpendicular to the margin. They are defined by an irregular,
erosional base, above which a channel develops. This channel is lat-
erally accompanied by a unilateral levee and/or asymmetric levees
(called “drift-levee” or “drift” in this case) that can reach> 800ms
TWTT. The internal seismic facies of mixed drifts mostly consists of
chaotic reflections with high acoustic response (the channel) laterally
accompanied by downlapping, parallel, high-continuity to disrupted

Fig. 6. Seismic profile for the Angoche region of the Mozambique margin and its interpretation. Profile location shown in Fig. 2. Inset showing sediment waves in
SU3. Seismic profile courtesy of INP and WesternGeco.
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Figure 4.6. Seismic profile for the Angoche region of the Mozambique margin and its interpretation. Profile location shown in Fig. 4.2. Inset showing sediment 
waves in SU3. Seismic profile courtesy of INP and WesternGeco.
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reflections with low acoustic response (the drift) (Fig. 5). Locally, these
channels are filled by MTDs.

A mixed drift occurs along the slope and rise of the Middle Zambezi
region. This drift runs parallel to a channel which propagates away
from the slope in a predominantly NW-SE direction (Figs. 9 and 13A).
Along the proximal part of the slope, the drift aggrades to the NE of the
channel (Fig. 13A). Distally (i.e., lower slope to rise), the drift aggrades
on both sides of the channel and becomes more symmetrical (Fig. 9).

The mixed drift occurs stratigraphically above regional seismic dis-
continuity b and below regional seismic discontinuity c (Fig. 9).

More recent mixed drifts occur along the slope of the Middle
Zambezi and Angoche regions. These run parallel to NW-SE oriented
downslope channels (Figs. 9 and 13B) and aggrade to the NNE and NE
of channels (Figs. 9 and 13B, respectively). Stratigraphically, they occur
above the regional seismic discontinuity e and below regional seismic
discontinuities g and f (Figs. 9 and 13B, respectively).

Fig. 7. Seismic profile for the Middle Zambezi region of the Mozambique margin and its interpretation. Profile location shown in Fig. 2. Inset showing a mixed drift in
SU3. Seismic profile courtesy of INP and WesternGeco.

Fig. 8. Seismic profile for the Lower Zambezi region of the Mozambique margin and its interpretation. Profile location in Fig. 2. Inset showing channels in SU5.
Seismic profile courtesy of INP and WesternGeco.

Fig. 9. Seismic profile for the Lower and Middle Zambezi regions parallel to the Mozambique margin with interpretation. Profile location shown in Fig. 2. Inset-1
showing a mixed drift in SU3. Inset-2 showing a mixed drift in SU6 and SU7. Seismic profile courtesy of INP and WesternGeco.

A. Thiéblemont, et al. Marine Geology 425 (2020) 106192
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Figure 4.7. Seismic profile for the Middle Zambezi region of the Mozambique margin and its interpretation. Profile location shown in Fig. 4.2. Inset showing 
a mixed drift in SU3. Seismic profile courtesy of INP and WesternGeco.

Figure 4.8. Seismic profile for the Lower Zambezi region of the Mozambique margin and its interpretation. Profile location in Fig. 4.2. Inset showing channels 
in SU5. Seismic profile courtesy of INP and WesternGeco.

Figure 4.9. Seismic profile for the Lower and Middle Zambezi regions parallel to the Mozambique margin with interpretation. Profile location shown in Fig. 
4.2. Inset-1 showing a mixed drift in SU3. Inset-2 showing a mixed drift in SU6 and SU7. Seismic profile courtesy of INP and WesternGeco.
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4.3. Sediment waves

Multiple wavy reflections with low-to-moderate acoustic response
appear along the margin and are interpreted as sediment waves (e.g.,
Wynn and Stow, 2002) (Fig. 5). In some areas, sediment waves develop
along the slope and rise (Figs. 6, 8, 9 and 10A). Sediment waves can
make up almost the entire thickness of a drift or form only part of large
drifts (Figs. 7, 8 and 10A). Wavelengths of sediment waves range from
~4–7 km, and wave heights can reach ~400ms TWTT. Within the
Zambezi drift, sediment waves form much of SU5 between regional
seismic discontinuities d and e. They occur along the drift's south-
western side in strike-oriented seismic profiles (Fig. 10A) and along its
southeastern side on dip-oriented seismic profiles (Figs. 7 and 8). A
large field of sediment waves appears along the rise of the Lower
Zambezi region. These comprise of the succession between regional
seismic discontinuities c and d which is here interpreted as SU4 (Figs. 8
and 10A). Wave crests strike north to south and apparent wave mi-
gration direction is to the west (Fig. A.3 in the Supplementary mate-
rial). A second large field of sediment waves occurs along the slope of
the Angoche region during deposition of SU3 and above regional
seismic discontinuity b (Figs. 6 and 9). Wave crests appear oriented
along slope and exhibit apparent upslope wave migration. Horizontal
data coverage for 2D multichannel seismic reflection profiles however
was not adequate to map the detailed surface morphology and or-
ientation of these features.

4.4. Erosional features

Erosional surfaces appear as high-continuity reflections with low to
high acoustic response (Fig. 5). On the abyssal plain of the northern
Mozambique basin, 2D multichannel seismic reflection profiles show
erosion with the development of an erosional surface at regional
seismic discontinuity b (i.e., top of SU2). The resultant erosional surface
actively truncates underlying reflections to produce toplap termina-
tions. In the rest of the study area, obstacles (e.g., in the vicinity of the
buried seamount in Fig. 10B) appear to enhance erosion at dis-
continuity b. Along the abyssal plain, a prominent erosional surface
(and hiatus) does not include SU5's deposits between regional seismic

discontinuities d and e (Figs. 3 and 10B).
Moats and contourite channels are defined by an irregular concave

base and originate by nondeposition and/or localized erosion. They are
typically up to 5 km wide and can reach local depths of up to 500ms
TWTT. Contourite channels and moats appear as high-continuity re-
flections with low to high acoustic response (Fig. 5). Along the abyssal
plain, moats develop above regional seismic discontinuity a and below
regional seismic discontinuity d, adjacent to the Limpopo drift and
associated with a buried seamount (Fig. 10B). Moats are generally filled
by high continuity, parallel to sub-parallel reflections with low to
moderate acoustic response (Figs. 5 and 10B). Several channels have
been identified at regional seismic discontinuity d forming during SU5
along the slope of the Lower Zambezi region. These channels are filled
by fairly homogenous, high continuity, parallel to sub-parallel reflec-
tions with low to moderate acoustic response (Figs. 5 and 8). Although
these channels may have been formed by density currents processes
(i.e., turbidity currents), their apparent, along-slope trend suggests that
they may record contour currents (therefore forming contourite chan-
nels). Additional 3D seismic datasets would be necessary to verify in-
terpretations of these channels.

The most recent seismic units along the abyssal plain, SU6 through
SU9, consist of successive large erosive depressions (> 10 km in width)
interpreted as scours (Fig. 10B). Their stratigraphic position im-
mediately below similar, present-day seafloor features defined by
Breitzke et al. (2017) supports this interpretation. Generally, scours
appear as U-shaped continuous reflections with low to high acoustic
response. They are filled by high continuity, parallel to sub-parallel
reflections with low to moderate acoustic response, and locally by
MTDs, which probably represent their collapsed flanks (Figs. 5 and
10B).

5. Discussion

5.1. Depositional patterns

Regional mapping has identified large Mesozoic to Cenozoic depo-
centres along the continental margin off Mozambique, where pre-ex-
isting structural elements strongly influenced deposition. Most of the

Fig. 10. A) Seismic profile for the Lower Zambezi region of the Mozambique margin with interpretation. Profile location shown in Fig. 4. Inset showing sediment
waves in SU5 within the Zambezi drift. B) Seismic profile along the abyssal plain of the Mozambique margin with interpretation. Profile location shown in Fig. 4.
Isopach map covers the abyssal plain of SU4 (in ms TWTT) and highlights the location of the Limpopo drifts (dashed red line) along with the inferred current
direction. Seismic profiles courtesy of INP and WesternGeco. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Figure 4.10. A) Seismic profile for the Lower Zambezi region of the Mozambique margin with interpretation. Profile location shown in Fig. 4.2. Inset showing 
sediment waves in SU5 within the Zambezi drift. B) Seismic profile along the abyssal plain of the Mozambique margin with interpretation. Profile location 
shown in Fig. 4.2. Isopach map covers the abyssal plain of SU4 (in ms TWTT) and highlights the location of the Limpopo drifts (dashed red line) along with 
the inferred current direction. Seismic profiles courtesy of INP and WesternGeco.
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depocentres occur northwest of the Beira high during the Mesozoic.
Extensive contourite depositional systems (CDSs) determined whether
depocentres accumulated beyond the Beira high during the Cenozoic
(Fig. 12). Different phases of deposition at different periods have been
recognized along the basin. Fig. 14 presents series of depositional en-
vironment maps that summarize the main downslope and along-slope
events that occurred during deposition of stratigraphic seismic units
(SU) 1 to 9.

5.1.1. Seismic unit 1
SU1 deposits formed before the Neocomian (< 129.4Ma) and

consist of heterogeneous density current deposits interspersed with
hemipelagic sediments. Deep burial depths however make their exact

identification difficult (Figs. 6, 7, 8, 9 and 14). SU1 mostly develops
around the northwest bathymetric relief of the Beira high in the Lower
Zambezi rise and along the slope and rise of the Middle Zambezi and
Angoche regions (Fig. 12). Senkans et al. (2019) proposed that the basal
part of SU1 in the Angoche region included an evaporitic or under-
compacted shale layer (Figs. 6 and 9). This supports the interpretation
of SU1 as a marine depositional environment. The salt layer may in-
dicate a restricted marine environment. Absence of CDSs in the basin
and an African-Southern Ocean gateway closed to oceanic circulation to
the south (Castelino et al., 2016; Fig. 16) support this interpretation.
Additional information could further resolve interpretations of SU1
depositional environments. In the abyssal plain, SU1 sediments occur
primarily as hemipelagites overlying acoustic basement (Fig. 10B).

Fig. 11. Surface maps (in ms TWTT) for the main discontinuities (reflectors a to h), showing the main physiographic domains (shelf, slope, and rise) of the margin at
the time of deposition. Location of the Beira high is given by a dashed black line. Main drifts (Beira, Angoche, and Zambezi) shown for the time of deposition before
the discontinuity (dashed red lines). Solid white lines represent physiographic boundaries between the shelf, slope, and the rise. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

A. Thiéblemont, et al. Marine Geology 425 (2020) 106192
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Figure 4.11. Surface maps (in ms TWTT) for the main discontinuities (reflectors a to h), showing the main physiographic domains (shelf, slope, and rise) of 
the margin at the time of deposition. Location of the Beira high is given by a dashed black line. Main drifts (Beira, Angoche, and Zambezi) shown for the time 
of deposition before the discontinuity (dashed red lines). Solid white lines represent physiographic boundaries between the shelf, slope, and the rise.
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Fig. 12. Isochore maps (in ms TWTT) of the Mozambique margin for SU1 through SU9 showing the location of the Beira high (dashed black line). Main drifts (Beira,
Angoche, and Zambezi) for the time of deposition are indicated (dashed red lines). Solid white lines represent physiographic boundaries between the shelf, slope, and
rise. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Examples of mixed drifts from the study area. A) Mixed drift in SU3 along the continental slope of the Middle Zambezi region. B) Another example of a SU6
mixed drift on the continental slope of the Middle Zambezi region. Profile locations shown in Fig. 14. C) Block diagram (adapted from Fonnesu et al., 2020) of the
interaction between NE directed contour currents and perpendicular, downslope (SE) flowing density currents. Seismic profiles courtesy of INP and WesternGeco.

A. Thiéblemont, et al. Marine Geology 425 (2020) 106192
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Figure 4.12. Isochore maps (in ms TWTT) of the Mozambique margin for SU1 through SU9 showing the location of the Beira high (dashed black line). Main 
drifts (Beira, Angoche, and Zambezi) for the time of deposition are indicated (dashed red lines). Solid white lines represent physiographic boundaries between 
the shelf, slope, and rise.

Figure 4.13. Examples of mixed drifts from the study area. A) Mixed drift in SU3 along the continental slope of the Middle Zambezi region. B) Another 
example of a SU6 mixed drift on the continental slope of the Middle Zambezi region. Profile locations shown in Fig. 4.14. C) Block diagram (adapted from 
Fonnesu et al., 2020) of the interaction between NE directed contour currents and perpendicular, downslope (SE) flowing density currents. Seismic profiles 
courtesy of INP and WesternGeco.
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5.1.2. Seismic unit 2
Deposits between SU2's upper Neocomian (129.4Ma) and the

Cenomanian-Turonian boundary (94Ma) mostly occur along the slope
and rise of the Lower Zambezi region where they infill the depression
formed around the northwest part of the Beira high (Fig. 12). These
deposits are generally composed of sedimentary lobes interbedded with
hemipelagic sediments with local MTDs (Figs. 8 and 14). The slope and
rise of the Middle Zambezi region host, in lower parts of the unit,
hemipelagites underlying the Beira drift. Sedimentary lobes cover these
layers as does a MTD, which truncates its western flank (Figs. 7, 9 and
14). In the Angoche region, sediments appear concentrated along the
rise (Fig. 12). The lower part of the unit consists mostly of sedimentary
lobes. The upper part of the unit hosts a MTD along the slope while
hemipelagites dominate the rise (Figs. 6 and 14).

In the abyssal plain, SU2 includes initial CDSs developing as part of
the Limpopo drift against the northern flank of a buried seamount. This
unit occurs stratigraphically above a volcanic layer that could represent
the Aptian-Albian volcanoclastic sediments drilled at DSDP Site 249
(Simpson et al., 1974b; Vallier, 1974). A widespread erosive dis-
continuity occurs at the top of SU2 along the abyssal plain. This feature
likely formed due to enhanced bottom currents (e.g., Faugères et al.,
1999) (Fig. 10B). As noted by other authors (e.g., Ludwig et al., 1968;
Flores, 1973; Dingle et al., 1978; Martin et al., 1982; Dingle and
Robson, 1985), this feature correlates with the hiatus (~25Ma) ex-
pressed at the Mozambique ridge and Agulhas Plateau (e.g., Simpson
et al., 1974b; Tucholke and Carpenter, 1977; Tucholke and Embley,
1984; Uenzelmann-Neben, 2002).

Fig. 14. Gross depositional environment maps showing the main depositional elements for SU1 through SU9. Beira high limit is represented by a dashed black line.

A. Thiéblemont, et al. Marine Geology 425 (2020) 106192
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Figure 4.14. Gross depositional environment maps showing the main depositional elements for SU1 through SU9. Beira high limit is represented by a dashed 
black line.
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5.1.3. Seismic unit 3
SU3 encompasses the Turonian to Senonian (94 to 67.3–63.2Ma)

and records minor evidence of shelf progradation. It occurs only at
smaller scales and is confined to the northwest part of the Beira high in
the Lower Zambezi region (Fig. 8). The slope of the Lower Zambezi
region includes sediment infill of the depression between the shelf and
the submarine positive relief of the Beira high (Fig. 12). These deposits
generally consist of sedimentary lobes interbedded with hemipelagic
sediments (Figs. 8 and 14). The thick accumulation of sediments in the
Zambezi region (Fig. 12) and its prograding shelf mark an increased
sediment flux from the Zambezi river associated with rapid denudation
of the uplifted South-African plateau during the Late Cretaceous
(Walford et al., 2005; Ponte, 2018). In the Angoche region, deposits
include a field of sediment waves that develops along the slope coevally
with sedimentary lobes developing along the rise (Figs. 6, 9 and 14).
The size of these sediment waves (e.g., Wynn and Stow, 2002) could
suggest that contour currents contribute to their formation, but further
analysis is necessary to fully constrain their origin. Along the slope and
rise of the Middle Zambezi region, SU3 exhibits sedimentary lobes in its
lower part while its upper part consists of a mixed drift. This suggests

the combined influence of downslope and along-slope processes during
SU3 deposition (Figs. 7, 9 and 13A). Interestingly, mixed drifts form in
other areas of the southern hemisphere during the Late Cretaceous
period (e.g., Uruguayan margin: Creaser et al., 2017; Argentine margin;
Rodrigues et al., 2019). This could indicate the influence of well-de-
veloped bottom currents whose onset can be constrained as Late Cre-
taceous in age. Across the abyssal plain, the growth of the Limpopo
drifts may support this hypothesis (Fig. 10B).

5.1.4. Seismic unit 4
Continental margin progradation diminishes during the Paleocene-

Eocene interval represented by SU4 (67.3–63.2 to 38.2–36.2Ma). In the
Lower Zambezi and Middle Zambezi regions of the slope, the lower part
of SU4 includes minor evidence of downslope processes (i.e., sedi-
mentary lobes and channels) (Figs. 8 and 14). These give way to
draping hemipelagites in the upper part of SU4, which are coeval to
mound buildup with the development of carbonate platforms at the end
of the Paleocene (Ponte et al., 2018). These deposits record major
warming of the oceans and sea level rise at the end of the Paleocene
(Haq et al., 1987; Zachos et al., 2001). Along the distal slope and rise of

Fig. 15. Chart of major Cretaceous to Cenozoic global events (tectonic, climatic, sea level, and palaeoceanographic events) (Zachos et al., 2001; Hernández-Molina
et al., 2017b). These global changes are correlated with the regional stratigraphy of the Mozambique Margin. Geological time scale from Ogg et al. (2016). Global sea
level records: (1) from 0 to 7Ma (in purple) (Miller et al., 2005), (2) from 7 to 100Ma (in black and light blue) (Miller et al., 2005), (3) from 100 to 140Ma (in light
gray) (Sahagian et al., 1996), (4) from 7 to 100Ma (in black and red) (Kominz et al., 2008), (5) deep-sea benthic foraminiferal oxygen (in red) and carbon (in green)
isotopic curves (Cramer et al., 2009). Light yellow: basin accumulation rates for whole Zambezi sedimentary system (in km3/Ma) from Ponte (2018). Abbreviations in
alphabetic order: AABW=Antarctic Bottom Water, ACC=Antarctic Circumpolar Current, A-SO=Atlantic-Southern Ocean, CAS=Central American Seaway,
EAIS= Eastern Antarctic Ice Sheet, EARS=Eastern Africa Rift System, ETM2=Eocene Thermal Maximum 2, K-T=Cretaceous/Tertiary, MME=Mid-Maas-
trichtian Event, MTD=Mass-Transport Deposit, NADW=North Atlantic Deep Water, PETM (ETM1)= Paleocene/Eocene Thermal Maximum (Eocene Thermal
Maximum 1), S-A=Southern Africa, SCW=Southern Component Water, WAIS=Western Antarctic ice Sheet. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Figure 4.15. Chart of major Cretaceous to Cenozoic global events (tectonic, climatic, sea level, and palaeoceanographic events) (Zachos et al., 2001; Hernán-
dez-Molina et al., 2017b). These global changes are correlated with the regional stratigraphy of the Mozambique Margin. Geological time scale from Ogg et al. 
(2016). Global sea level records: (1) from 0 to 7 Ma (in purple) (Miller et al., 2005), (2) from 7 to 100 Ma (in black and light blue) (Miller et al., 2005), (3) from 
100 to 140 Ma (in light gray) (Sahagian et al., 1996), (4) from 7 to 100 Ma (in black and red) (Kominz et al., 2008), (5) deep-sea benthic foraminiferal oxygen 
(in red) and carbon (in green) isotopic curves (Cramer et al., 2009). Light yellow: basin accumulation rates for whole Zambezi sedimentary system (in km3/Ma) 
from Ponte (2018). Abbreviations in alphabetic order: AABW = Antarctic Bottom Water, ACC = Antarctic Circumpolar Current, A-SO = Atlantic-Southern 
Ocean, CAS = Central American Seaway, EAIS = Eastern Antarctic Ice Sheet, EARS = Eastern Africa Rift System, ETM2 = Eocene Thermal Maximum 2, K-T 
= Cretaceous/ Tertiary, MME = Mid-Maastrichtian Event, MTD = Mass-Transport Deposit, NADW = North Atlantic Deep Water, PETM (ETM1) = Paleocene/
Eocene Thermal Maximum (Eocene Thermal Maximum 1), S-A = Southern Africa, SCW = Southern Component Water, WAIS = Western Antarctic ice Sheet.
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the Lower and Middle Zambezi regions, SU4 hosts the Zambezi drift and
a large field of sediment waves (Figs. 8, 10A, 14 and A.3 in the Sup-
plementary material). These sediment waves appear similar to those
described along the abyssal plain of the Argentine basin, where they are
interpreted to record weak and linear stratified bottom currents (e.g.,
Flood and Shor, 1988; Klaus and Ledbetter, 1988; Blumsack and
Weatherly, 1989; Blumsack, 1993). The slope of the Angoche region is
characterized by the growth of the Angoche drift which is incised by a
downslope channel (Figs. 6, 9 and 14). Across the abyssal plain, SU4
records the growth of Limpopo drifts that develop similarly to those
appearing in SU3 (Fig. 10B).

5.1.5. Seismic unit 5
Continental margin progradation (prograding clinoforms) occurs

along the shelf of the Lower Zambezi and Middle Zambezi regions
during the Oligocene as recorded in SU5 (38.2–36.2Ma to 25–23Ma)
(Fig. 8). This unit marks the development of the modern Zambezi delta,
a period of high sediment flux from the Zambezi river during uplift of
the South-African plateau (Walford et al., 2005; Ponte, 2018; Ponte

et al., 2018). The slope of the Lower and Middle Zambezi regions in-
cludes a late Eocene to Oligocene transition (reflector d) that hosts the
development of large channels (Fig. 8). Although 2D multichannel
seismic reflection profiles do not resolve whether or not these channels
represent contourites, the early Oligocene marks the onset of significant
deep-water circulation in the basin (Tucholke and Embley, 1984).
Furthermore, homogenous and stratified seismic facies infilling SU5
channels could arise from winnowing and redistribution of sediments
by bottom currents (e.g., Campbell and Mosher, 2015). The relative
importance of this process remains uncertain however. Later in the
Oligocene, downslope processes built lobes into SU5 around the Lower
and Middle Zambezi regions (Figs. 7, 8, 9 and 14). The Zambezi drift
hosts sediment waves developed along the distal limit of the slope and
rise in the Zambezi region, where it determines the overall SU5 de-
positional pattern (Figs. 7, 8, 10A, 12 and 14). In the Angoche region,
large channels and the Angoche drift develop along the slope (Figs. 6, 9
and 14). This pattern indicates a marked increase in sediment supply to
the margin compared to that recorded by SU4 (Ponte, 2018). Along the
southernmost part of the rise, SU5 exhibits sedimentary lobes

Fig. 16. Palaeoceanographic evolution of the Mozambique Channel based on this study and on Fischer and Uenzelmann-Neben (2018a) (and references therein).
Palaeobathymetric reconstructions based on Castelino et al. (2016). Time frames cover A) 130Ma, B) 120Ma, C) 100Ma, D) 75Ma, E) 40Ma, F) 30Ma, G) 15Ma, H)
10Ma. Light gray represents areas not included in their palaeobathymetric reconstruction. A - SO gateway closed to circulation is represented by a thick dashed red
line. Abbreviations for water-masses: (proto-) AABW=Antarctic Bottom Water, AAIW=Antarctic Intermediate Water, CDW=Circumpolar Deep Water,
NADW=North Atlantic Deep Water. Legend for oceanographic features: NMB=Northern Mozambique Basin, SMB= Southern Mozambique Basin, MozR=Mo-
zambique Ridge, A - SO=African Southern Ocean gateway, NV=Natal Valley, APa=Agulhas Passage, AP=Agulhas Plateau, MdgR=Madagascar Ridge. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 4.16. Palaeoceanographic evolution of the Mozambique Channel based on this study and on Fischer and Uenzelmann-Neben, (2018a) (and references 
therein). Palaeobathymetric reconstructions based on Castelino et al. (2016). Time frames cover A) 130 Ma, B) 120 Ma, C) 100 Ma, D) 75 Ma, E) 40 Ma, 
F) 30 Ma, G) 15 Ma, H) 10 Ma. Light grey represents areas not included in their palaeobathymetric reconstruction. A - SO gateway closed to circulation is 
represented by a thick dashed red line. Abbreviations for water-masses: (proto-) AABW = Antarctic Bottom Water, AAIW = Antarctic Intermediate Water, 
CDW = Circumpolar Deep Water, NADW = North Atlantic Deep Water. Legend for oceanographic features: NMB = Northern Mozambique Basin, SMB = 
Southern Mozambique Basin, MozR = Mozambique Ridge, A - SO = African Southern Ocean gateway, NV = Natal Valley, APa = Agulhas Passage, AP = 
Agulhas Plateau, MdgR = Madagascar Ridge.
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potentially originating from the southernmost channels of the Lower
Zambezi region or from channels further south of the study area
(Figs. 10A and 14). In the abyssal plain, SU5 is pre-empted by a strong
erosional surface which coincides with a hiatus detected at DSDP Leg
25 Sites 248 and 249 (Simpson et al., 1974a, 1974b) and DSDP Leg 26
Site 250 (Davies et al., 1974) (Fig. 10B).

5.1.6. Seismic unit 6
During deposition of the early to middle Miocene SU6 (25–23 to

11.6Ma), clinoforms continue to prograde along the shelf of the Lower
and Middle Zambezi regions (Ponte et al., 2018) (Figs. 7 and 8). Along
the slope in the Lower Zambezi region, bathymetric relief of the Beira
high deflects most channels to the north (Fig. 14). Sedimentary lobes
ponded along the slope and rise of the Middle Zambezi and Angoche
regions interfinger around the latter region with the evolving Angoche
drift and associated incision channels (Figs. 6, 7 and 9). Some of these
channels represent mixed drifts (Fig. 9 and Fig. 13B) indicating con-
tinued influence of bottom currents. The bathymetric relief of the
Zambezi drift confines sedimentary lobes to the south (i.e., Lower
Zambezi rise) by acting as a “natural dam” (Figs. 7, 10A and 14). Most
sediments along the rise of the Lower Zambezi region categorize as
hemipelagites but the lower part of SU6 forms part of the overall
Zambezi drift (Fig. 10A). In the southernmost part of the rise and
abyssal plain, reflection data show sedimentary lobes in SU6 bound to
the south by bathymetric relief of the northern Limpopo drift (Fig. 10B).
These relations indicate that gravity flow processes operate in this part
of the margin during SU6 development and may associate with

channels along the slope, south of the Beira high and the area covered
in Fig. 14. Sedimentary lobes develop during a period of coarse-grained
(1–3mm on average) sand deposition at Site 248 interpreted as a strong
and rapid terrigenous influx along the African margin beginning in the
middle Miocene (Simpson et al., 1974a). South of the northern Limpopo
drift, SU6 to SU9 sediments are undifferentiated and host many ero-
sional features (e.g., scours) which indicate vigorous bottom currents
(Fig. 10B).

5.1.7. Seismic unit 7, 8, and 9
Although a distinct period of drift development occurs in the late

Miocene SU7 (11.6Ma to 5.6Ma), it marks the transition from pri-
marily along-slope processes back to downslope gravity flow processes,
as well as during the latter Pliocene SU8 (5.6Ma to 2.8Ma) and SU9
(Pleistocene or 2.9Ma to present) (Fig. 14). This transition mostly re-
flects an increase in sediment supply to the margin from the late Mio-
cene to the Pleistocene (Walford et al., 2005). Along the shelf of the
Lower Zambezi and Middle Zambezi regions, prograding clinoforms
extend 80 km (Ponte et al., 2018) (Figs. 7 and 8). These formed coevally
with extensive channels and MTDs along the slope (Figs. 7, 8, 9 and 14).
The MTDs provide indirect evidence of slope instability resulting from
rapid delivery of sediment to the slope. Sediments may pass over the
Beira high which relieves flow in channels otherwise constricted by
sediments funneled into preexisting bypass routes along basement
features. Reorganization of channels along the slope enabled deposition
of sedimentary lobes along the rise in the Lower Zambezi region
(Figs. 8, 10A and 14). In the Middle Zambezi region, these channels

Fig. 17. Conceptual 3D sketch for the construction of the Zambezi drift. A) Seismic section of the Zambezi drift for the Lower Zambezi region. B) Seismic section of
the Zambezi drift for the Middle Zambezi region during its early phase of construction (34–26Ma). Sketch showing the theoretical bottom shear stress values (in
N.m−2) along the seafloor. Note that the critical shear stress for resuspension of muddy silts is proposed in the range of 0.03–0.1 N.m−2 for deep-sea environments
(e.g., McCave and Swift, 1976). C) Seismic section of the Zambezi drift for the Middle Zambezi region during its late phase of construction (26–23Ma) with
theoretical bottom shear stress values (in N.m−2) along the seafloor. Abbreviations: proto-AABW=proto-Antarctic Bottom Water, CDW=Circumpolar Deep Water.
Seismic profiles courtesy of INP and WesternGeco.
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Figure 4.17. Conceptual 3D sketch for the construction of the Zambezi drift. A) Seismic section of the Zambezi drift for the Lower Zambezi region. B) Seismic 
section of the Zambezi drift for the Middle Zambezi region during its early phase of construction (34–26 Ma). Sketch showing the theoretical bottom shear 
stress values (in N.m-2) along the seafloor. Note that the critical shear stress for resuspension of muddy silts is proposed in the range of 0.03–0.1 N.m-2 for deep-
sea environments (e.g., McCave and Swift, 1976). C) Seismic section of the Zambezi drift for the Middle Zambezi region during its late phase of construction 
(26–23 Ma) with theoretical bottom shear stress values (in N.m-2) along the seafloor. Abbreviations: proto-AABW = proto-Antarctic Bottom Water, CDW = 
Circumpolar Deep Water. Seismic profiles courtesy of INP and WesternGeco.
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converge downslope to join the modern Zambezi Valley (Fig. 14). Data
from DSDP Site 250 document a major influx of detrital material at the
beginning of the Pliocene (Davies et al., 1974) which forms a large
sedimentary lobe (Droz and Mougenot, 1987; Fierens et al., 2019). This
feature and its position confirm transfer of sediments towards the
abyssal plain through this pathway.

5.2. Insights into Mesozoic and Cenozoic circulation in the Mozambique
Channel

The development and burial of contourite depositional systems re-
corded by these stratigraphic units accompanied significant changes in
ocean circulation and coincided with major tectonic events such as the
opening and closing of oceanic gateways (Rebesco et al., 2014). The
palaeobathymetric model of Castelino et al. (2016) provides a useful
framework for understanding ocean circulation on geological time
scales. This framework consists of intermediate waters (< 4000m wd)
and deep waters (> 4000m wd) which correspond to the slope and rise
area and to the abyssal plain, respectively. The study area experienced
four main (informal) stages of ocean circulation: onset, growth (sub-
divided into sub-stages 1–3), maintenance, and burial.

5.2.1. The onset stage
Onset of intermediate circulation occurs with the development of

the Beira drift. Onset of this drift is poorly constrained but occurs above
regional seismic discontinuity a (i.e.,> 129.4Ma) suggesting onset of
oceanic circulation in the Early Cretaceous (Aptian–Albian). Castelino
et al. (2015) report observations suggesting Late Cretaceous onset
(Fig. 15). The former interpretation agrees with findings of
Uenzelmann-Neben et al. (2017), which infer oceanic circulation
through the African-Southern Ocean (A-SO) gateway beginning in Al-
bian time (~110Ma). Onset of deep circulation occurs with the de-
velopment of the southern Limpopo drift at the Albian-Cenomanian
boundary (~100.5Ma) and records initiation of a deep-water connec-
tion through the A-SO gateway (~100Ma, Lawver et al., 1992; König
and Jokat, 2006) (Figs. 15 and 16).

5.2.2. The growth stage
The growth stage divides into three sub-stages. Sub-stage 1 occurs

during deposition of SU3 (Late Cretaceous), sub-stage 2 during SU4
(Paleocene-Eocene), and sub-stage 3 during SU5 (Oligocene).

At intermediate water depths, the sub-stage 1 records burial of the
Beira drift, where density current features associated with uplift of the
South African plateau probably mask effects of bottom currents on se-
diment (Ponte et al., 2018) (Fig. 15). The mixed drift represents the
only preserved evidence of bottom currents. These document the in-
fluence of a northeast flowing, intermediate current interpreted by
Voigt et al. (2013) and Donnadieu et al. (2016) to weaken in distal
areas where more symmetric drift levees bound the channel. Along the
abyssal plain, the erosional surface referred to as discontinuity b marks
the onset of sub-stage 1. This indicates bottom currents operating
around the Cenomanian to Turonian transition. Fischer and
Uenzelmann-Neben (2018a) linked this intensive circulation to the
Turonian (~91Ma) onset of a long-lasting cooling trend after the Cre-
taceous thermal maximum. Opening and deepening of the Equatorial
Atlantic Gateway may have caused this event (Poulsen et al., 2001,
2003; Huber et al., 2002; Murphy and Thomas, 2012; Friedrich et al.,
2012). Limpopo drifts developed above this erosional surface in re-
sponse to circulation components of northward deep currents that
might be associated to the southern component water (Robinson et al.,
2010) (Figs. 15 and 16).

During sub-stage 2, partial cessation of density currents favors de-
velopment of contour current features. Large contourites appear in the
basin, including the Zambezi and Angoche drifts. A large field of sedi-
ment waves indicates intensification and expansion of intermediate
currents in distal areas. This intensification may indicate greater overall

circulation with cooler conditions during the early to late Eocene
(Zachos et al., 2001) (Fig. 15). Sediment wave orientation suggests
predominantly northeastward-flowing bottom currents. Numerical si-
mulations by Uenzelmann-Neben et al. (2017) and εNd signatures re-
ported for Eocene sediments by Thomas et al. (2003) also indicate
northward flow in the study area. Deep circulation remained similar to
that operating during sub-stage 1 and development of the southern
Limpopo drifts (Figs. 15 and 16).

Erosional features (i.e., contourite channels) formed during sub-
stage 3 could mark the onset of more vigorous bottom currents at in-
termediate water depths. The emergence of these currents may reflect
major Oligocene palaeoceanographic changes in the Southern Ocean
associated with the opening of the Drake Passage (Zachos et al., 2001;
Potter and Szatmari, 2009) (Fig. 15). These enabled full development of
the Antarctic Circumpolar Current (ACC) around the Eocene/Oligocene
boundary (31Ma: Lawver and Gahagan, 2003; 34Ma: Barker and
Thomas, 2004; ~33Ma: Livermore et al., 2004). The expansion of the
East Antarctic ice sheet (Barrett, 1996) and a new thermohaline cir-
culation pattern contributed to initiation of Circumpolar Deep Water
(CDW) and a proto-Antarctic Bottom Water (AABW) (Kennett, 1982;
Niemi et al., 2000; Hernández-Molina et al., 2009; Lindeque et al.,
2016; Uenzelmann-Neben et al., 2017) (Fig. 16). During this interval,
the Zambezi and Angoche drifts experienced significant vertical accu-
mulation. The absence of SU5 deposits in abyssal environments appears
consistent with interpretations given in Leclaire (1974) that infer an
erosional zone resulting from strong western-boundary undercurrents
supplied by AABW. These presumably operated by late Oligocene to
early Miocene times. The unconformity developed along the margins of
the Cape Basin, Agulhas Plateau, and Mozambique Basin off South
Africa marks the principal pathways of abyssal flow for AABW through
the region (Tucholke and Embley, 1984) (Figs. 15 and 16).

5.2.3. The maintenance stage
The maintenance stage develops during SU6 deposition. Despite the

general downslope depositional setting proposed for SU6, the Zambezi
and Angoche drifts experienced growth during this stage. This could be
linked to rising sea level associated with warmer conditions from the
end of the Oligocene (27–26Ma) until the middle Miocene (~15Ma)
(Haq et al., 1987; Zachos et al., 2001). We therefore propose similar
oceanographic conditions in the early Miocene rather than in the Oli-
gocene. This interpretation, consistent with that of Heezen and Hollister
(1971), holds that the AABW forms a huge loop in the northern part of
the Mozambique basin (Figs. 15 and 16).

5.2.4. The burial stage
Termination of the Zambezi drift growth marked the onset of major

palaeoceanographic changes at basin scales with cooling after the Mid-
Miocene Climatic Optimum (17–15Ma). Palaeoceanographic changes
correspond to an increase in deep-water circulation (AABW) in the
Southern Hemisphere (Kennett, 1982; Uenzelmann-Neben et al., 2017).
This coincided with Miocene glaciation, sea-level fall (Zachos et al.,
2001), the expansion of the eastern Antarctic ice sheet (Mercer, 1983;
Pierce et al., 2017), and initiation of North Atlantic Deep Water
(NADW) circulation in the Southern Hemisphere (Kennett, 1982)
(Fig. 15). This last change may have generated a deepening of the
AABW, resulting in a NADW/AABW interface at depths of
~3500–4000m wd. These processes buried the Zambezi drift. Along
the slope, the upper boundary of the NADW is probably interfaced with
the newly formed Antarctic Intermediate Water (AAIW) (Fig. 16). The
onset of AAIW may be the result of changes that took place during the
middle Miocene, coeval with the initiation of the permanent eastern
Antarctic ice-sheet (Mercer, 1983) (Fig. 15). Under the influence of
NADW, the Zambezi drift ceased to be active due to burial but the
Angoche drift now under the influence of the AAIW remained active
during SU7 deposition. Downslope processes predominate in this area
however.
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5.3. Conceptual model for the evolution of large contourite drifts

Hydrodynamic processes behind small contourite drifts (i.e., mixed
turbidite-contourite drifts) have been recently studied by several au-
thors (e.g., Miramontes et al., 2020), mostly as potential high-value
hydrocarbon reservoirs (Fonnesu et al., 2020; Fuhrmann et al., 2020).
However, the hydrodynamic processes at the origin of large elongated-
mounded and sheeted contourite drifts identified in many abyssal
plains and continental margins are still underexplored despite, for ex-
ample, their potential as seal-rocks or their role as topographic barriers
or conduits for subsequent gravity flow deposits (e.g., Viana et al.,
2007). In the Mozambique Channel, several large elongated-mounded
contourite drifts have been recognized with the available 2D multi-
channel seismic reflection profile dataset (i.e., Limpopo drifts, Zambezi
drift, Angoche drift, and Beira drift). However, the use of 3D seismic
volumes is required to provide a detailed geometrical analysis of these
large contourite drifts. Despite of that, this study unravels the role of
large contourite drifts in the formation of ponded systems (e.g., sedi-
mentary lobes) and the influence of downslope channels pathways,
modifying the sedimentary stacking pattern at the basin scale. There-
fore, hydrodynamic processes behind their formation should be ad-
dressed and could be applied more globally. Here, we attempt to
characterize the formation of the Zambezi drift, which represents an
important component in the sedimentary and palaeoceanographic
evolution of the Mozambique basin.

In the Lower Zambezi region, the Zambezi drift is characterized by
an erosional channel (~10 km wide) in its landward and upslope area
(Figs. 8 and 17A). It might be similar to a downslope channel coevally
with the Zambezi drift's formation (i.e., for the time of deposition of
SU4, SU5, and SU6) (Fig. 14), but deviated in an SW-NE trend by the
remnant positive relief of the Beira High. Here, because the asymmetry
of the Zambezi drift and its association with the channel, it might be
confused with an asymmetric channel–levee complex (e.g., Migeon
et al., 2006). But, the fact that there is not any large feeder gravitational
system connected to this channel, its parallel distribution to the paleo-
slope, and its association to an adjacent elongated-mounded and se-
parated drift allows to interpret this channel as a contourite moat (e.g.,
McCave and Tucholke, 1986; Faugères et al., 1999; Rebesco and Stow,
2001; Masson et al., 2002). It results from the increased flow path of the
proto- Antarctic Bottom Water (AABW) due to the Coriolis effect di-
recting the current core against the adjacent slope (Fig. 17A), eroding
the left side and depositing sediment on the right side where the current
velocity is lower, as proposed by Faugères et al. (1999). Along the
western continental slopes in the southern hemisphere, moats occur on
the left sides of elongated-mounded and separated drifts confined by
the slope physiography, suggesting north-eastward-directed main flow
on this margin (e.g., Llave et al., 2001). However, we do not exclude the
possibility that some smaller downslope channels connect to this moat,
contributing locally for the drift's development (e.g., overspill of fine-
grained sediments) and the infill of the moat (e.g., filled by coarser-
grained sediments) (Figs. 14 and 17). Furthermore, sediment waves
within the drift may develop by contour currents but are similar, in
form and dimensions, to waves formed by turbidity currents (Figs. 8
and 17A) (e.g., Wynn and Stow, 2002). Therefore, further studies
should emphasize about criteria to distinguish waves formed by these
contrasting mechanisms in the study area.

In the Middle Zambezi region, the previous elongated-mounded and
separated drift becomes detached to the slope and resembles other giant
mounded drifts described in the Transkei basin by Niemi et al. (2000) or
in the Argentine basin by Hernández-Molina et al. (2010). These drifts
are built in open deep marine settings (i.e., in which the core current
migration is not confined by the slope physiography). In these systems,
drifts are distinguished by their asymmetric mounded external shapes
with erosion on the steep sides and continuous deposition onto the
gentler sides, which are typically partly covered with sediment waves,
and the drift's crest migration is leftward down current (in the Southern

Hemisphere). In the Mozambique Channel, the Zambezi drift in the
Middle Zambezi region represents a sedimentary system characterized
in its early development phase by a prominent crest, a steep and more
erosive SW side, and a smooth gently dipping and depositional NE side
(Fig. 17B). The drift's crest migration is towards the NE suggesting that
the proto- AABW flow path is towards the SE with the main core of the
water mass located in the southwest part of the drift (Fig. 17B). How-
ever, in the late phase of the drift's development the system changes
completely with deposition focused on the SW side of the drift where
large sediment waves develop, and erosion and/or non-deposition
dominate the NW side of the drift (Fig. 17C). We interpret the shift
between early and late phases by a change in the position of the main
core of the water mass, now located in the northeast part of the drift
(Fig. 17C). The most likely scenario for the upslope migrating sediment
waves on its SW flank is that these waves create by weak contour
currents between 0.1 and 0.3m/s, based on the criteria from Stow et al.
(2009).

We consider the changes in the drift's development during the late
phase to occur during a late Oligocene period (26–23Ma). At this time,
Pekar et al. (2006) suggest a reduction and a weakening of the proto-
AABW in comparison to the early Oligocene period (34–26Ma). The
configuration of the basin with 1) a northward shallowing of the sea-
floor (Castelino et al., 2016), 2) the inherit morphology of the Zambezi
drift initial phase, and 3) a deeper proto- AABW top interface controls
the change in the position of the proto- AABW main core. We suggest
that the drift moves from an open-marine system to a “slope-confined”
system in which the main core of the current moves on the left side of
the elongated-mounded drift (in the Southern Hemisphere), confined by
the slope physiography (Fig. 17C). This scenario of a late Oligocene
proto- AABW current condition may have been true for the early Mio-
cene SU6 (Pekar et al., 2006), consistent with the drift's maintenance
stage (Fig. 17C).

An important point concerned the various sediment inputs for the
construction of this drift: sediments could be of pelagic-hemipelagic
origin, turbidity currents origin from adjacent slopes, and bottom cur-
rents origin with local erosion and longer-distance transport (Fig. 17).
Sediment deposition can be enhanced as well by external factors such as
topographic effects, distal input from terrestrial sources, local erosion
around obstacles, etc. (Hernández-Molina et al., 2006; Stow et al.,
2008). Moreover, regional sediment distribution could be increased due
to the effect of internal waves associated with the CDW/AABW inter-
face and its interaction with the continental slope, inducing sediment
resuspension and transport through nepheloid layers (e.g., Bourgault
et al., 2014) (Fig. 17). This confirms the multi-processes interaction for
the drift's formation and the necessity to integrate oceanographic and
sedimentological studies for a better understanding of these giant
contourite drifts.

6. Conclusion

Based on observations of the study area, interpretations are sum-
marized as three main conclusions:

• Large contourite drifts developed from Albian-Aptian times with
optimal conditions during the Oligocene. Small mixed contourite
drifts developed locally during interaction between density currents
and contour currents in the Late Cretaceous and early-middle
Miocene. These established a paleo-bottom current direction. All
bottom current evidence suggests predominantly south to north
circulation along the African margin during the Mesozoic and
Cenozoic. Significant erosional phases caused by bottom currents
have been identified from sediments deposited during the Turonian
and late Oligocene. The timing of these erosional phases appears to
be similar with that observed for other areas of the African margin.
• The main phases of CDS growth and burial coincide with major
tectonic changes, which strongly influence the paleoceanography of
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the margin. The sedimentary record thus confirms the connection
between global events and CDS development to demonstrate that
these features represent important records for underexplored mar-
gins of the Southern Hemisphere.
• This approach could be extended with further study of the African
continental margin. The paucity of deep-sea wells and the sparse
coverage of multichannel 2D seismic reflection profiles represent a
major gap in records of palaeoceanographic circulation in this area
(i.e., different water masses and their respective water depths, and
criteria for palaeo-bottom current directions). Detailed analysis of
three-dimensional seismic reflection data along with high-resolution
stratigraphic da08ta from other deep-water sites can help constrain
understanding of the margin and its relation to global events.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.margeo.2020.106192.
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CHAPTER 5. A Paleocene to Miocene analo-
gue for ancient contourite terrace settings: the 
Pelotas and Punta Del Este basins (Uruguayan 
margin, western South Atlantic)
Based on a high-resolution 3D seismic dataset (from British Gas Group and Shell), this study focused on the Paleocene 
to Miocene evolution and the stratigraphic architecture of the contourite depositional systems (CDSs) of the Uruguayan 
margin. Evolving in a similar geological setting (i.e., ocean western boundary, continental volcanic margin with late 
Cretaceous transitional to marine sediments and Cenozoic marine sediments) and under the associated oceanographic 
influences (i.e., the North Atlantic Deep Water, the Circumpolar Deep Water, the Antarctic Intermediate Water and the 
Antarctic Bottom Water for the main water-masses), the Uruguayan margin CDSs provide an interesting case study to 
be compared with the CDSs of the Mozambique Channel where only 2D sesimic datasets is availbale for this PhD work.  

Credit: Schlumberger
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ABSTRACT
While bedforms are increasingly being recognized and analyzed in bathymetric and seismic 

data sets, exact mechanisms for the formation of large bedforms are not well understood. This 
paper describes a suite of Paleocene to Miocene bedforms found along a series of contourite 
terraces that compose the Uruguayan continental slope. Results are compared with similar 
bedforms found along other continental margins. This study describes diagnostic, large-scale 
features associated with major discontinuities, including channels, scours, furrows, sand 
ribbons, and barchan dunes. These record periods of increased bottom current activity and 
thus represent distinct paleoceanographic markers within the basin. Sequences of layered, 
muddy two-dimensional dune-like bedforms also commonly occur between discontinuities. 
The vertical bedform distribution exhibits a repetitive pattern generated by bottom cur-
rents, with sediment supply from simultaneous downslope processes deposited primarily 
over discontinuous intervals. Sediment reworking and redistribution along slope by bottom 
currents generated thick, extensive sand-rich deposits concentrated at particular locations. 
These features raise fundamental questions concerning margin processes, morphologies, 
stratigraphic context, and bedform development in deep-marine environments. Given their 
role in paleoceanographic reconstructions and resource exploration, these deposits and the 
mechanisms that form them require more formal understanding.

INTRODUCTION
Over the last decade, numerous bottom cur-

rent–controlled features (contourites) have been 
recognized in deep-water settings (Rebesco 
et al., 2014). While most contourite deposits 
(drifts) are mud dominated, sandy deposits have 
also been recognized, especially with advances 
in high-resolution three-dimensional (3-D) 
seismic data processing and associated seismic 
attribute imaging and analysis. Deep-water sand 
deposits are usually interpreted as forming from 
sediment gravity flows. Some deep-water, sand-
rich deposits however are interpreted to have 
formed or been reworked by bottom currents 
(e.g., Mutti et al., 2014). The frequency with 
which such deposits occur in modern-day set-
tings raises the question of their general scarcity 
in the ancient record. The present study provides 
an analysis of large bedforms interpreted to be 

sand rich based on their morphology and seis-
mic facies (e.g., seismic amplitude distribution 
and architecture). The bedforms occur within 
Paleocene to Miocene contourite terraces along 
the Uruguayan continental slope (Fig. 1). This 
paper provides a description of specific features 
from the Uruguayan margin and compares them 
with other modern and ancient examples. Inter-
pretations of sedimentary processes and pale-
oceanographic history can clarify the conceptual 
and economic significance of large bedforms in 
contourites.

METHODS
This study analyzed a regional database of 

multichannel two-dimensional (2-D) seismic 
reflection profiles, post-stack depth-migrated 
3-D seismic reflection data covering >13,000 
km2, and data from two wells (Fig. 1). Seismic 
interpretation was completed using Petrel 2015 
software (Schlumberger). Well data provided 

information on stratigraphy and regional age 
ranges. Morphosedimentary features were iden-
tified using 3-D seismic profiles, and charac-
terized according to surface attributes [as root 
mean square amplitude (RMS) or anomaly sur-
faces, as well as dip and dip azimuth surfaces] 
and a PaleoScan geomodel (Eliis).

RESULTS: CONTOURITE TERRACES 
AND BEDFORMS

According to well data and Morales (2013), 
four seismic units (SU1–SU4 from top to base) 
appear in the Paleocene to Miocene slope record. 
Each unit is bounded by regional discontinui-
ties (DI–DV, Fig. 2). In seismic profiles these 
discontinuities appear as erosion surfaces with 
high-amplitude reflections with good lateral 
continuity. The seismic units exhibit either an 
aggradational configuration (SU4, SU3, and 
SU1) or slightly prograding sigmoidal clino-
forms (SU2). They vary in thickness and form 
depocenters parallel to the slope. These exhibit 
high-amplitude reflections (HARs) in proximal 
domains but appear as weaker seismic facies in 
basinward areas. Units thin both in proximal 
and distal domains, with reflection terminations 
onlapping and downlapping respective proximal 
and distal surfaces. For proximal areas of each 
unit and along the middle slope, units appear as 
sheets, lenses, and slightly elongated mounds 
within a broad contourite terrace (hereafter 
“terrace” for simplicity) (Fig. 2). The terraces, 
where most HARs occur, trend northeast with 
slope gradients (<1°) that progressively increase 
in a basinward direction.

Large morphosedimentary features and a 
number of bedforms occur within the terraces 
(Fig. 2). The largest erosional along-slope 
features include (1) regional discontinuities, 
(2) abraded surfaces, (3) contourite channels *E-mail: javier.hernandez-molina@rhul.ac.uk
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(moats) trending northeast along the middle 
slope, (4) furrows, (5) marginal troughs, and 
(6) scours. The dominant depositional features 
include (1) 2-D wave-like bedforms, (2) barcha-
noid bedforms, and (3) linear sand ribbons. The 
sequences hosting 2-D wave-like bedforms have 
a weak acoustic response that nonetheless shows 
undulating wavy to sigmoidal reflections. They 
commonly occur between regional disconti-
nuities at spacings on the order of 0.5–10 km, 
heights up to 150 m, and lateral widths rang-
ing from 0.7 to 3 km. The crests are straight to 
slightly sinuous, align obliquely NNE at 5°–40° 
with respect to the regional trend of the terrace, 
and are migrating toward the west-southwest 
(upslope).

Major discontinuities are associated with 
channels, scours, furrows, sand ribbons, and 
3-D dunes (barchanoid bedforms) (Fig. 2). The 
barchanoid bedforms appear crescent shaped 
in plan view, span 1–4 km width, are 2.5–6 km 
long, and are located at the top of a 60-m-thick 
sand body. Their convex-to-the-southwest 
shapes include steep lee faces to the northeast, 
thus indicating a predominantly northeast-flow-
ing current. The scale of their internal struc-
ture falls below the vertical resolution of the 
seismic images (~20 m). Barchanoid bedforms 
developed where HARs are present and these 
bedforms are migrating toward the northeast on 
the terraces. The angle between the barchanoid 
bedforms and the general trend of the terraces 
ranges from 10° to 30°. Sand ribbons devel-
oped within the same surfaces and exhibit a 
northeast-southwest orientation in association 
with the erosional furrows. Other across-slope 
features, including down-slope channels and 
depositional lobes, accompany the aforemen-
tioned along-slope features on the terraces, but 
these mainly occur in association with regional 
discontinuities.

DISCUSSION
Deposits from seismic units represent plas-

tered drifts that formed on the middle and lower 
slope by predominantly along-slope processes 
and only a minor contribution from down-slope 
processes. Proximal, flatter areas of drifts form 
terraces characterized by a large, low-gradient 
physiography along the middle slope, whereas 
the distal surfaces dip slightly seaward. Such 
terraces have also been documented along other 
margins, being interpreted as mixed features 
formed by both erosional and depositional pro-
cesses. Previous research found that they may 
develop in association with a pycnocline formed 
between two different water masses (Preu et al., 
2013).

The along-slope bedforms identified above 
have fundamental implications on the (1) flow 
velocity and direction, (2) grain size, and 
(3) depositional loci of sands. Channels, fur-
rows, sand ribbons, and barchanoid bedforms 

Figure 2. A: Example of three-dimensional seismic line indicating major morphological features, 
seismic units (SU), and discontinuities (D). B: Examples of bedforms along a terrace. C,D: Root 
mean square amplitude (RMS) anomaly maps for two-dimensional (2-D) dune-like bedforms 
(C) and barchan dunes and sand ribbons (discontinuity DIV) (D). E: Example of sand body 
topped by barchanoid bedform (discontinuity DIV), indicating its length, width, and height.

Figure 1. A: Selected 
examples for this work 
with deep-water bottom 
water–related large bed-
forms. B: Uruguayan 
margin indicating posi-
tion of study area, water 
masses, and data sets. 
2-D, 3-D—two-dimen-
sional, three-dimensional. 
C: Water masses along the 
margin, indicating current 
flowing northeast (circle 
cross) and southwest 
(circled dot). Horizon-
tal distance and water 
depth are in x and y axes, 
respectively.

Figure 5.1. A: Selected 
examples for this work with 
deep-water bottom water–
related large bedforms. B: 
Uruguayan margin indica-
ting position of study area, 
water masses, and data sets. 
2-D, 3-D—two-dimensio-
nal, three-dimensional. C: 
Water masses along the 
margin, indicating current 
flowing northeast (circle 
cross) and southwest (cir-
cled dot). Horizontal dis-
tance and water depth are in 
x and y axes, respectively.

Figure 5.2. A: Example of three-dimensional seismic line indicating major morphological fea-
tures, seismic units (SU), and discontinuities (D). B: Examples of bedforms along a terrace. C,D: 
Root mean square amplitude (RMS) anomaly maps for two-dimensional (2-D) dune-like bedforms 
(C) and barchan dunes and sand ribbons (discontinuity DIV) (D). E: Example of sand body topped 
by barchanoid bedform (discontinuity DIV), indicating its length, width, and height.
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occur primarily within regional discontinuities, 
indicating greater sandy sediment supply in 
association with bottom currents flowing toward 
the northeast. Currents were vigorous enough to 
locally erode the slope and the terrace. The lay-
ered 2-D wave-like bedform sequences between 
discontinuities represent the dominant deposi-
tional intervals under conditions of weaker 
current flow to the southwest. The large 2-D 
bedforms correspond to muddy 2-D dune-like 
bedforms and appear to have migrated westward 
at an angle oblique to the mean current due to 
the Ekman effect, which deflects these currents 
toward the right in the Southern Hemisphere 
(Rebesco et al., 2014). Such features occur in 
many settings and develop in association with 
relatively weak bottom currents of 0.1–0.3 m/s 
(Stow et al., 2009). Similar features have been 
reported from terraces along the Brazilian (Mutti 
et al., 2014), Canadian (Campbell and Mosher, 
2016), and Namibian (AziNam; S. Usiku, 2017, 
personal commun.) margins (Fig. 3). Maximum 
dune size is controlled by the shear velocity 
defining the transition from bedload to suspen-
sion and is hence grain-size dependent (Bar-
tholdy et al., 2005; i.e., the coarser grain size, 
the larger a dune can grow in size, water depth 
being an additional limiting factor). These large 
2-D dune-like bedforms do not fit into this dune 
hierarchy, perhaps indicating that a higher-order 
hierarchy of compound bedforms grown exists, 
about which little is known.

Some of the aforementioned sand bodies 
exhibit considerable lateral continuity and are 
dozens of meters thick. The barchanoid bed-
forms show similar characteristics and could 
thus represent sand bodies (formsets) composed 
of stacked, cross-bedded sets created by smaller 
dunes, whose upper sections transformed into 
barchanoid dunes. Barchan dunes form only in 
sandy sediments (fine to coarse grained, typi-
cally well sorted) and at flow velocities of 0.6–
1.2 m/s (Stow et al., 2009). Submarine barchan 
dunes also occur in similar settings along other 
continental slopes (e.g., Viana, 2008; Mutti et 
al., 2014; Campbell and Mosher, 2016) such 
as the Gulf of Mexico, Gulf of Cádiz, and the 
Canadian, North European, and Brazilian con-
tinental margins (Figs. 1 and 3). Other large, 
sandy dunes have been reported along slope 
terraces in the South China Sea (Reeder et al., 
2011) and in the Mozambique Channel (Fig. 3). 
Sand bodies topped by barchan dunes recorded 
in late Paleocene to early Eocene sediments of 
the Santos and Campos Basins (Brazil) exhibit 
seismic facies and dimensions (~3 km long and 
up to ~75 m in height; Fig. 3) similar to those 
described here. These Brazilian examples are 
composed of fine sands with porosities >35% 
(Mutti et al., 2014). This value resembles those 
recorded from sandy contourite deposits (34%–
38%) buried along the slope of the Gulf of Cádiz 
(Hernández-Molina et al., 2014). Sand ribbons 

develop in current settings similar to those host-
ing barchan dunes, whereas erosional furrows 
and scours are formed when current velocities 
range from 0.4 and 1.9 m/s (Stow et al., 2009). 
The estimated mean grain-size values for sandy 
barchan dunes and 2-D muddy dune-like bed-
forms can be used to calibrate their RMS anoma-
lies and estimate the potential distribution of 
muddy and sandy deposits.

The bedform distribution has a diagnostic, 
repetitious discontinuity pattern indicating 
variation in processes related to the influence 
of bottom currents. Specifically, two water 

masses along the middle and lower slope (Fig. 4) 
include a vigorous deeper water mass flowing 
toward the northeast and a weaker intermedi-
ate water mass circulating toward the southwest. 
Spatial variations in these water masses and their 
interface controlled terrace formation and evo-
lution and the distribution of bedforms. During 
periods when the interface shifted upward, the 
northeast-flowing water mass acted on the lower 
and middle slope terrace to generate erosional 
(channels and furrows) and depositional (sand 
ribbons and barchan dunes) features. During 
periods of downward shift of the interface, the 

Figure 3. Examples of bedforms along contourite terraces on modern sandy deposits (see 
Fig. 1A for location). A: Porcupine seabight, Irish slope (courtesy of MARUM, Germany). B: 
Modern sandy deposits in Mozambique Channel (courtesy of S. Courgeon, IFREMER, France). 
C: Middle Miocene sequence, Canada, illustrating two-dimensional (2-D) dune-like bedforms 
and barchan dunes, with inset from AA surface (Campbell and Mosher, 2016). D: Mozambique 
Channel sequence showing high-amplitude reflections (HARs) (Late Cretaceous) and large 
bedforms (Paleocene to Miocene) (courtesy from TOTAL S.A., Pau, France). E: 2-D dunes, Late 
Cretaceous, Namibian margin (courtesy of AziNam, Namibia). F: Oligocene sequence, Brazil, 
indicating thick sand bodies topped by barchan dunes drilled by a well (Mutti et al., 2014). 
Images in B and C are used with permission from Elsevier.
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Figure 5.3. Examples of bedforms along contourite terraces on modern sandy deposits (see Fig. 
5.1A for location). A: Porcupine seabight, Irish slope (courtesy of MARUM, Germany). B: Mo-
dern sandy deposits in Mozambique Channel (courtesy of S. Courgeon, IFREMER, France). C: 
Middle Miocene sequence, Canada, illustrating two-dimensional (2-D) dune-like bedforms and 
barchan dunes, with inset from AA surface (Campbell and Mosher, 2016). D: Mozambique Chan-
nel sequence showing high-amplitude reflections (HARs) (Late Cretaceous) and large bedforms 
(Paleocene to Miocene) (courtesy from TOTAL S.A., Pau, France). E: 2-D dunes, Late Cretaceous, 
Namibian margin (courtesy of AziNam, Namibia). F: Oligocene sequence, Brazil, indicating thick 
sand bodies topped by barchan dunes drilled by a well (Mutti et al., 2014). Images in B and C are 
used with permission from Elsevier.
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weaker intermediate water mass formed the 
southwestward-migrating 2-D muddy dune-like 
bedforms on the terrace. Upward movement of 
the interface during formation of the disconti-
nuity coincides with evidence of a widened and 
intensified deep-water mass circulation during 
cold stages (Preu et al., 2013). A coeval fall in 
sea level would have increased sediment sup-
ply, intensified activity of downslope channels, 
and led to formation of perched depositional 
lobes on the terraces. These large along-slope 
features would have required paleoceanographic 
drivers active at least from the Paleocene to the 
early Miocene. These mechanisms would have 
preceded present-day oceanographic conditions 
established between the middle Miocene and 
late Pliocene (Preu et al., 2013).

The data described here indicate that down- 
and along-slope processes controlled by environ-
mental conditions (climate and sea level) and tec-
tonics govern sand body formation in three major 
settings (Fig. 4). The first setting is dominated 
by along-slope processes with vigorous bottom 
currents (>0.4 m/s) that redistribute sediment 

delivered to the contourite terrace by downslope 
channel systems. In this setting, sandy depos-
its are located within channels, moats, and fur-
rows, and are related to sand ribbons and barchan 
dunes. The second setting is dominated by along-
slope processes with weak bottom currents (<0.4 
m/s). They develop 2-D dune-like bedforms with 
crests oblique to the main current flow. The con-
tour current removes part of the sand deposits 
delivered by the downslope channels and redis-
tributes it along the middle slope where it ponds 
in troughs formed by the 2-D dune-like bedforms. 
The third setting represents a mixed system of 
interacting along- and across-slope processes, 
which arose during periods when prevailing 
gravitational processes developed downslope 
channels and associated perched sedimentary 
lobes systems that were reworked by bottom 
currents. The sandier deposits are found both in 
channels and lobes oriented in a direction lat-
eral to the current flow. In these settings, coarse-
grained turbiditic sands, probably transported 
offshore from the shelf, are trapped along the 
terraces and eventually reworked by bottom cur-
rents during and immediately after deposition.

Recent works have recognized the economic 
implications of sandy contourites (Viana, 2008; 
Mutti et al., 2014). Contourite terraces repre-
sent one of the best deep-water environments in 
which to search for relatively thick (5–200 m) 
and continuous (potentially hundreds to thou-
sands of kilometers) sandy deposits (Viana, 
2008; Hernández-Molina et al., 2014). These 
deposits have petrophysical characteristics 
that make them viable targets for hydrocarbon 
exploration.

CONCLUSIONS
Sandy bedforms are not exclusive to fluvial, 

littoral, and shallow marine environments. Sand-
rich deposits can accumulate in deep-marine 
settings dominated by bottom currents, such as 
contourite terraces, as long as there is enough 
coarse-grained sediment available for rework-
ing by vigorous bottom currents. More accurate 
interpretations of sandy contourites can improve 
understanding of deep-water sand deposits and 
bedform development. These in turn can help 
refine deep-water petroleum exploration strat-
egies and paleoceanographic reconstructions.
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Figure 4. Conceptual model illustrating sand 
bodies and bedforms on contourite terraces 
associated with systems dominated by vig-
orous (A) and weak (B) bottom currents and 
with mixed systems (C). Abbreviations as in 
Figure 2.
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Figure 5.4. Conceptual model illustrating sand 
bodies and bedforms on contourite terraces as-
sociated with systems dominated by vigorous 
(A) and weak (B) bottom currents and with 
mixed systems (C). Abbreviations as in Figure 
5.2.
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CHAPTER 6. Discussions, conclusions and 
perspectives
This final chapter aims at synthesizing and discussing the results obtained in the frame of this P.h.D. work as well as pre-
senting some of the various scientific perspectives raised by this study.

Credit: Schlumberger
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6.1. Discussions and conclusions
The main contributions and discussions of this Ph.D. 
work can be summarized in three points: (1) this study 
provides new results to understand the relationship 
between modern contourite depositional systems (CDSs) 
and oceanographic processes as well as to assess the 
impact of seafloor obstacles and proximity/intensity of 
sediment sources on their general morphologies, (2) our 
work present new case studies of Cretaceous to Cenozoic 
CDSs in a barely known region of the Western Indian 
Ocean, and furnish new and well-constrained illustra-
tions of the major impact of oceanic gateways on the 
long-term evolution of CDSs, and (3) this study brings 
several avenues of reflection to explain the economic si-
gnificance of CDSs, especially along contourite terraces. 
These points are detailed in the following sections.

What is the relationship between contour (geostro-
phic) currents and modern CDSs? What are the fac-
tors that control the variability and intensity of these 
currents? 
In the Mozambique Channel, a Regional Oceanic Mo-
deling System (ROMS) developed in this study clearly 
shows that bottom current velocity (capable of erosion, 
transport and resuspension of sediments) is highest along 
contourite terraces (mean velocity >12.5 cm/s) while in-
between current velocity is relatively low, never reaching 
more than 12.5 cm/s, allowing to fine sediments to depo-
sits (see McCave, 1984 diagram) and forming plastered 
drifts (Fig. 6.1); a conclusion already reached by Preu et 
al. (2013) and Miramontes et al. (2019a). These currents 
are (most of the time) modulated by vertical eddies, as 

proven by Schouten et al. (2003) and Ternon et al. (2014). 
Although it cannot be deduced from our study whether 
these vertical eddies affect bottom current velocity along 
terraces and plastered drifts, we know that these could 
impact bottom currents velocity in this sector, and since 
bottom currents were faster during the passage of verti-
cal eddies (Miramontes et al., 2019b), we expect more 
erosion, transport and resuspension of sediments along 
terraces and plastered drifts during these periods. The 
main predisposing factor in the variability and intensity 
of bottom currents is the morphology of the seafloor. In 
the Mozambique Channel, it is strongly affected by nu-
merous obstacles such as ridges and seamounts. From the 
ROMS, acceleration of bottom currents velocity is seen 
in the vicinity of obstacles (>25 cm/s). This is particu-
larly true for deep western boundary currents circulating 
toward the north deflected to the left due to the Coriolis 
effect in the southern hemisphere. In this situation, hori-
zontal eddies might form, generating erosion on the left 
side where a moat develops and depositing sediments on 
the right side where the current velocity decreases, for-
ming an elongated-mounded and separated drift. 

What is the relationship between barotropic tidal cur-
rents and modern CDSs? 
Remarkable differences in the mean bottom shear stress 
calculated 1) for the effect of bottom currents only and 2) 
taken from the study of Chevane et al. (2016) for the ef-
fect of barotropic tidal currents only have been observed 
along the Mozambique Channel (Fig. 6.2). The critical 
shear stress for resuspension of muddy silts is proposed 
in the range of 0.03-0.1 N/m2 for deep-sea environments 
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Figure 6.2. A) Results from the Re-
gional Oceanic Modeling System 
(ROMS) showing mean bottom 
shear stress from bottom currents 
along the Mozambique Channel 
compared with B) the ROMS of 
Chevane et al. (2016) showing 
mean bottom shear stress from tides 
in the same area. 

(e.g., McCave and Swift, 1976). Since all values >0.1 N/
m2 are located in the water depth range of the shelf area 
(<200 m) for the effect of barotropic tidal currents, we 
do not expect that these currents could be at the origin 
of CDSs at present. However, these have indirect effects 
through the generation of internal waves of tidal frequen-
cies. They form when barotropic tidal currents flow over 
an irregular bottom topography (e.g., shelf-break, sea-
floor obstacles) (Garrett and Kunze, 2007). The Mozam-
bique Channel is a particularly well-known hotspot for 
the generation of internal waves (DaSilva et al., 2009). 
In this study, these internal waves have been observed 
traveling along the thermocline; 1) directly from Envi-
sat advanced synthetic aperture radar images and seismic 
data of the water column, and 2) indirectly with high va-
lues of Brunt-Väisälä frequency, a proxy of the natural 
frequency of the vertical oscillation of fluid parcels in 
a continuously stratified fluid. It has been shown that it 
exists a strong link between the water depth range of pyc-
noclines and the location of contourite terraces (hereaf-
ter ‘terraces’), suggesting the potential effect of internal 
waves along these terraces. According to several studies, 
internal waves could erode, transport and re-suspend 
sediments (e.g., Reiche et al., 2018). Nevertheless, the 
occurrence of intensive internal waves breaking on the 
seafloor is a matter of γ/c ratio, where γ is the angle of 
seafloor inclination measured to the horizontal and c cor-
responds to the angle of internal wave energy propaga-
tion, also measured to the horizontal. In the Mozambique 
Channel, it has been demonstrated that supercritical (γ/
c>1) and critical (γ/c≈1) conditions to internal waves are 
favorable to erode, transport and re-suspend sediments, 
forming dunes and contourite channels (Fig. 6.1). 

What is the role of proximity/intensity of sediment 
sources in the development of CDSs? 

Along the northern part of the Mozambique margin 
(north of latitude 21°S), several mass transport deposits 
have been identified together with submarine canyon 
systems, highlighting the predominance of down-slope 
processes. This is correlated to high sediment flux obser-
ved in “source to sink” studies, highlighting that the Plio-
cene-Pleistocene epoch is a period of very high sediment 
flux from the Zambezi river (5.3 – 1.8 Ma; ~3 × 103 km3/ 
Myr and 1.8 – 0 Ma; ~5.1 × 103 km3/Myr; Walford et al., 
2005). However, the present-day occurrence of a terrace 
and a plastered drift in this area looks contradictory with 
the high sediment flux estimated in this same zone (with 
an estimated present annual 100 x 106 t of sedimentary 
input from the Zambezi river, Milliman, 1981). 
In the plastered drift located along the upper slope (re-
ferred as D1 in the part 3.1, chapter 3), the sedimenta-
tion rate is as high as ~83 to 150 cm/ky for the last ~0.2 
Ma based on IODP 361, Site U1477. An interesting fact 
is the slower rate (or even a hiatus) according to Hall 
et al. (2017) at the top of the record in IODP 361, Site 
U1477. It confirms that during high-stand periods (such 
as today), the sediment supply in this part of the margin 
(where D1 develop) is relatively low, despite that the area 
is in front of the Zambezi river (Fig. 6.1). Indeed, satel-
lite images confirm that most of the sediments are carried 
northward by longshore currents along the inner shelf 
and mostly feed the region where D1 disappear and let 
place to down-slope processes along the upper slope. In 
opposite, the low-stand periods are probably associated 
with an increase of down-slope processes in the actual 
region of D1 as it is proposed in the study by Wiles et al. 
(2017) (Fig. 6.1). It confirms that the shelf morphology 
driven by sea-level variations and impacting the proxi-
mity/intensity of sediment sources to continental slopes 
plays a role in CDSs build-up. 

Chapter 6.



114

How is the geological evolution of CDSs? What are 
the triggering factors of this evolution?
Although it has been demonstrated from present-day stu-
dies that bottom currents together with the seafloor mor-
phology and the proximity of sediment sources control 
morphologies of contourite drifts, locally help by the ef-
fect of internal waves, the origin and burial of these drifts 
is still unclear. From the study of the ancient contourite 
system off Mozambique, it has been demonstrated than 
major tectonic changes with the opening/shoaling and 

closing of oceanic gateways are mostly related to the pe-
riods of onset and burial of contourite drifts. Therefore, it 
is proposed that large-scale palaeoceanographic changes, 
related to these gateways evolution, are the main control-
ling factor for the evolution of contourite depositional 
systems (CDSs). In the Mozambique Channel, major 
changes in the evolution of CDSs appear to be related to: 
1) the opening at 122 Ma (König and Jokat, 2006) and 
latter deepening (~100 Ma; Lawver et al., 1992) of the 
African-Southern Ocean gateway, 2) the opening of the 
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Drake passage (Zachos et al., 2001; Potter and Szatmari, 
2009) (with the onset of the Circumpolar Deep Water 
and the proto- Antarctic Bottom Water, both coeval to the 
onset of the Antarctic Circumpolar Current), and 3) the 
progressive closure of the Indonesian gateway (~15 to 
3 Ma) and the closure of the Eastern Mediterranean Sea 
(~14 Ma) (Gourlan et al., 2008) (with the onset of surface 
waters with the Tropical Surface Water, the Subtropical 
Surface Water and the South Indian Central Water, both 
coeval to the onset of the Miocene Indian Ocean Equato-
rial Jet) (Fig. 6.3). Besides these periods, the middle Mio-
cene era (17-15 Ma) seems to have played a significant 
role in the evolution of CDSs, mostly because the period 
encompasses the onset of the North Atlantic Deep Water 
and the Antarctic Intermediate Water, two main compo-
nents in the Mozambique Channel oceanic circulation 
(Kennett, 1982, Mercer, 1983) (Fig. 6.3). Lastly, major 
uplift periods of the South African Plateau, increasing 
terrigenous input along the margin, may have been a fac-
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tor in the preservation of the CDSs, which appear masked 
by downslope processes during these periods (Fig. 6.3). 

In which settings is there economic significance of 
CDSs? 
Although ancient contourites depositional systems have 
neither been drilled in the Mozambique Channel nor the 
Uruguayan margin, their apparent seismic facies and 
geometries relationship with other gravity-flow deposits 
suggest their potential impact on hydrocarbon explora-
tion. In the Mozambique Channel study case, CDSs have 
been shown to act as major natural dams for the later sub-
marine lobes deposits, ponded by the topography created 
by the drifts (Fig. 6.4). In some parts, lobes may accumu-
late in the depression formed by the buried contouritic 
erosion (moat). Secondly, synchronous along- and down-
slope processes interaction, known as channel-drift depo-
sits, have been identified along the Mozambique Channel 
(Fig. 6.4). These systems, widely recognized north of our 

Figure 6.4. 3D sketch showing the different settings in which along- and down-slope processes interact at different temporal scale (modified from 
Fonnesu et al., 2020) with examples from the Mozambique Channel (seismic profiles) and the Uruguayan margin (Root Mean Square RMS amplitude 
map, from Hernández-Molina et al., 2017a).



116

and vertical resolution (frequencies ~1.5/3-200 Hz). To 
go further on the characterization of CDSs, other seismic 
datasets might thus be considered. First, high-resolution 
three dimensional (3D) seismic would represent a very 
useful complementary dataset. It would provide details 
on the morphology, seismic stratigraphy and evolution 
of CDSs, especially through attributes analysis (e.g., dip, 
azimuth, Root Mean Square -RMS). Second, sub-bottom 
profilers (e.g., using frequencies ~3.5 kHz) would help to 
better characterize the most-recent morphology, seismic 
stratigraphy, and evolution of CDSs; especially when 
combined with gravity cores data and multibeam high-
resolution data. 
These have for objectives to 1) constrain the timing of 
the CDSs initiation relative to the simulated Albian cir-
culation (Uenzelmann-Neben et al., 2016), 2) refine the 
seismic stratigraphic model of the margin; mostly about 
the ages of the CDSs evolutionary stages, 3) Reconstruct 
the deep-water response during “global events” such as 
the warming trend during the Paleocene, reaching a peak 
in the early Eocene climatic optimum (52-50 Ma; Zachos 
et al., 2001), 4) document when North Atlantic-sourced 
deep water (i.e., North Atlantic Deep Water - NADW) 
entered the Mozambique basin, 5) determine Indian 
Ocean’s deep-water response to large Pleistocene glacial/
interglacial cycles, and 6) show variations in the strength 
of bottom currents preserved in the sediment of drift de-
posits, and improved the contourite facies model (e.g., 
through Medical computed tomography (CT) analyses; 
Vandorpe et al., 2019).
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study area, represent well-recognized gas-bearing reser-
voirs (e.g., Fonnesu et al., 2020). In these systems, mud-
rich sediments of turbidity currents are winnowed by 
the action of bottom currents, leading to clean sand-rich 
deposits within the channel. Lastly, in the Uruguayan 
margin, a succession of contourite terraces and plastered 
drifts develop. While plastered drifts and associated sedi-
ment waves are suggested to be mud-rich, several fea-
tures with high-amplitude reflections have been observed 
and described as sand ribbons, sand waves and barchan 
dunes (Fig. 6.4). In this setting, models point more to-
wards a reworking of gravity flow deposits immediately 
after deposition although it could also occur during de-
position.

6.2. Perspectives
While some preliminary oceanographic analyses have 
been conducted in the frame of this Ph.D. work, espe-
cially through the study of oceanographic data, more 
localized and accurate characterizations are needed to 
tackle the various oceanographic processes in the area. 
Based on recorded time series (hourly) of current velo-
city, temperature, and salinity of vertical mooring pro-
files, in addition to atmospheric and sea-surface data 
(winds, waves, and currents), these oceanographic pro-
cesses need to be explored in detail. For that, oceano-
graphic data in addition to atmospheric and sea-surface 
data have to cover several consecutive months. In addi-
tion to the Regional Oceanic Modeling System (ROMS, 
CROCO version: https://www.croco-ocean.org/) that 
has been used to simulate the circulation of bottom cur-
rents in the Mozambique Channel (with a re solution of 
1/36°; ~3 km), three-dimensional (3D) morphodynamic 
numerical models should be used in local areas, com-
bined with high-resolution multibeam data, to provide 
high-resolution simulations (with a resolution of ~150 × 
150 m). This should be used specifically in areas where 
the impact of oceanographic processes on sediment dy-
namics (i.e., erosion, transport, and resuspension) rela-
ted to contourite depositional systems (CDSs) is poorly 
understood; e.g., in a transition zone between two water 
masses. Furthermore, to go further on the understan-
ding of the local sediment dynamics, a map documen-
ting the underlying sediment grain-size distribution, and 
derived from sediment gravity cores, could be used as 
model input to calculate resuspension, migration, and 
deposition of cohesive (clay/silt) and noncohesive (fine 
sand) sediments (e.g., Hanebuth et al., 2015; Zhang et 
al., 2016). With the objective of better understand and 
reconstruct the Cretaceous to Cenozoic evolution of the 
CDSs, drilling operations have to be considered. IODP 
would represent the ideal mean to drill the CDSs (e.g., 
JOIDES Resolution drilling vessel that can drill in water 
depths up to 8,235 meters and can suspend as much as 
9,150 meters of pipe to the seafloor). Furthermore, while 
two dimensional (2D) multichannel seismic (MCS) re-
flection datasets studied in the frame of this Ph.D. work 
furnish important results on the evolutionary stages of 
CDSs, these datasets suffer overall from their spatial co-
verage (10 to 70 km 2D MCS reflection lines spacing) 
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      Abstract: The Mozambique Channel locates in the 
Southwest Indian Ocean between the East African conti-
nental margin off Mozambique and Madagascar. On the 
Mozambican continental margin, apart from the settling 
of pelagic and hemipelagic particles, great thicknesses 
of terrigenous sediments have accumulated, being 
transported and deposited by three principal processes: 
mass-failures, turbidity currents, and contour currents. 
Despite this area represents an ideal setting to study 
these contour currents, their impact on sediments have 
been poorly studied. This Ph.D. work aims to develop 
our understanding of the mechanisms behind contour 
currents, controlling the formation of contourite depo-
sitional systems (CDSs) in the Mozambique Channel 
during the Cretaceous and Cenozoic. The broad data set 
available for this Ph.D. work includes high-resolution 
multibeam datasets, seismic data, hydrographic data, 
and results of a numerical model (a regional oceanic 
modeling system).
Present-day CDSs of the Mozambique Channel are re-
cognized from the upper continental slope to the abyssal 
plain. These CDSs show a broad array of morphologies, 
comprising plastered drifts, elongated-mounded drifts, 
sediment waves, contourite terraces, moats, contourite 
channels, abraded surfaces, scours, and furrows. Bot-
tom currents and secondary oceanographic processes 
(internal waves) control the morphology of CDSs. Other 
predisposing factors for their morphologies identified in 
the Mozambique Channel are the presence of seafloor 
irregularities and the proximity/intensity of sediment 
sources. Hydrodynamic modeling of the present-day 
oceanic circulation showed that seafloor obstacles serve 
to focus the flow path of bottom currents while periods 
and areas with high rates of sedimentation superimposed 
on the whole CDSs, triggering mass-failures and turbi-
dity currents. In the ancient record, the onset and burial 
phases of CDSs are mainly driven by tectonics (with 
the opening, shoaling, and closing of major oceanic ga-
teways), leading to major palaeoceanographic changes. 
Locally, their variable morphologies confirm the pre-
sent-day studies where seafloor morphology and proxi-
mity/intensity of sediment sources play a significant 
role. Specific conditions, where it exists a relative equi-
librium between long-term steady bottom currents flow 
and short-term turbidity currents, might have economic 
significance for the petroleum industry, occurring more 
specifically along the contourite terraces. 

Keywords: Mozambique Channel, continental mar-
gin, seismic stratigraphy, morphology, sedimentary 
processes, bottom currents, Cretaceous and Cenozoic, 
contourites, water mass interfaces.


