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Abstract :
The morphology and present-day sediment distribution of the Zambezi turbidite system was investigated
using new bathymetric and sub-bottom profiler data as part of the PAMELA research project. The
Zambezi turbidite system is composed of two depositional systems: a channelized fan (the Zambezi
Fan) and a semi-confined fan (in the lntermediate Basin). The Zambezi Fan includes the Zambezi
Valley, which is deeply incised in the Mozambique Channel and is more than three times as large and
deep as the great Tanzanian and North Atlantic Mid-Ocean channels. The erosion in the Zambezi
Valley is evidenced by its V-shaped morphology and the existence of a U-shaped thalweg affected by
several generations of incisions. Based on echo facies and cores from literature, sediments of the
Zambezi Fan are dominantly coarse-grained and fine-grained overbank deposits are infrequent. The
distal portion of the Zambezi Fan is a main depositional area where typical transparent wedged-shape
seismic bodies are interpreted as terminal lobes. Seismic facies in the Intermediate Basin are thought to
represent mostly fine-grained turbidites intercalated with infrequent coarse-grained sheet-like turbidites.
Hydrodynamic circulation (from surface eddies to the deep circulation of NADW) appears to have a
great impact on the Mozambique Channel sedimentation and is suggested (1) to be involved in the
delivery of the Zambezi River sediments along the Mozambique margin, (2) to entrain the upper
suspended load of turbidity currents, contributing to the absence of fine-grained sedimentation and (3)
to contribute to the erosion of the valley flanks leading to the exceptionally great dimensions of the
valley.

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive
publisher-authenticated version is available on the publisher Web site.
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Highlights
► The Zambezi turbidite system comprises a channelized fan and a semi-confined fan. ► The Zambezi
Valley has an atypical morphology compared to other turbidite systems. ► Erosional processes
dominate in the valley. ► From echo facies, deposition appears mainly fine-grained in the semiconfined fan. ► Oceanic and turbidity currents control sediment distribution and erosion.

Keywords : Zambezi turbidite system, Late Quaternary, multibeam bathymetry, sub-bottom seismic
profiles.
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Zambezi Valley is evidenced by its V-shaped morphology and the existence of a U-shaped thalweg
affected by several generations of incisions. Based on echo facies and cores from literature,
sediments of the Zambezi Fan are dominantly coarse-grained and fine-grained overbank deposits are
infrequent. The distal portion of the Zambezi Fan

is a main depositional area where typical

transparent wedged-shape seismic bodies are interpreted as terminal lobes. Seismic facies in the

PT

Intermediate Basin are thought to represent mostly fine-grained turbidites intercalated with
infrequent coarse-grained sheet-like turbidites. Hydrodynamic circulation (from surface eddies to the

RI

deep circulation of NADW) appears to have a great impact on the Mozambique Channel

SC

sedimentation and is suggested (1) to be involved in the delivery of the Zambezi River sediments

NU

along the Mozambique margin, (2) to entrain the upper suspended load of turbidity currents,
contributing to the absence of fine-grained sedimentation and (3) to contribute to the erosion of the

MA

valley flanks leading to the exceptionally great dimensions of the valley.
Keywords: Zambezi turbidite system, Late Quaternary, multibeam bathymetry, sub-bottom seismic
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profiles.
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1. Introduction

Since Kuenen and Migliorini (1950) published the concept of turbidite sedimentation, turbidite

AC

systems have been the subject of numerous studies around the world. Turbidite systems are the
most important clastic accumulations in the deep sea and are major targets for hydrocarbon
exploration (Weimer and Link, 1991; Normark et al., 1993; Stow and Mayall, 2000; Pettingill and
Weimer, 2002). Several types of turbidite accumulations are known in the deep sea and are
associated with a diverse variety of sedimentary processes. Typically, they comprise aggrading
channelized fans with lateral levees that funnel sediments towards the distal portions of margins
(e.g. the Amazon Fan, Damuth and Flood, 1985; the Congo Fan, Babonneau et al., 2002; the Bengal
Fan, Curray et al., 2003; the Monterey Fan, Klaucke et al., 2004). Ponded turbidites infill salt-, mud-
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or fault-related mini-basins without associated channelized fans (e.g. Gulf of Mexico, Winker, 1996;
Prather et al., 1998 and Madof et al., 2009; Fangliao Fan, Hsiung et al., 2018). Between these two
end-members, some transient fans are known, which have a transitory upstream ponded depocenter
that accumulates inputs until the topographic low is infilled leading to the supply of a farther downslope fan (e.g. Niger Delta, Adeogba et al., 2005; Villafranca Fan, Gamberi and Rovere, 2011;

PT

Tanzanian fan, Fournier, 2016; Kaoping Fan, Hsiung et al., 2018).

RI

Whatever the type of turbidite accumulation, it is widely acknowledged that the development of

SC

turbidite systems is controlled by multiple forcing factors, such as tectonics, climate, sea-level (SL)
changes, sediment flux, topographic compensation, turbidity currents dynamics, etc. Nonetheless,

NU

the respective role, and interaction of these factors, remains poorly understood (Winkler, 1993;
Covault and Graham, 2010; Hinderer, 2012; Romans et al., 2016). Consequently, open questions

MA

persist concerning sedimentary distribution on continental margins and the delivery mechanisms to
deep-water environments.
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Since the advances in bathymetry, acoustic imagery and seismic data technologies in the midtwentieth century, several deep-sea projects investigated the turbidite systems of the African
margins (e.g. Droz et al., 1996; Babonneau et al., 2002; Antobreh and Krastel, 2006; Ducassou et al.,

CE

2007; Bourget et al., 2008; Fournier, 2016; Picot et al., 2016). Nevertheless, deep-sea depositional
systems on the eastern African margins remain poorly studied. Initial research on the Zambezi

AC

turbidite system was undertaken in the 1980’s by Kolla et al. (1980a, b). The Zambezi turbidite
system is considered one of the largest turbidite systems in the world and was fed mainly by inputs
of the Zambezi River (Fig. 1A). With a catchment area of 1.4x106 km² the Zambezi River is the fourth
largest river after the Congo, the Nile and the Niger on the African continent with a sediment load of
48 x 106 t/yr (Milliman and Syvitski, 1992). Kolla et al. (1980a, b) proposed 3 main subdivisions in the
Zambezi Fan: inner-, mid- and outer-fan based on micromorphology and acoustic character.
Furthermore, Droz and Mougenot (1987) argued the different evolution stages of the Mozambique
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Fan that became active since the Oligocene. More recently, scientific interest has increased
considerably for the Zambezi turbidite system and new results based on higher resolution data sets
were presented. Specific attention was paid to the transport of sediments on the upper margin
(Schulz et al., 2011) and their delivery to the abyssal plain (Wiles et al., 2017a), the morphological
character of the Zambezi Valley (Wiles et al., 2017b) and the influence of bottom currents on the

PT

seafloor morphology (Breitzke et al., 2017).
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Despite this recently increasing interest, knowledge remains limited for large parts of the Zambezi

SC

turbidite system. Wiles et al. (2017b) suggested that large dimensions of the Zambezi Valley result
from periods of increased fluvial input associated with the Zambezi River catchment history (elevated

NU

paleo-lakes discharge episodes). In addition, Wiles et al. (2017a) proposed that sediments from the
Mozambique shelf get delivered to three different deep water depositional domains (Angoche Basin,

MA

Zambezi Valley and offshore Zambezi delta, Fig. 1) via multiple incisions on the slope. Breitzke et al.
(2017) described a large variety of morphological current-controlled bedforms and linked them to

D

the flow paths of Antarctic Bottom Water (AABW, Fig. 2) and North Atlantic Deep Water (NADW, Fig.

PT
E

2). However, these authors’ hypotheses are all based on limited surface mapping, with focus on the
continental slope (Wiles et al., 2017a) and the downstream portion of the Zambezi Valley (Breitzke et

CE

al., 2017; Wiles et al., 2017b).

This contribution provides the most complete geomorphological study of the Zambezi turbidite

AC

system. It is based on spatially extensive bathymetric and very high-resolution seismic data that
allow for the first time to understand the recent morpho-sedimentary evolution of the entire
Zambezi Valley from the upper portion to the terminal lobes. Accurate slope and size evolutions of
the valley result from a continuous along-valley survey and numerous transects. This study
strengthens the peculiarity of the Zambezi turbidite system among other large turbidite systems.
Sub-bottom profiles bring high quality images of the subsurface sediments and more especially
provide new insights into the upper portion of the turbidite system, highlighting the variety of

ACCEPTED MANUSCRIPT
5
sedimentary processes shaping the Zambezi turbidite system. The predominance of coarse-grained
deposits in the whole system, from the upper canyon to the distal lobes, demonstrates enhanced
reservoir potential from a hydrocarbon exploration point of view. Occurrence of bedforms, erosional
features and over-sized V-shaped valley morphology as described in this study, are among the major
diagnostic criteria for identification of the influence of bottom currents on the system. The findings

PT

of this paper allow to amend and refine sedimentary models of turbiditic systems controlled by along
slope currents, useful for the interpretation of subsurface data, and thus provide significant impact

SC

RI

for the hydrocarbon industry.

NU

2. Regional settings

MA

2.1. Main features in the Mozambique Channel

The Mozambique Channel (between Mozambique and Madagascar) and its southward extension, the
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Mozambique Basin, are located in the western part of the Indian Ocean (Fig. 1).
The Mozambique Channel was created in the Early Jurassic-Early Cretaceous when Africa and
Antarctic separated during the breakup of the supercontinent Gondwana (Leinweber and Jokat,

CE

2012; Mahanjane, 2014). The study area comprises several volcanic and structural features inherited
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from this geodynamic evolution. The Davie Ridge (Fig. 1B) is a prominent N-S trending bathymetrical
high along which the Madagascar continent has drifted southwards (Pique, 1999). About 80 km off
the Mozambican coast, the Beira High (Fig. 1B) forms a prominent basement high, which is
interpreted to be a continental fragment (Mahanjane, 2012; Mueller et al., 2016). This crustal
structure served as a morphological barrier for sediments originating from the Mozambique margin
and is now buried. The Mozambique and Madagascar Ridges (Fig. 1B) are aseismic plateaus, located
in the extension of the Mozambique and Madagascar margins, respectively. Their continental or
oceanic nature is still under debate (Leinweber and Jokat, 2011; Zhang et al., 2011; Fischer et al.,
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2016). In the central part of the Mozambique Channel, isolated carbonate platforms are present,
known as the Iles Eparses (Bassas da India Atoll, Europa Island, Jaguar and Hall banks), which are
developed on top of volcanic edifices (Courgeon et al., 2016; Jorry et al., 2016). Together with the
Mozambican continental slope and the Zambezi Valley, they enclose a confined basin that is referred
to as the lntermediate Basin in this paper (see section 4.1). This basin is also partly constrained by

PT

contourite ridges of considerable thickness (> 1200 m) that are deposited from Oligocene to Early
Miocene and during the Neogene (Fig. 1B, Raisson et al., 2016). These thick and extended deposits

RI

attest of the strength of oceanic currents and the contribution of contouritic sedimentation in the

SC

Mozambique Channel.

NU

The Zambezi Valley is long and curvilinear and links the Mozambique margin to the deepest portions
of the Mozambique Basin. The valley lacks a present-day direct connection to the Mozambique

MA

continental shelf. However, during the Last Glacial Maximum, the Mozambican shelf was incised by
the Chinde-Zambezi paleo-valley (Beiersdorf et al., 1980) that funneled Zambezi inputs towards

D

gullies and channels of the Mozambique continental slope (Wiles et al., 2017a). The supposed

PT
E

upstream prolongation of the valley to the shelf break is located 200 km northeastwards from the
Zambezi River outlet. The Zambezi Valley is transverse to the Mozambique Margin in its upper

CE

portion, NW-SE along the Oligocene and Miocene contouritic ridges (Raisson et al., 2016) that control
its course. The valley deflects towards the south when it approaches the Davie Ridge and passes

AC

through a Miocene fault zone, still active today (hatched in Fig. 1B) identified by Courgeon et al.
(2017) and Deville et al. (2018) as a prolongation of the eastern branch of the East African Rift
System. The valley flows thereon east of the Eparses carbonate platforms (Courgeon et al., 2016). At
around 22°S, the Zambezi Valley merges with the Tsiribihina Valley, which originates from the
Madagascar margin. The submarine valley ends in the Mozambique Basin (Fig. 1B) in the form of a
distal coarse-grained depositional area (Kolla et al., 1980b). Between 21°S and 25°S, the valley flows
on an area that underwent a structural doming during the Late Miocene that affected the Cretaceous
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to Pliocene sediments and resulted in the confinement of turbidites upstream the structural dome
(Ponte, 2018).
Previous studies have already defined some subsurface sedimentary features in the Mozambique
Channel (Fig. 1B). Wiles et al. (2017a) stated that the base of the Beira High terrace is delineated by a
moat and a separated sediment drift. Downstream from the Zambezi Valley, the distal coarse-

PT

grained deep-sea depositional area (Kolla et al., 1980a, b) is flanked on its western side by large-scale

RI

seafloor bedforms (Breitzke et al., 2017). These bedforms are called sediment waves, a generic term

SC

provided by Wynn et al. (2000) describing large-scale deep-water depositional bedforms that may be
generated beneath along slope-flowing bottom currents or downslope-flowing turbidity currents.

NU

Finally, in addition to the Oligocene-Miocene contourite ridges (Raisson et al., 2016), several
contourite drifts have been identified on top of the Mozambique Ridge (Raillard, 1990; Thompson,

MA

2017). Sedimentary core data was previously retrieved from the study area (Fig. 1B) and indicated
mainly a terrigenous origin of the Quaternary sediments (Simpson et al., 1974; Kolla et al., 1980a;
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Hall et al., 2016).

CE

2.2. Hydrodynamic settings

The Mozambique Channel is a very dynamic area characterized by large surface gyres and intense

AC

deep circulation (Fig. 2). The modern surface circulation in the Mozambique Channel is dominated by
a train of deep-reaching anticyclonic eddies with a large diameter (over 300 km). These counter
clockwise (anticyclonic) features propagate southward and generate a poleward flow of about 15 Sv
(1 Sv = 106 m3/s) along the Mozambique margin, generally described in the literature as the
Mozambique Current (De Ruijter et al., 2002). This Mozambique Current was established in the Early
Miocene (Walford et al., 2005). Temporary clockwise (cyclonic) gyres occur southwest of Madagascar
and can proceed in westerly or west-southwesterly direction towards the African continent (Quartly
and Szokosz, 2004).

ACCEPTED MANUSCRIPT
8
Deeper circulation flows northward along the western margin of the Channel and is driven by the
Mozambique Undercurrent (MUC) and Antarctic Bottom Water (AABW) (Fig. 2) (De Ruijter et al.,
2002; Wiles et al., 2014). The MUC includes the Antarctic Intermediate Water (AAIW) between 800 m
and 1500 m and the North Atlantic Deep Water (NADW) from 2000 m to 3500 m depth. The AAIW
together with the upper portion of the NADW pass northwards along the northern part of the Davie

PT

Ridge before flowing across it into the Somali Basin (De Ruijter et al., 2002; Donohue and Toole,
2003; Van Aken et al., 2004; Breitzke et al., 2017). The decreasing depth of the seafloor around 20°S

RI

causes a segregation of the lower portion of the NADW that is deflected southward along the

SC

Madagascar margin (Van Aken et al., 2004). Depths below 4000 m are characterized by the

NU

northward flowing Antarctic Bottom Water Current (AABW). Where the bathymetry becomes
shallower (around 25°S) the AABW deflects towards the east then south forming a weaker return

MA

current at the eastern side of the Mozambique Basin (De Ruijter et al., 2002; Donohue and Toole,

PT
E

3. Data and methods

D

2003).

This study is based on a total of 32,750 km of multibeam bathymetric data and very high-resolution

CE

sub-bottom profiles (Fig. 3) that were collected simultaneously, at a speed varying from 8 to 10

AC

knots, throughout four different surveys (Table 1) as part of the PAMELA (Passive Margin Exploration
Laboratory) research project (Bourillet et al., 2013).
3.1. Bathymetric data
Multibeam data acquisition parameters are summarized in Table 1. Bathymetric data were processed
using Ifremer's software CARAIBES™ and later gridded to obtain digital terrain models (DTM)
(WGS84) with a resolution between 30 m and 75 m depending on depth range. In order to fill the
gaps, the GEBCO global bathymetric grid (GEBCO, 2014) with a spatial resolution of 30 arc-seconds
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was added to the bathymetric data set. ArcGIS™ v10.3.1 was used to display the bathymetric DTM’s
using World Mercator as map projection. Finally, the bathymetric data were superimposed on a
slope raster (or vice-versa).
3.2. Sub-bottom profiler data

PT

Very high-resolution seismic reflection profiles were collected using an IXSEA ECHOES 3500 subbottom profiler system operating in a chirp configuration (1.8-5.3 kHz). Data were processed using

RI

Ifremer's QC Subop software and displayed by HIS Kingdom Suite software. Chirp data provide a

SC

penetration up to 100 ms twt (75 m), depending on seafloor roughness and sediment composition,
with a vertical resolution of 0.3 m. In order to provide an estimate for the subsurface sediments

NU

depths and thicknesses, the seismic velocity is approximated to 1500 m/s to convert two-way times

MA

(s) to depth (m) for both sea water and subsurface strata.

From sub-bottom data, superficial echo facies were derived, classified and compiled to produce an

D

acoustic facies map by interpolation between the survey lines. The limits between the echo facies are

PT
E

not sharp, except locally, and generally correspond to progressive variations of amplitudes,
frequencies or continuity of the sub-bottom reflections. In addition, the density of chirp sub-bottom

CE

data is generally low and interpolation is missing high-resolution changes. Taking these uncertainties
into account, the produced echo facies map (see section 4.3) is necessarily an approximation of the

AC

distribution of the echo classes in the Mozambique Channel.
3.3. Nomenclature of used morphological terms
3.3.1. Zambezi Fan and Zambezi turbidite system
The turbidite systems are usually given the name of the rivers that feed the systems. Concerning the
Zambezi River inputs, they are distributed all along the Mozambican margin (see section 4). A part of
these inputs is used to construct the Zambezi Fan (or channelized fan), characterized by the Zambezi
Valley with its tributaries (southern branch, Serpa Pinto, Tsiribihina), the distal distributaries and the
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depositional area. The other part is feeding the canyons and channels that funnel sediments towards
the lntermediate Basin. Therefore, the Zambezi turbidite system is the combination of these two very
different depositional systems.

3.3.2. Zambezi Valley

PT

The Zambezi Valley shows a particular cross-sectional shape consisting of a V-shaped upper portion
and a U-shaped lower portion, denominated the thalweg (Fig. 4A), separated by main slope changes

RI

(Fig. 4B). The U-shaped portion is limited laterally by highly sloping flanks (~15 %), while the V-

SC

shaped portion is characterized by gentler sloping flanks (~3 %). Outside the valley, the valley borders

NU

(see Fig. 4A, B) are flat to very gently sloping (~0.7 %) with possibly some bedforms.

3.4. Measurements of morphological parameters

MA

3.4.1. Morphometrics of the valley and thalweg

D

In order to fully quantify the morphological specificities of the Zambezi Valley and be able to

PT
E

compare its dimensions with valleys of other well-known turbidite systems (see Section 5.1),
measurements were performed on the U-shaped lower portion as well as the V-shaped upper
portion, as shown in figure 4B. When the slope changes marking the valley and thalweg limits are not

CE

at the same depth on the right and left hand sides of the valley, thalweg relief (Rt) and valley relief

AC

(Rv) were measured at the mid-depth (see for example Rv in figure 4B).
The cross-sectional areas of the upper portion of the valley and the thalweg were approximated
using a triangular shape and a rectangular form, respectively (Fig. 4C). The valley and thalweg crosssectional areas (respectively Av and At) are calculated from the formula given in figure 4C. The
measurements were done similar to those described for previous studies, e.g. Congo Fan
(Babonneau et al., 2002), Amazon Fan (Pirmez and Imran, 2003), Tanzanian Fan (Bourget et al., 2008
and Fournier, 2016) and North Atlantic Mid-Ocean Channel (NAMOC; Hesse et al., 1987).
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3.4.2. Morphometrics of bedforms
Between the Iles Eparses and the Zambezi Valley, from approximately S20° to S25°, the sea floor is
covered by large bedforms characterized by a succession of crests and troughs (see Section 4.3). In
order to typify these bedforms we used morphological parameters (wavelength, WL; wave height,

PT

WH; crest length, LC) defined in figure 5.

RI

4. Results and interpretation

SC

4.1. Regional scale morphological character

The Mozambique Channel approximates a rectangular trough with a North-to-South direction and

NU

varies in width between 430 km at 17°S and 1300 km at 28°S. It is characterized by a North to South

MA

bathymetric variability (Fig. 6): the bowl-shape encountered in the North (profile d, Fig. 6B) changes
to a flat-bottomed shape to the South where the basin is bounded by the Mozambique and
Madagascar Ridges (profile h, Fig. 6B). The Mozambique margin can be subdivided into 3 different

PT
E

D

morphological parts (depth transects a to c, Fig. 6C) based on main slope changes. The most
upstream portion has a concave shape with a substantial decrease in slope percentage (from 2.1 % to
0.11 % in profile b, Fig. 6C). At approximately 950 km (profile a) and 750 km (profile c), seaward, a

CE

significant increase in slope gradient (from 0.11 % to 0.60.7 %) is observed over a distance of 100 to
200 km at approximately 3500 m water depth. This slope increase limits the Mozambique Basin

AC

northwards and probably corresponds to the southward limit of the area that was uplifted during the
Miocene (Ponte, 2018). At the most distal part of the basin, the seafloor becomes smoother and
more regular with a lower slope gradient (0.16 % to 0.03 %, profile a, Fig. 6C).
4.2. High-resolution upstream-downstream morphological evolution of the Zambezi Valley and
Tsiribihina Valley
4.2.1. The Zambezi Valley
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The Zambezi Valley appears as a very long (> 1200 km from the shelf break), very wide V-shaped
valley (up to 53 km wide at the apex of the “V”) with an up to 15 km wide U-shaped thalweg (Figs. 7;
see also Fig. 4). The V-shaped valley is up to 750 m deep and has a slightly sinuous course at the
regional scale.
At a regional scale, the longitudinal depth profile along the Zambezi Valley and its down-fan

PT

prolongation (Figs. 7C, 8) shows that the valley floor is at grade. However, from km ~900 to km
~1600, a ca. 700 km long abnormal sea floor elevation is observed. This elevation begins 200 km

RI

upstream the present-day Zambezi Valley mouth. It is found more downstream than the Miocene

SC

structural dome identified by Ponte (2018) (Figs. 1B and 6C) and therefore probably do not refer to

NU

this tectonic morphology. It is rather interpreted as a sedimentary accumulation inside the valley.
However, without information on the internal structure of this accumulation we cannot definitively

MA

prove this interpretation. If our hypothesis is correct, it could indicate that the valley mouth,
previously located about 200 km upstream, prograded southwards since this elevation was created.

D

At higher resolution (Fig. 8), the slope of the valley floor generally decreases downstream (from 0.36

PT
E

to 0.05 %), through successive slope changes. The slope increases at two principal areas, i.e. from
0.16 to 0.19 % around the confluence with the Tsiribihina Valley (~ 800 km) and from 0.08 to 0.21 %

CE

(~1350 km). Down profile, the Zambezi Valley flares out and turns into an area with very low
longitudinal slopes (0.05 %). Near the confluence with the Serpa Pinto paleo-valley (Fig. 8) and in the

AC

area where faults crosses the valley (Deville et al., 2018), an abrupt 80 m depth change attests the
presence of a possible knickpoint. This slope variability suggests that the valley floor alternates areas
of erosion and deposition and that the valley is currently not at equilibrium. Transverse profiles (Fig.
7B) show a significant widening of the U-shaped valley after the confluence with the Serpa Pinto
Valley and Tsiribihina Valley.
The morphological variabilities of both the thalweg and valley are emphasized by the downstream
evolution of width, relief, aspect ratio and cross-sectional areas (Fig. 9), based on nine measurements
for the valley and 34 for the thalweg (Fig. 4D). Figure 9 clearly shows that the valley and the thalweg
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widths and reliefs evolve independently until the distance of about 1200 km (i.e. after cross-section
12 in Fig. 7B) where the upper V-shape of the valley disappears and only the thalweg remains (crosssection 13 in Fig. 7B). This area corresponds to the present-day mouth of the Zambezi Valley and the
beginning of the wide erosional/depositional area of the distal Zambezi fan.
Thalweg evolution

PT

The thalweg averages 7 km in width, although it varies between 4 and 15 km (Fig. 9B). The most

RI

important increases of width occurs at the confluence with Serpa Pinto Valley (+ 3 km with regards to

SC

the average value) and at about 1200 km where the thalweg widens rapidly (+ 8 km compared to the
average). The most significant width decrease occurs at about km 770, i.e. 15 kilometers upstream

NU

the confluence with the Tsiribihina Valley.

The average relief of the thalweg is 181 m (Fig. 9C) but shows a very high variability from 100 m to

MA

290 m. Two main relief increases are observed at 450 and 880 km associated with either the
knickpoint of the fault zone or with the along-valley slope increase (0.19 %) at about 930 km. A

D

decrease of thalweg relief to 100 m is observed at the same position as the width decrease to 5 km

PT
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(km 770, Fig. 9B) and a main decrease to 56 m is observed at the end of the relief profile
accompanying the widening of the distal portion of the Zambezi Valley.

CE

Cross-sectional area of the thalweg is 1 km2 on average (Fig. 9E) and shows a similar variability to
that of the relief curve (Fig. 9C). Numerous zones with increased area are observed, especially where

AC

the Serpa Pinto paleo-valley joins the Zambezi Valley (2.3 km2). The most important decrease to 0.5
km2 occurs around km 770 correlative to low relief and width (Fig. 9B and C).
Valley evolution
Width and relief of the valley are significantly higher than the thalweg (up to + 45 km in width and
580 m in relief) and show a two-step increase until km 950 (Fig. 9C) and km 1050 (Fig. 9B),
respectively. Further downstream the valley relief shows an abrupt decrease. The valley approaches
the size of the thalweg at the beginning of the profiles until about 250 km and at the end of the
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profiles at about 1200 km. The variability of these parameters is rather low, but possibly
underestimated because of the small number of measurements (n = 9). The valley is characterized by
average width of 30 km and relief of 470 m. A significant increase of these parameters (from 10 to 30
km in width and from 150 to 600 m in relief) is observed around 400 km in the area of the Serpa
Pinto confluence and fault zone. The parameters then increase more progressively up to 53 km in

PT

width and 758 m in relief after the Tsiribihina confluence.
The average valley cross-sectional area is 9 km2 (Fig. 9E) and shows a similar evolution to that of the

SC
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width curve (Fig. 9B) with a maximum of 16 km2 between 850 and 1050 km.
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4.2.2. The Tsiribihina Valley

The lower course of the Tsiribihina Valley (Fig. 10), the main tributary originating from the

MA

Madagascan margin, shows different morphological characteristics compared to the Zambezi Valley:
higher sinuosity, lower width (2 to 3 km) and higher average slope (0.28 %). The longitudinal depth

D

profile along the valley (Fig. 10A) is marked by 3 main knickpoints, indicating that the Tsiribihina

PT
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Valley is not at an equilibrium state. The two most upstream knickpoints may be related to direction
changes in meanders. The last one corresponds to the junction with the Zambezi Valley marked by a

CE

17 m high scarp, indicating that the Tsiribihina Valley is a perched valley (Fig. 10A).

AC

4.3. Subsurface sediment distribution in the Mozambique Channel
Four principal acoustic echo classes (stratified, transparent, opaque and hyperbolic, Table 2) have
been recognized by examining the seafloor echo (sharp or prolonged) and the continuity, amplitude,
frequency and geometry of sub-bottom echoes (see Section 3.2). These echo classes have been
compiled into an acoustic facies map (Fig. 11A) that shows the extent of acoustic echo classes
encountered at the ocean floor throughout the study area. Some examples of echo classes found in
the subsurface are shown in table 2 and figures 11 to 13.
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4.3.1. Acoustic facies and inferred sediments
Stratified facies (class S) are characterized by continuous and parallel reflections that usually can be
distinguished down to a depth of several tens of meters. This facies class suggests the presence of
layered sedimentary deposits and can represent pelagic or hemipelagic sedimentation, turbidite
deposits or contourites (Kolla et al., 1980b; Damuth and Olson, 2015; Miramontes et al., 2016). This

PT

echo facies class is subdivided into 4 different sub-classes (S1 to S4) based on clear differences in

RI

reflection frequency and amplitude.

-Sub-class S1 is defined by a continuous and sharp seafloor reflection along with several distinct,

SC

continuous, parallel sub-bottom reflections that show lateral variability in amplitude (Figs. 11A, 12,

NU

13A). It is associated with areas of relatively smooth flat-lying to slightly undulated seafloor. This
acoustic signature partly resembles to type 1A facies proposed by Damuth and Olson (2015) and is

MA

interpreted as dominantly hemipelagic to pelagic sediments where infrequent interbeds of silt
and/or sand can occur (Damuth, 1980, and references therein). It is mainly observed along the
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Mozambique and Madagascar upper margins (Fig. 11A). Considering that the continental slope
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domain of the Mozambique margin is cut by numerous valleys that extend southeastwards until the
Iles Eparses (Fig. 1; Wiles et al., 2017a), the coarser interbeds could represent sheet-like turbidite
deposits.

CE

-Sub-class S2 is often found when the surface morphology is undulated. It comprises a distinct,

AC

continuous bottom echo with parallel, high-frequency and low amplitude sub-bottom reflections
(Fig. 11A). This echo class, similar to echo type IB and 4 described by Damuth and Olson (2015), can
represent hemipelagic to pelagic sedimentation or migrating sediment waves created by bottom
currents.
-Sub-class S3 is observed on flat-lying seafloor and consists of a distinct, continuous seafloor echo
together with numerous distinct, parallel, high-amplitude sub-bottom reflections (see Figs. 11A, 12C
and 13D). It resembles to type IA defined by Damuth and Olson (2015) and can be interpreted as
turbidite deposits.
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-Sub-class S4 is found at the right hand side of the most downstream portion of the Zambezi
Valley and southern part of the study area where the seafloor is relatively flat. Besides an
intermediate to distinct seafloor reflection, it is characterized by high frequency, parallel and
continuous sub-bottom echoes with variable vertical amplitude (Figs. 11A, 13D). It differs from the S3
sub-class principally by lower frequency and amplitudes. This echo sub-class correspond to echo type

PT

2 of Damuth and Olson (2015) indicating a moderate amount of interbedded silt and sand (Damuth,
1980, and references therein). The variation of amplitude in this sub-class may represent alternation
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in grain size in gravity deposits or alternation of hemipelagic deposits with coarse-grained sediments

SC

(Biscara, 2011).
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The transparent facies (class T) (Figs. 11, 12) are characterized by the absence of reflections and are
observed as lens-shaped depositional units. It corresponds to type 5 of Damuth and Olson (2015).
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This echo class is dominantly found in the southern part of the studied area in the Mozambique Basin
at the end of the Zambezi Valley, where it shows a high-amplitude bottom reflection and transparent
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bodies limited by very high-amplitude sub-bottom reflections. This facies corresponds to coarse-
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grained sand as evidenced by cores VM14-79, VM14-80, VM19-219 and VM20-197 reported by Kolla
et al. (1980a) (Fig. 11A) and is interpreted as stacked-up terminal lobes.
Locally, this echo facies class is also recognized on the Mozambique margin. When located on the

CE

upper slope, the transparent acoustic response is interpreted as slide deposits, while for the other
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areas turbidite sheets are considered (Wiles et al., 2017a).
The opaque echo facies (class O) shows semi- to very-prolonged bottom echoes with no sub-bottom
reflections (Fig. 11A, 13). It resembles to the echo type 3 defined by Damuth and Olson (2015). This
facies is dominantly found along the Zambezi and Tsiribihina Valley floors where coarse to very
coarse sediments have been recovered during Leg 25 DSDP drillings (site-243, Simpson et al., 1974)
and cores VM19-212, VM20-195, VM20-193 and VM34-147 (Kolla et al., 1980a) (see Fig. 11A for
locations of drillings and cores). Furthermore, difficulties to core the Zambezi Valley floor with
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traditional Kullenberg coring system and recovery of some gravel (PAMELA-MOZ2 survey, Robin and
Droz, 2014) attest of the coarse-grained composition of sediments at the seafloor.
The hyperbolic facies (class H) (Figs. 11A, 13) is defined by large single or regular overlapping
hyperbolic reflections with varying vortex depth characterized by strong surface echo (echo types 7
and 8 of Damuth and Olson, 2015). Sub-bottom reflections are generally absent, but discontinuous

PT

parallel reflections can be locally observed. These hyperbolae are generally artefacts due to steep
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slopes or microrelief of the seafloor or may represent very short wavelength sediment waves.
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4.3.2. Sediment distribution, morphology and tentative process-based interpretation
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Despite the approximations of the echo facies distribution (the variability of the echo classes is
illustrated in Figs. 12 and 13) in relation to the size of the study area and the generally low density of

MA

the data (see Section 3.2), the studied area appears organized as three main sedimentary systems at
regional scale (Fig. 11B): (i) the Zambezi Fan appears mainly coarse-grained and is dominated by its
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long valley with opaque facies (class O) that ends up at a wide channelized and transparent zone
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(class T) characteristic of terminal lobes. Stratified facies (S3 and S4) interpreted as fine-grained
turbidites (overflow of turbidity currents or channel-levee systems) are restricted to 6 zones of
limited areal extent; (ii) close to the Mozambique and Madagascar margins, the sediments are mainly

CE

stratified (S1) and are supposed to relate to hemipelagic or contouritic sediments with episodic
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turbiditic contribution essentially from the Mozambique margin; (iii) to the west of the Zambezi Fan,
the area is dominated by hyperbolic and stratified (S2) facies interpreted as contour current
bedforms, as already observed by Kolla et al. (1980a) and in more detail by Breitzke et al. (2017).

4.3.2.1. The Zambezi Fan
Examining the high-resolution bathymetric data, the main morphological characteristic of the
Zambezi Valley is that it suffered from erosion all along its course. Erosion resulted in a thalweg
affected by several generations of incisions. These incisions are illustrated from North to South, in
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the upstream portion of the valley (Figs. 14 and 15), in the faulted zone (Fig. 16), in the confluence
area with the Tsiribihina Valley (Fig. 17) and in the lowermost portion of the system (Fig. 18, 19).

Data acquired upstream the Zambezi Valley illustrate the morphology of the confluence area of two
main tributaries, called the Northern and Southern branches, which converge to form the Zambezi
Valley (Fig. 14). The confluence is located at 180 km off the Mozambique shelf break (see Fig. 4 for

PT

location of the 0 km reference point). The Northern branch is wider (4 to 6.5 km) and deeper (180 m)
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than the Southern branch (4 km wide and 135 m deep). At the confluence the Northern branch valley
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floor lies 40 m deeper than the Southern branch valley floor (profile 4, Fig. 14) indicating that the
Northern branch is currently the most active tributary of the Zambezi Valley. Downstream the

NU

confluence, the Zambezi Valley widens to 7.5 km (profile 5, Fig. 14).
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The valley floor of the Northern branch hosts significant erosional features, contrarily to the valley
floor of the Southern branch that is relatively smooth and regular in the area of the confluence.

D

These erosional features are mainly ovoid asymmetrical forms that evoke amalgamated scour marks.
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The updip scarp of the most upstream scour observed is 50 m high (profile 1, Fig. 14), attesting to the
strength of the erosional process that created these features. A long lasting erosion may also result

CE

in such high scarp. Successive incisions resulted in a double thalweg at the tributaries confluence
(profile 4, Fig. 14). Large slide scars (e.g. 2.8 x 2.9 km) are observed mainly at the confluence and at
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the left flank of the Southern branch and attests of active instability processes. Smaller scars (1 km x
1 km) on the left flank of the Northern branch evoke smaller slides associated to the proximity of the
thalweg.

About 30 kilometers downstream in a wide meander curves, the thalweg exhibits polyphased
incisions (e.g. Fig. 15). The asymmetrical cross-section of the thalweg (i.e., steep slope at the outer
bend associated with incisions to gentle slope of the inner bend) suggests preferential deposition
inside the meander and erosion at the outer bend. The along-thalweg depth profile (profile 1, Fig. 15)
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shows an irregularly decreasing slope, with a 20 m high scarp. At this location, the Zambezi thalweg
has a width of about 5 km (profiles 2 and 3, Fig. 15).
Further downstream (Fig. 16), where the Zambezi Valley approaches the Davie Ridge and turns from
North-West-South-East to North-South, the thalweg shows comparable polyphased incisions to those
found more upstream (Fig. 15). However, scours are less numerous. Upstream, the thalweg is 7 km

PT

wide and shows two incisions separated by a medium high. The thalweg narrows locally to 5 km
where the valley crosses the northward extension of the faulted area described by Deville et al.
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(2018) (Fig. 1). On the right hand side of the valley, normal faults with up to 100 m offset are

SC

observed on seismic profiles (Fig. 16C) and provoke the collapse of the western valley border. Faults
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A and B are still well expressed on the bathymetric map in the collapsed area. Inside the valley
however, the faults are hardly recognized, possibly because of later erosion.
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Inside the valley, the prolongations of the faults are barely observed, except that of fault A, which is
expressed by small-scale topographic perturbations on the medium high between thalweg incisions.
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This is probably due to the fact that faults offsets have been erased by incisions, indicating that the
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observed thalweg incisions post-date the activity of these faults. As it is being supposed that the
faults remained active (or were reactivated) very recently (Deville et al., 2018), we can infer that the
thalweg incisions are currently active.
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Incisions are still present at 780 km from the 0 reference point at the shelf break (see Fig. 4) where

AC

the Tsiribihina Valley joins the Zambezi Valley (Fig. 17A). The 17 m scarp separating both valleys (Fig.
10A) and the perched position of the Tsiribihina Valley emphasizes either that the Zambezi Valley
was submitted to erosive flows after the occurrence of the confluence, or that the Tsiribihina Valley
is fairly recent and has not yet acquired an equilibrium state.
As classically observed in meandering valleys (e.g. Dietrich et al., 1979; Dietrich and Smith, 1984) and
in link with turbidity current behavior, the identified morphologic features and slopes of the
Tsiribihina flanks are different on the outer and inner bends of the meanders (profiles 4 to 9, Figs. 10,
17B). Slide scars are predominant on the outer bends, indicating privileged erosion and instability
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processes and resulting in steep valley flanks. In contrast, the inner bends mainly show lineations
parallel to the thalweg, have terraced or less steep flanks and are a privileged site of deposition. In
the upstream portion of the Tsiribihina Valley, however, slide scars occur on both sides, and
dominantly on the inner bend resulting in a steep inner valley flank (profiles 1 to 3, Figs. 10, 17B).
This indicates that, locally, instabilities may not be related to turbidity current behavior (or that

PT

current behavior is different).
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The right hand-side of the Tsiribihina Valley, north of 21°40’S, shows slightly arcuate bedforms (green

SC

lines in Fig. 17B) that are ca. 5 m high, and have an average wavelength of 750 m. These bedforms
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are oriented NW-SE, i.e. oblique to the valley course and to lineations (blue lines in Fig. 17B) that are
found on and parallel to the flanks of the Zambezi Valley. Owing to their orientations and sizes (Fig.
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17B), we suggest that the bedforms on the right-hand side of the Tsiribihina Valley are sediment
waves created by overflow of turbidity currents by analogy to other deep-sea fans (e.g. Migeon et al.,
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2000; Normark et al., 2002; Babonneau et al., 2012). Due to high slopes of the flanks, the Zambezi
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flanks lineations are imaged as hyperbolic echoes masking any strata on sub-bottom profiles.
However, owing to their orientation parallel to the flanks, these lineations are suggested to be
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550 to km 1100.
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outcropping strata resulting from the erosion of the flanks. Such lineations are identified from km

4.3.2.2. The mouth of the Zambezi-Tsiribihina valley: the main depositional/erosional area
of the fan
The distal portion of the turbidite system is mainly characterized by transparent echo facies (class T,
Figs. 11A, 18), which are organized as superposed lens-shaped depositional units. They are
interpreted as coarse-grained terminal lobes (see Section 4.3.1) extending along 700 km from the
end of the opaque facies of the Zambezi Valley to the south and 420 km laterally. To the south and
west of the transparent echo facies zone mainly hyperbolic echoes dominate; this delineates the
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southern and western extent of the terminal lobes (Fig. 11A). The position of this boundary is
supported by sediments collected at DSDP Site 248 (Leg 25, Schlich et al., 1974), DSDP site 250 (Leg
26, Davies et al., 1974) and core VM29-79 (Kolla et al., 1980a), which register no more coarse
sediments but only fine-grained clay deposits (for position of cores and drillings, see Fig. 11A).
A channel-levee system is identified to the west of the southern limit of the Zambezi Valley opaque
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facies. A seismic profile crossing the system obliquely (Fig. 18C) clearly shows sedimentary structures
classically encountered in aggradational deep-sea fans (e.g. Amazon Fan, Flood et al., 1997), i.e.
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stratified, wedge-shaped levees and a higher amplitude channel fill. On the bathymetric map (Fig.
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18B) this channel-levee system is parallel to and truncated by the Zambezi thalweg. It therefore
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appears to be an ancient feature related to the Zambezi Valley. The crests of the levees appear
dismantled by E-W oriented incisions and the outer part of the western levee shows a scalloped
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shape. These E-W orientated features are conform to those observed by Breitzke et al. (2017) more
westwards, and are believed to be due to erosion by bottom currents. Channel-levees linked to the
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Zambezi Valley are not observed elsewhere.
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Intense erosion in the distal area, observed off the mouth of the Zambezi Valley, is manifest as
northeast-southwest oriented, elongate, channel-like incisions (incisions A to C, Fig. 19). Analysis
shows that incised distributary channels are numerous across the depositional area (Figs. 11B and

CE

18A), mainly diverging radially from the end of the opaque facies of the Zambezi Valley, but some
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incisions are clearly not connected to the Zambezi distributaries.
In Fig. 19, at 240 km from the valley mouth, the most recent pathway (C3) is 1 to 1.5 km wide, shows
an irregular axial depth profile bounded updip by a 45 m high scarp (profile 1, Fig. 19) and is up to 60
m deep in cross-sections (profiles 2 and 3, Fig. 19). Erosional channel-like features, up to more than
100 m deep, are also observed (Fig. 18D) some tens of kilometers downstream from those of Fig. 19.
These characteristics observed at more than 1450 km from the shelf break attest to powerful
erosional processes affecting the distal portion of the system, at least until 4500 m water depth.
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4.3.2.3. The Intermediate Basin: another sink for the Zambezi inputs
The Mozambique margin is characterized by the draping S1 stratified facies, which can be interpreted
mainly as hemipelagic or contouritic sediments (Fig. 11). This echo facies has the particularity to
show lateral variations of reflections from low to very high amplitude. The high amplitude levels
could relate to thin sheet-like coarse-grained turbidites that accumulate in the area southwest of the

PT

Zambezi Valley in the so-called lntermediate Basin (for location see Fig. 6). Wiles et al. (2017a)
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proposed a network of canyons and channels issuing from the Mozambique margin that could feed
these turbidites.
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Southeastwards, to the northeast of the Iles Eparses, a zone with S3 stratified facies (Fig. 11A) with
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an infilling (i.e. onlapping) configuration, is interpreted as ponded tubidites that accumulated
recently, locally between and on fossil sediment waves (see Fig. 20). This type of turbidite
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accumulation is also observed (but not mapped in Fig. 11) in numerous narrow elongated
depressions between sediment waves (see Fig. 21). Taking into account that the Zambezi Valley is
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too deeply incised (more than 600 m, Fig. 9) and moreover that this S3 zone is located very far from
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the valley (110 to 190 km, depending on the relative location of the valley), we favor the hypothesis
that these turbidites originate from the portion of the Mozambique margin facing the Zambezi delta
(solid blue arrows in Fig. 11B).
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The Mozambique margin is also characterized by several up to 20 m thick bodies of transparent
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facies (class T), interpreted as mass movement deposits (Fig.12A to E). These are infrequent on subbottom profiles in the studied area, but widespread instabilities are known at the shelf break
(Cattaneo et al., 2017; Ponte, 2018).

4.3.2.4. Bottom current controlled bedforms
Adjacent to and west of the Zambezi Valley large zones of echo sub-class S2 are present (Fig. 11A).
Cores from Kolla et al. (1980a) (VM19-214 and VM19-213, see Fig. 11A for location) revealed finegrained (foraminiferal ooze and clay) deposits that lead to interpret these wide S2 zones as fine-
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grained hemipelagic to pelagic sediments. The seafloor morphologies observed in these zones have
been interpreted by Breitzke et al. (2017) as bedforms produced by bottom currents.
We provide here some additional examples that indicate the great variability of bottom current
orientation that generating these bedforms. Four different sites are chosen to illustrate some of the

PT

sediment waves occurring in the Mozambique Channel (Figs. 20 to 23).

Fossil sediment waves
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At about 3100 m water depth northeastward from the Iles Eparses, NW-SE isolated sediment waves

SC

separated by a flat seafloor are present (Fig. 20). These straight, relatively symmetrical bedforms
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show an average wavelength (WL) of 2.1 km, an average height (WH) of 78 m and their crests (LC)
are on average 10.1 km long. The flat depressions in between these undulations are characterized by

MA

high-amplitude, continuous sub-bottom reflections with high frequency (echo facies S3, Table 2)
suggesting the presence of turbidite sediments (Damuth and Olson, 2015). Chirp analysis shows that

D

these turbidites drape the sediment waves, which therefore appear fossilized (Fig. 20). Turbidites are
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usually onlapping on reliefs, and do not drape topographic highs as observed here. However, a
vertical exaggeration of the profile closer to 1:1 (Fig. 20D) shows that the morphology is nearly flat,
i.e. easy to be overflowed by turbidity currents. These bedforms that are located inside a wide area

CE

where Breitzke et al. (2017) proposed the development of “arcuate bedforms” and could represent
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local straighter parts of a wider arcuate feature.

Sub-circular bedforms

Sediment waves characterized with dominant N-S and E-W orientations are identified at 100 km east
of Bassas da India and 30 km west of the Zambezi Valley at a water depth of about 3000 m (Fig. 21).
The whole of elements is part of a larger circular complex, wherein the central portion
predominantly consists of N-S features and the external portions are mainly composed of E-W
orientated elements. Examination of morphological relationships of both wave directions suggests
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that the E-W oriented features are a second generation. The N-S oriented sediment waves have an
average wavelength (WL) of 3.2 km and average height (WH) of 59 m. Their crests are slightly sinuous
and can longitudinally be followed over an average length (LC) of 10.4 km. The second generation (EW) features are smaller with an average wavelength (WL) of 2.1 km, an average height (WH) of 33 m
and an average crest length (LC) of 5.8 km. On sub-bottom chirp seismic profiles (profiles 1 and 2, Fig.

PT

21), these sediment waves show a distinct bottom echo with continuous internal reflections with
high frequency and low amplitude (echo facies S2 in Table 2). This together with the draping and
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wavy configuration of reflections points to a hemipelagic nature of sediments reworked by bottom

NU

sub-circular depressions” by Breitzke et al. (2017).
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currents and therefore to contourites. This type of bedforms is referred to “irregular elongated and

MA

Polygonal sediment waves

Seventy five kilometers southeast of Europa Island along the west flank of the Zambezi Valley
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(location in figure 11B), an area of sediment waves with no dominant orientation is observed (Fig.
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22). The sediment waves extend over an area larger than 9000 km² and can be described as rather
symmetrical polygonal features developed upon a local high (Fig. 22, profile A). These symmetrically
shaped morphologies are smaller than the previous ones (average WH = 28 m, WL = 1.7 km and LC =
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2.2 km). The sediments show a distinct bottom echo with several internal weak reflections (echo sub-
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class S2, Table 2). Showing no preferential direction, these bedforms suggest the occurrence of multidirectional bottom currents shaping the seafloor. They have been described as “small/medium-size
bedforms with conformable sub-bottom reflections (W5)” by Breitzke et al. (2017).

Anastomosed sediment waves
Bedforms with a NW-SE preferential orientation, which changes to NNW-SSE, are mainly
representative of the area 230 km south of the Iles Eparses (Fig. 23, location in Fig. 11B). Additionally,
a minor set of E-W bedforms with similar dimensions give to the area a kind of zigzag pattern. The E-
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W orientations seem to be more dominant northwestwards. The NW-SE sediment waves show a
mean height (WH) of 73 m, wavelength (WL) of 2.4 km and longitudinal length (LC) of 7.5 km. The
sediment waves are composed of high frequency and low amplitude reflections (echo sub-class S2,
profile 1, Fig. 23). This train of sediment waves is cut to the NW by a 200 m deep flat-bottomed
channel infilled by high-amplitude echo facies (profile 2, Fig. 23) evoking turbidites (echo sub-class
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S3, Table 2). The NW-SE dominant bedforms appears to belong to the “large steeped-sided beforms
with hyperbolic refection pattern (W3)” of Breitzke et al. (2017), while the area dominated by NNW-

NU

SC
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SSE bedforms could refer to the “arcuate bedforms” proposed by these authors.

5. Discussion

MA

The Zambezi turbidite system comprises a channelized fan (with a wide and deep rectilinear, eroded
valley and a coarse-grained distal depositional/erosional area) and a ponded semi-confined fan (Fig.
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24) currently separated from the river outlet by 200 km and 90 km, respectively. In contrast to
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transient fans (e.g. Gamberi and Rovere, 2011) and ponded basins (e.g. Madof et al., 2009), the
lateral association of a ponded semi-confined fan with a channelized fan linked to the outputs of the

CE

same river has not yet, to our knowledge, been documented.
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5.1. Zambezi Fan morphometric characteristics compared to other fans
Figure 25 illustrates the comparison of morphometric characteristics (width and relief) of systems at
low latitudes and with different contexts (including the permanently connected Congo Fan, the
disconnected during high sea-levels Amazon Fan, and the multisource Tanzanian Fan) and of the
NAMOC.
From 400 km downstream, the relief of the Zambezi thalweg is higher in average than other turbidite
systems especially from 600 km downstream and shows a greater variability. In contrast, from 200 to
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400 km, the relief of the Zambezi thalweg is closer to that of the Amazon Fan. The width of the
Zambezi thalweg is higher than for more “classical” Congo fan (permanently connected valley with
incised channels and levees) and Amazon fan (disconnected during high SL and connected,
aggradational during low SL) and generally closer to the Tanzanian channel and NAMOC, which are
disconnected during high SL and connected and erosional during low SL. The Zambezi thalweg aspect

PT

ratio (R/W) plotted as a function of average downchannel slope (Fig. 25C) also indicates a clear
affinity with these systems. In the classification of Piper and Normark (2001) both the Tanzanian
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Channel and NAMOC belong to “type 4” fans (Skene and Piper, 2006; Bourget et al., 2008) that are
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characterized by high mainly muddy sediment inputs delivered by river or by glacier plumes. In
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contrast, the Congo and Amazon fans refer to “type 3” fans (Piper and Normark, 2001) that are fed
by large rivers with high volume, muddy to sandy sediment supply.

MA

As for the Zambezi Valley, (i.e. the V + U-shaped conduct, see Section 3.4), the width and relief are
not comparable with other systems where such differentiation between a thalweg and a valley does
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not exist. Figure 25 demonstrates the significant difference in relief and width between the Zambezi
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Valley and the Tanzanian Channel and NAMOC systems; the Zambezi Valley being, on average, 200 m
greater in relief and 10 km greater in width.
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5.2. Formative origins of the atypical Zambezi Valley
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The differences in relief and width of the valley and thalweg of the Zambezi Valley could indicate that
the shaping agents of both features do not refer to similar processes. The size (cross-sectional area,
Fig. 9E) of the thalweg and the presence of several generations of incisions on the floor (Figs. 14 to
16) are coherent with the hypothesis of an erosional activity of turbidity currents.
In contrast the relief and width of the entire valley, with flanks affected by lineations parallel to the
valley evoking outcropping strata (e.g. Fig. 17), appears far too high to be entirely shaped and
maintained solely by turbidity currents. Therefore, the exceptional dimensions of the valley are
suggested to refer to other, probably combined, causes such as the age of the valley in link with the
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feeding evolution of the fan, the imposed stability of the valley course by physiographic constraints
and the flank erosion by powerful bottom circulation.
The N-S portion of the valley is a composite feature that was initiated during the Oligocene (Droz and
Mougenot, 1987; Ponte, 2018), in link with the feeding by Serpa Pinto Valley and remained active
after the Miocene shift to the NW-SE upper portion of the Zambezi Valley. The longer activity

PT

duration of the N-S portion of the valley is a possible cause for its great relief from 400 km to 850 km
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(Fig. 9C). It must be noticed that the Serpa Pinto confluence is located near a faulted zone (Figs. 1,
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16) (Deville et al., 2018) and faulting could have had a role on the valley relief. However, the impact
of the fault zone is only observed locally in the valley around 450 km (Fig. 16) and therefore it is
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considered as not responsible to the drastic increase of the valley relief.
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In addition, downstream the Serpa Pinto confluence, the Zambezi Valley is constrained by lateral
morpho-tectonic features, i.e. the southern portion of the Davie Ridge and the Madagascar margin to
the east and the carbonate platforms (Iles Eparses and seamounts) to the west. Similarly, Fournier
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(2016) attributes the large width of the Tanzanian Channel (Fig. 25B) to the confinement by tectonic
features resulting in the stabilization of the channel and consecutive strengthening of flows inside it.
In contrast, more classical, unconfined deep-sea fans (e.g. the Congo, Amazon, Cap Timiris, or Angola

AC

migrations.

CE

channels, Wynn et al., 2007) show typical tree-like organizations, linked to recurring lateral channel

Lastly, using a hydrodynamic ROMS model, Miramontes et al. (2019) demonstrated the presence of
strong bottom current velocities (up to 20 cm/s mean and up to 60 cm/s max) along the Zambezi
Valley flanks (Fig. 26), suggested to be able to erode the flanks and to contribute to the widening of
the valley. From Miramontes et al. (2019), these bottom currents are related to the retroflected
southward flowing portion of the NADW. Marchès et al. (2007) documented similar downslope
enlargement of the Portimão canyon (Gulf of Cadiz) caused by the combination of downslope gravity
processes and the deep Mediterranean Outflow Water current. The presence of sediment waves
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(shown in Fig. 20 to 23 and previously identified by Breitzke et al., 2017) is a further evidence of
bottom current activity in the area. These bedforms are all located in areas where the mean
velocities are lower than 10 cm/s (Fig. 26B), which are favorable to deposition by bottom currents
(Miramontes, 2016). Generation of large sediment waves by bottom currents in unconfined settings
is, for example, also found in the eastern Equatorial Pacific (Lonsdale and Malfait, 1974), in the

PT

Argentine Basin (Flood and Shor, 1988), in the western South Atlantic (Cunningham and Barker,

SC

5.3. Turbiditic overflows from the Zambezi Valley?

RI

1996) and offshore NW-Svalbard (Hustoft et al., 2009; Forwick et al., 2015)..

Fine-grained levee deposits are scarcely observed close to the Zambezi Valley. A possible explanation

NU

for this is the winnowing of the upper fine-grained portion of turbidity currents by the strong, deep

MA

oceanic currents that flow inside the valley (Figs. 2, 26). This pirating process was also invoked in the
Tugela Fan (Natal Valley, South Africa) to explain the stunted development of the fan (Wiles et al.,
2013).

PT
E

D

In the Zambezi Fan, only 4 zones of S3 or S4 echo facies (interpreted as fine-grained turbidites, Fig.
11B) are present at the right-hand side (western) and at the mouth of the Zambezi Valley.
Breitzke et al. (2017) propose that the echo facies S3 on the right-hand side of the valley just

CE

downstream of the Tsiribihina confluence results from overflow of turbidity currents from the
Zambezi Valley. However, at this location turbidity currents should be ≥ 750 m thick to be able to

AC

overflow from the valley (Fig. 9C). Direct information on turbidity current thicknesses in the Zambezi
Fan is lacking. However, turbidity currents thicknesses of 100 to 400 m are classically reported in the
literature (Nelson, 1983; Damuth and Flood, 1985; Nakajima et al., 1998; Migeon, 2000; Migeon et
al., 2001; Babonneau et al., 2002; Ercilla et al., 2002; Curray et al., 2003; Deptuck et al., 2003; Pirmez
and Imran, 2003; Bourget et al., 2011; Babonneau et al., 2012). Higher thicknesses (600 to 1000 m)
are not frequently reported (Normark et al., 1980; Stow and Bowen, 1980; Piper and Savoye, 1993;
Mitchell, 2014).
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A minimum thickness of 600 m (i.e. relief of the valley) is estimated in the Tsiribihina Valley ca. 80 km
upstream the confluence, where sediment waves of turbiditic origin are observed and testify of
overflow processes (Fig. 17).
The knickpoint found at the junction with the Zambezi Valley (Fig. 10A, zoom) might cause a
hydraulic jump that could thicken the current by 1.5 (Muck and Underworld, 1990) to 900 m, which is

PT

sufficient for local deposition of fine-grained levee sediments by overflow. Another mechanism that
could enhance the resulting current thickness is the interaction or addition of turbiditic flows at the

RI

Zambezi and Tsiribihina confluence, as described by Babonneau et al. (2012) in the Kramis Fan.

SC

Other zones of fine-grained stratified deposits are encountered distally where the Zambezi Valley

NU

widens and shallows to about 50 m (Fig. 11, 19A). On the right hand side of the valley, an ancient
rather classical channel-levee system (Fig. 18B) attests to a previous (not dated) phase when

MA

aggradational and overflow processes where more active than today, which is dominated by
erosional processes. On the left hand side of the valley, two other zones of fine-grained turbidites

D

possibly relate to inputs from southern Madagascar.

PT
E

5.4. Supply of the Zambezi fan and Mozambican ponded fan
Canyons observed on the upper slope (Jouet and Deville, 2015) and valleys identified on the lower

CE

slope by Wiles et al. (2017a) appear under-sized and barely compatible with the high sediment load
of the Zambezi River (48 x 106 t/yr, Milliman and Syvitski, 1992). Therefore, the connections and

understood.

AC

paleo-connections from the river to the different elements of the turbidite systems are still not

According to Schulz et al. (2011), and based on sediment rates calculated from cores on the
Mozambican slope, the channelized and ponded semi-confined fans would alternate their activity as
a function of the relative sea-level: the channelized fan would be fed by the Zambezi inputs during
periods of high sea-level, when the littoral drift transports the inputs towards the Northeast and
deposit the inner belt on the shelf (Beiersdorf et al., 1980; Schulz et al., 2011); the ponded fan would
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be supplied during periods of low sea-level through the canyons and channels on the continental
slope facing the Zambezi delta. Contradictorily, Wiles et al. (2017a) propose that, during high sealevels, sediments of the present-day inner mud belt are dominantly transported towards the
Angoche Basin (Fig. 1), i.e. further north than the hypothesis of Schulz et al. (2011) and can therefore
more difficultly feed the Zambezi Valley. Wiles et al. (2017a) suggest that the Zambezi Valley would

PT

be supplied during lowering of sea-levels. These contradictory assumptions on the timing of feeding
of the northwestern and southeastern parts of the margin (Schulz et al., 2011; Wiles et al., 2017a)

RI

show that the question of the feeding time of both fans is not resolved yet. Moreover, very high

SC

sediment rate (average of about 1m/ky for the last 120 ky) calculated at IODP Core U1477 (Fig. 11A)

NU

on the upper Mozambique slope in the extension of the Zambezi delta (Leg 361, Hall et al., 2016)
suggests that this area remained a preferential site of deposition during low and high sea-levels of

MA

the last climatic cycle. However, a Holocene sediment rate of 0.2 m/ky was calculated from a
PAMELA core (Jouet and Deville, 2015) close to U1477, indicating that supply to this part of the

D

margin varied drastically and that a more detailed stratigraphy of core U1477 is needed to specify

PT
E

the supply of the Mozambican slope during high and low sea-levels.
In the present state of this study, the stratigraphic relationships (synchronicity or diachronism?)

CE

between the Zambezi fan and the ponded fan is unknown and our results do not bring decisive
arguments to choose between these previous findings (Schulz et al., 2011; Wiles et al., 2017a).

AC

Incisions of the Zambezi thalweg (Figs. 14 to 17) are arguments towards recently (currently?) active
turbidity currents in the Zambezi Valley, in agreement with the proposition of Schulz et al. (2011). In
contrast, moorings in the distal Zambezi Valley (MLP5 and MLP8, Miramontes et al., 2019) did not
registered turbidity currents over two years (November 2014 to January 2017), indicating a presentday inactivity of the Zambezi Fan, or at least that the Zambezi Fan is not presently a very active fan,
favoring the hypothesis of Wiles et al. (2017a) of a low supply during high stand of sea-level.
Moreover, in addition to the shelf circulation that probably influence the feeding of both fans, the
Mozambique Current formed on the upper Mozambican slope by southward moving eddies (Walford
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et al., 2005), probably also contributed to the feeding of the ponded fan by pirating inputs of the
Zambezi Valley during high and low sea-level stands. This pirating process was also proposed by
Wiles et al. (2013) in the Tugela Canyon (Natal Valley).
Additional sedimentological, architectural and stratigraphical information is needed to conclude on

PT

the question of the timing of sediment supply to the Zambezi turbidite system.

RI

6. Conclusions

The Zambezi turbidite system consists in two architecturally different fans, for which the respective

SC

timing of feeding and activity (either erosional or depositional) is not yet established. The Zambezi

NU

Fan is a channelized fan mainly composed of the Zambezi Valley, its Madagascan tributaries and a
wide distal depositional area. A ponded semi-confined fan (in the Intermediate Basin) is present on

MA

the Mozambique rise, westwards from the Zambezi Valley. Main results from this bathymetric and
high-resolution seismic study are:

The Zambezi Fan is a multiple sources fan in which the precise contribution of the Zambezi

D



PT
E

and Madagascar rivers is not yet quantified. Evidences of intense erosion observed along the
entire length of the Zambezi Valley and depositional area indicate that erosive processes

CE

were widely active in the recent (current?) time. The Zambezi Valley is composed of a Ushaped thalweg with dimensions comparable to the Tanzanian Channel and NAMOC and an

AC

over-sized V-shaped valley more than three times as deep and wide compared to the
thalweg. These extreme proportions of the thalweg and valley suggest erosive processes
from both turbidity currents in the thalweg and oceanic bottom currents on the upper flanks
of the valley.


Presently, the deep entrenchment of the Zambezi Valley limits the overflow of turbidity
currents and fine-grained sediments (levees) are mostly absent. The principal sediment
accumulation occurs distally from the mouth of the Zambezi Valley and consists mainly of
coarse-grained terminal lobes. A single channel-levee system at the mouth of the Zambezi
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Valley witnesses an “anomalous” aggradational growth pattern in the distal Zambezi Fan.
This episode of aggradational deposition, although not accurately dated, is older than the
present-day thalweg.


The semi-confined fan (in the lntermediate Basin) is infilled with sheet-like, coarse-grained
turbidites and ponded, fine-grained turbidites.

PT

The Zambezi turibidite system, therefore, appears unique in terms of (i) association of 2 separated

RI

maybe alternating depocenters, (ii) exceptionally great dimensions of the Zambezi Valley, (iii) recent
(current?) widespread erosion and (iv) mainly coarse-grained deposits in the valley and depositional

SC

area. These specificities are thought to be largely controlled by erosion/deposition activity of

NU

combined turbiditic and oceanic currents.

MA
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Multibeam acquisition system

Acquisition
speed
(kts)

Profile
distance
(km)

Type

Emission frequency
(kHz)

PTOLEMEE1

8-10

6910

Kongsberg EM122

12

PAMELA-MOZ12

8-10

3350

Kongsberg EM122

12

PAMELA-MOZ23

8-10

12020

Kongsberg EM122

12

PAMELA-MOZ44

8-10

10470

Reson Seabat 7150

PAMELA Cruises

PT

Bathymetric and SBP data

: Jorry, 2014, 2: Olu, 2014, 3: Robin and Droz, 2014, 4: Jouet and Deville, 2015

RI

1

AC

CE
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Table 1

12
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Example
and color code
used in Fig. 11

Damuth and
Olson (2015)
facies
classification

Description

S1

Strong seafloor reflection.
Continuous and high frequency
sub-bottom echoes. Amplitude
varies laterally from low to very
high.

1A

S2

Strong seafloor reflection.
Continuous, high frequency and
low amplitude sub-bottom
echoes. Reflections are
conformable to undulating
surface topography.

1B and
4

S3

Distinct seafloor echo with
numerous parallel sub-bottom
reflections showing high
continuity, very high frequency
and high to very high amplitude

S4

PT

Hemipelagic deposits, contourites?
or turbidites with coarse-grained
interbeds

SC

Stratified
(S)

Semi-prolonged bottom
reflection. Continuous and high
frequency sub-bottom
reflections. Vertical variation of
amplitude from low to high.

2

Turbidite deposits

Acoustically transparent lens
shape configuration, limited by
strong amplitude reflections.

5

Several generations of slides or
distal turbidite deposits (terminal
lobes)

Semi to very prolonged bottom
echoes with no sub-bottom
reflections. Some small
hyperbolae

3

Coarse-grained sediments

Large single or irregular
overlapping hyperbolae with
strong surface echo. When
present, sub-bottom reflections
are discontinuous and parallel.

7 and
8

Steep slopes or hummocky
seafloor or narrow sediment
waves (short wavelengths)

NU

Turbidite deposits

MA

Hyperbolic
(H)

Table 2

PT
E
AC

CE

Opaque
(O)

Pelagic/hemipelagic sediments
Contourites?
Sediment waves

1A

D

Transparent
(T)

Interpretation

RI

Class

Subclass
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Figure captions
Figure 1: (A) Catchments of main rivers contributing to the sedimentation in the Mozambique Channel (from
http://www.fao.org/geonetwork). (B) Physiographic map of the present-day Mozambique Channel showing
main sedimentary and structural features. Compiled from published literature: (1) Schulz et al., 2011; (2) Kolla
et al., 1980b; (3) Beiersdorf et al., 1980; (4) Gebco, 2014; (5) Wiles et al., 2017a; (6) Breitzke et al., 2017; (7)

PT

Kolla et al., 1980a; (8) Raillard, 1990; (9) Thompson, 2017; (10) Raisson et al., 2016; (11) Mahanjane, 2012; (12)
Mahanjane, 2014; (13) Schematized from Courgeon et al., 2017 and Deville et al., 2018; (14) Ponte, 2018, partly

RI

based on Baby, 2017;. Cores from IODP leg 361 (green stars) (Hall et al., 2016), from DSDP leg 25 (white stars)

SC

(Simpson et al., 1974) and from Kolla et al. (1980a) (yellow hexagons) are indicated.

NU

Figure 2: Overview of the surface (red) and deep water (blue) circulation present in the Mozambique Channel
(after De Ruijter et al., 2002; Schulz et al., 2011; Uenzelmann-Neben et al., 2011; Halo et al., 2014). Bathymetric

MA

map based on GEBCO (2014) data. Contour lines are indicated in meters, spaced at 1000 m intervals. AABW =
Antarctic Bottom Water, AAIW = Antarctic Intermediate Water, EACC = East African Coastal Current, MC =
Mozambique Current, MUC = Mozambique Undercurrent, NADW = North Atlantic Deep Water, SEMC =

PT
E

D

Southern branch of the East Madagascar Current.

Figure 3: Slope map (GEBCO, 2014) of the Mozambique Channel with location of existing data. Colored lines:
data used in this study (multibeam bathymetry and sub-bottom seismic tracks). Blue: PTOLEMEE (Jorry, 2014).

CE

Orange: PAMELA-MOZ1 (Olu, 2014). Green: PAMELA-MOZ2 (Robin and Droz, 2014). Red: PAMELA-MOZ4 (Jouet

AC

and Deville, 2015). Black lines: Previous data used by Breitzke et al. (2017) and Wiles et al. (2017a, b). Pink
polygon: approximation of the extent of data used by Kolla et al. (1980a, b).

Figure 4: Measured parameters. A: Nomenclature used in this paper. i: Detail of bathymetric map; ii: Typical
depth cross-section of the Zambezi Valley. B: Measured parameters on depth cross-sections. Wv: Valley width,
Rv: Valley relief, Wt: Thalweg width, Rt: Thalweg relief. C: Calculation method of cross-sectional areas of the
valley and thalweg. D: Location of cross-sections where width and relief of the thalweg (pink and black lines)
and the valley (black lines) have been measured. Reference point for distances in the graphs of figure 7, 8 and 9
is taken at the shelf break in the extension of the Zambezi Valley.
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Figure 5: Schematic representation of sediment waves and measured parameters. WL: wave length (in km),
WH: wave height (in m) and LC: crest length (in km).

Figure 6: Main morphological features of the Mozambique Channel. A: Bathymetric map based on GEBCO
(2014) data. The outline of Beira High is taken from Mahanjane (2012). B: Transverse depth profiles (d to h in A)
of the Mozambique Channel. C: Along-slope profiles (a to c in A). Position of the Miocene doming on along-

PT

slope profiles a and c is deduced from the mapping of the doming by Ponte (2018) (see Fig. 1B).
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Figure 7: Morphological characteristics of the Zambezi Valley. A: PAMELA bathymetric map (100 m resolution)

SC

over the Gebco 2014 grid (~1 km resolution). B: Transverse depth profiles (transects 1 to 15 indicated as red
lines in A). C: Along valley depth profile (black line with dots in A). The 0 reference point for the along-valley

NU

distances is taken at the shelf break in the extension of the Zambezi Valley (as illustrated in figure 4).

Figure 8: Vertically exaggerated depth profile of the Zambezi Valley floor showing the ungraded profile with

MA

several slope increases and decreases. Profile based on PAMELA bathymetric data (100 m resolution). The 0
reference point for the along-valley distances is taken at the shelf break in the trend of the Zambezi Valley (see

D

figure 4). SB = southern branch confluence, SP = Serpa Pinto paleo-confluence, T = Tsiribihina confluence, KP =

PT
E

knickpoint.

Figure 9: Downstream evolution of morphological parameters of the valley (black curves) and thalweg (green

CE

curves) of the Zambezi Valley (see Fig. 4 for the morphological definitions of the valley and the thalweg, for the
location of width and relief measurements and for the approximation of the cross-sectional areas). A:

AC

simplified depth profile along the valley floor (extracted from depth profile on Fig. 7C, cut at 1300 km). KP:
knickpoint. B: Width evolution. C: Relief evolution. D: Aspect ratio (W/R). E: Cross-sectional areas evolution.
Owing to the approximations of cross-sectional areas calculations, the thalweg and valley curves have been
smoothed. Notice also the different vertical scales for the thalweg and valley graphs. Numbers in B refer to
transverse depth profiles (Fig. 7B) where the valley width and relief have been measured.

Figure 10: Morphological characteristics of the Zambezi and Tsiribihina Valley confluence zone. A: Along valley
depth profiles of the Zambezi and Tsiribihina Valleys (position of transverse profiles shown in B indicated with
red lines). KP = knickpoint. The confluence between the Zambezi and Tsiribihina Valley is chosen as 0 km point,
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which lies 780 km from the 0 reference point at the shelf break (see Fig. 4). B: Bathymetric map based on
PAMELA bathymetric data (100 m resolution). Dashed lines indicate Zambezi Valley limits. C: Transverse depth
profiles (transects 1 to 11 indicated as red lines in B). Z: Zambezi Valley, T: Tsiribihina Valley.

Figure 11: Surface sediment distribution in the Mozambique Channel (grey lines: ship tracks). A: Echo facies
distribution (description of facies in Table 2 and text). See examples of echo facies in Figs 12 and 13. Distally in

PT

the study area, incised distributary channels are mapped (black lines). B: Interpretation of (A) in terms of
depositional/erosional sedimentary systems. Red squares: location of the bathymetric zooms of Figs. 14-18 and
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20-23.
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Figure 12: Chirp profiles showing typical transparent echo facies and their transition with other facies, on the
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Mozambique slope and distal area (see G for location). A: transition between transparent (T) and stratified (S3)
echo facies. B: transition between stratified (S1) and transparent (T) echo facies. C: transition between

MA

transparent (T) and stratified (S1 and S3) echo facies on the Mozambique slope. D: transition between
transparent (T) and stratified (S1) echo facies West of Iles Eparses. E: transition between transparent (T) and
stratified (S1 and S3) echo facies SW of Iles Eparses. F: transparent (T) echo facies in the distal depositional
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area. Same horizontal and vertical scales in A to F. G: Extraction of Fig. 11A with location of profiles A to F.

Figure 13: Chirp profiles illustrating transitions between different echo facies (see E for location). A: stratified
(S1) facies characterizing the Madagascar Margin. B: transition between hyperbolic (H), stratified (S2) and

CE

transparent (T) sediment echo facies near the Mozambique Ridge. C: transition of transparent (T) towards
hyperbolic (H) facies at the base of the Madagascar Ridge. D: stratified (S4 and S3), transparent (T) and opaque

D.
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(O) facies at the downstream portion of the Zambezi Fan. E: Extraction of Fig. 11A with location of profiles A to

Figure 14: Bathymetric map at the confluence of 2 tributaries (Northern and Southern branches) in the most
upstream surveyed portion of the Zambezi Valley. Left: original data with location of ship tracks (black lines).
Right: interpreted map and characteristic depth profiles. Position is indicated on Fig. 11B.

Figure 15: Bathymetric map on a bent form characterizing the northern portion of the Zambezi Valley. Left:
bathymetric data upon a slope raster with location of ship tracks (black lines). Right: interpreted map and
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depth profiles (red lines). The darkest grey color indicates more recent time incision. Position is indicated on
Fig. 11B.

Figure 16: Morphology of the Zambezi Valley where it approaches the Davie Ridge. A: bathymetric data upon a
slope raster with location of the ship tracks (black lines). B: interpreted map with depth profiles (red lines 1 to
4). The darkest grey color indicates more recent incision. Thick black lines are faults observed on bathymetric

PT

data. Dashed lines indicate potential extension of faults. Position is indicated on Fig. 11B. Notice that the along
valley depth profile 1 is not strictly at the same position as the depth profile in figures 7 and 8 (i.e. the 80 m
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knickpoint in figures 7-8 do not correspond to the 30 m scar observed here). C: Seismic profile PTO-SR-mig093

SC

(Jorry, 2014) along the collapsed valley flank (position in B).
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Figure 17: Bathymetric map at the Zambezi and Tsiribihina Valley confluence zone. A: bathymetric data upon a
slope raster. B: interpreted map with the position of the depth profile (red line) shown in (1). The darkest grey
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color indicates more recent time incision. KP = knickpoints, see Fig. 10. Position of the map is indicated on Fig.
11B.
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Figure 18: Distal depositional area of the Zambezi Fan. A: Extract from Fig. 11B that shows proposed
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connections of distributary valleys (however these correlations remain uncertain) and depth profiles shown in
D (black lines). B: Bathymetric map and interpretation based on PAMELA bathymetric data (resolution 100 m)
illustrating a channel-levee system at the right hand side of the Zambezi incisions (blue square in A). C: Seismic
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profile MOZ4-SR-234c oblique to the channel-levee system (position in B) (Jouet and Deville, 2015). D: Depth

AC

profiles 2 and 3 (location in A) and chirp profiles a and b (with different vertical scales).

Figure 19: Bathymetric map demonstrating recent erosion recognized in the distal portion of the turbidite
system. Left: bathymetric data upon slope raster with location of ship tracks (black lines). Right: interpreted
map and depth profiles (red lines). A1 to C3 (from the oldest to the youngest) are successive elongated
erosional channel-like features. Position is indicated on Fig. 11B.

Figure 20: Bathymetric map of fossil sediment waves northeast of Iles Eparses (location in Fig. 11B). A: Depth
profile taken along the A line on the bathymetric map. B: Chirp profile along line B on the bathymetric map. C
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and D: interpretation of chirp profile B with different vertical exaggeration. Green: blanking turbidite
deposition; pink: contouritic sediment waves; white: onlaping unit of unknown nature.

Figure 21: Bathymetric map and its interpretation of sub-circular bedforms observed east of Bassas da India
(location in Fig. 11B). A and B: depth profile; 1 and 2: chirp profiles.

Figure 22: Bathymetric map of polygonal sediment waves observed southeast of Europa (location in Fig. 11B). A
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and B: depth profiles; 1 and 2: chirp profiles.
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Figure 23: Bathymetric map and its interpretation of anastomosed sediment waves observed 230 km south of

SC

the Iles Eparses (location in Fig. 11B). A and B: depth profiles; 1 and 2: chirp profiles.
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Figure 24: Synthetic sedimentary organization of the Mozambique Channel and Zambezi turbidite system, from
bathymetric and sub-bottom reflection studies and from literature (adapted to the Zambezi turbidite system
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from a sketch by Gamberi and Rovere, 2011). The Zambezi River inputs are transferred to the turbidite system
in two ways, either by (A) a channelized fan (the so-called Zambezi Fan) that transfers the sediments towards
the South about 1200 km downstream and by (B) the ponded fan mainly limited downstream by a coutouritic
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ridge that generally limit the turbidites deposition to the so-called lntermediate Basin. Channels that flow
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towards the Southwest (see Fig. 1, Wiles et al., 2017a) show that the lntermediate Basin is not entirely closed
(semi-confined fan).
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Figure 25: Comparison of the Zambezi Valley dimensions (black lines) with other well-known deep-sea turbidite
channels (colored solid lines). Curves for other systems are redrawn form Hesse et al. (1987), Babonneau et al.
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(2002), Pirmez and Imran (2003), Bourget et al. (2008) and Fournier (2016). For the Zambezi system, solid line
represents the V-shaped valley, and dashed line represents the U-shaped thalweg. A: Channel relief (from
valley bottom to levee crest in the Congo, Amazon, Tanzanian Valley and NAMOC). B: Channel width (from
levee crests in the Congo, Amazon, Tanzanian Valley and NAMOC). Position of the bathymetric cross-sections
and reference point for distance (0 km) for the Zambezi Valley is shown in figure 4. Position of the fault zone
refers exclusively to the Zambezi Fan (Fig. 16). C: Channel aspect ratio (R/W) plotted as a function of average
along-channel slope, based on Skene and Piper (2006), Bourget et al. (2008) and this study (Zambezi thalweg
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dimensions, see Figs. 7 and 9 for average R/W vs average slopes). Squared numbers refer to the fan types 1 to
4 of the classification of Piper and Normark (2001).

Figure 26: Maximum (A) and mean (B) speed of bottom circulation simulated from 1993 to 2014 with the
Regional Ocean Modelling System (ROMS). Blue arrows in B: mean bottom current directions obtained from
the model. Contours of the model bathymetry are shown every 500 m (Gebco 2014 data). Numbered
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rectangles indicate position of figures 20 to 23. Modified from Miramontes et al. (2019).
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Table captions
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Table 1: Data used in this study.

Table 2: Description and interpretation of echo classes observed in the study area. For each echo class an
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example is shown with its color code used for the map in Fig. 11A. For additional examples see Fig. 12 to 13.

