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Abstract

The Congo deep-sea fan is one of the largest fans in the world still affected by presently active
turbidity currents. The present activity of deep-sea sedimentary processes is linked to the
existence of a direct connection between the Congo River estuary and the Congo canyon head
that allows relatively continuous sediment feeding of the deep-sea environment, in spite of a wide
continental shelf (150 km). Because of this important activity in terms of sedimentary processes,
the deep-sea environment of the Congo-Angola margin presents major interests concerning
physical, chemical and biological studies near the sea floor.

The main aim of this paper is to present the initial geological context of the BioZaire Program,
showing a synthesis of the major results of the ZaiAngo Project including (1) the brief geological
setting of the Congo-Angola margin, (2) the structure of the modern Congo deep-sea fan, (3) the
sedimentary architecture of the recent Congo turbidite system (from the canyon to the distal
lobes), and (4) the recent and present turbidite sedimentation. In order to provide useful
information and advice relevant to biological and geochemical studies across the Congo
sedimentary system, this article focuses on the present sedimentary processes and the present
activity of turbidity current along the Congo canyon and channel.
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.1 Introduction

The accumulation of marine sediment seaward of the Congo River estuary is probably one of the
greatest in the world for a submarine system that is still active today. In the continental domain,
the Congo sedimentary system is composed by a wide drainage basin, the river and its tributaries.
In the nearshore and marine domain: it consists of the estuary, the canyon, which acts mainly as a
by-pass zone, and finally an area of preferential sedimentation at the foot of the continental slope
and in the deep basin. The Congo submarine system has been geologically studied since
Buchanan in 1887 (submarine cable survey) and was the focus of the ZaiAngo project team from
1998 to 2005. Several types of evidence of Holocene and very recent activity in the canyon have
been described and linked to sedimentary processes such as turbidity currents, river floods, slides,
gas hydrate formation and fluid escape. The aim of this paper is to synthesize the geological
knowledge of the area and in particular the results of the ZaiAngo project in order to provide
useful information and advice relevant to biological and geochemical studies across the Congo
sedimentary system.

Marine biologists and oceanographers are usually not familiar with turbidite deposits. These
sedimentary deposits were first recognised and described in outcrops of ancient sedimentary
series (Bouma, 1962; Walker, 1978; Mutti, 1992). They are generated by submarine gravity
processes and they build large sedimentary systems in deep-water environments, termed deep-sea
fans. Deep-sea fans are well developed from the foot of the continental slope to different water
depths in the abyssal plain. They vary in size, structure and morphology. Most are fed by one or
more canyons, located at the prolongation of the mouth of fluvial systems (estuary, delta...).
Recent improvements in high-resolution bathymetry, marine seismic systems, deep-tow sonar
and cores have made it possible to explore deep-water environments and to study modern deep-
sea fans in great detail.

The Congo deep-sea fan with the Congo canyon and submarine valleys are major morphological
features of the western African margin. The fan constitutes the major depocenter of the south-
eastern Atlantic Ocean and is among the largest modern deep-sea fans in the world. The fan
developed during the post-rift evolution of the continental margin of west-equatorial Africa. It is
currently fed by the Congo River, whose continental drainage area is the second largest in the
world (Van Weering and Van Iperen, 1984) (Fig. 1).

Mainly due to its economical potential, the lower Congo basin has been extensively studied since
the 1960s. The continental margin architecture, as well as the stratigraphy of the proximal areas,
has been rather well constrained by oil exploration seismic surveys and the presence of numerous
oil wells and one ODP drilling cruise on the shelf and upper slope (e.g. Teisserenc and Villemin,
1989; Séranne et al., 1992; Rasmussen, 1996; Uenzelmann-Neben et al., 1997; Anderson et al.,
2000; Lavier et al., 2000; Marton et al., 2000; Mougamba et al., 2000; Lucazeau et al., 2003). A
few limited regional studies have provided some hints on the distal part of the fan and an idea of
the size of the deep fan (Emery et al., 1975a; Uchupi, 1989, 1992).

However, the most recent and extensive study of the area was conducted from 1998 to 2005
within a partnership research project built by Ifremer and TOTAL, the ZaiAngo project, which
involved a French multidisciplinary team including geologists, sedimentologists, geochemists,
geotechnical engineers and geophysicists.



.2 The ZaiAngo project
2.1 Origin and goals

During the last 30 years, study of the continental margins has been one of the main objectives of
Ifremer’s research, while the TOTAL oil company has been increasingly focusing on deep-
offshore energy resources. Following the two main discoveries of Nkossa and Girasol offshore
Congo and Angola, Total decided to join forces with Ifremer in studying the ocean depths,
forming a scientific and technical partnership. So at the end of 1997, Ifremer and TOTALFinaEIf
launched a five-year research programme devoted to studying the continental margin seaward of
Gabon, Congo and Angola, with particular emphasis on exploring the huge submarine valley
network carved in the ocean floor offshore the Congo river mouth. The ZaiAngo field program
started in 1998 and was completed at the beginning of 2001 by the exploration, using a
submersible, of the particularly active Congo abyssal valleys. This was immediately followed by
the first BioZaire campaign. Over the three years between 1998 and 2001, a total of seven
ZaiAngo cruises were carried out, using the full range of up-to-date oceanographic exploration
equipment, from 500 m water depth down to 5000 m in a part of the Atlantic that had hitherto
remained largely unexplored. The ZaiAngo project was intended particularly to study, at a
regional scale, the recent Congo fan in order to acquire an integrated regional understanding of
sedimentary processes controlling the distribution and the characteristics of the reservoirs, from
the river mouth to the distal areas.

2.2 The ZaiAngo data set

Two cruises, ZaiAngo 1 and 2, explored 200,000 km? in 1998 (Fig. 2). In 2000, the ZaiAngo
project carried out five successive cruises (ZaiAngo-Sar, ZaiAngo-Car, ZaiAngo-OBS-SMT,
ZaiAngo-Rovl and 2) and scored a number of major technical firsts. The first significant efforts
were made in the field of seismic surveying, with 4200 km of multi-channel HR (high resolution)
seismic profiles in the deep offshore during ZaiAngo 1 and 2 cruises.

The ZaiAngo-Sar cruise aimed at defining ocean-bottom micro-topography using the SAR
system (high-resolution side-scan sonar towed 100m above the seafloor), with the emphasis on
gaining a better understanding of current dynamics in the Congo submarine valley and achieving
better images, at the water-sediment interface, of fluid-escape zones. The ZaiAngo-OBS-SMT
cruise was devoted to the study of the deep structure of the continental margin, with the emphasis
on obtaining images of the subsurface down to the underlying continental crust, i.e. at depths of
fifteen to twenty kilometres below the surface of the sea. The cruise ZaiAngo-Car aimed at
providing images of surface sediments, involved reconnaissance of the meandering Congo
channel and of pockmarks — circular depressions from 20 to 1,000 m in diameter, marking the
sites where cold-seep fluids emerge from deeper layers. A video camera was used for direct sea-
floor observation, providing the first indications that particular faunas were associated with cold
seeps in the vicinity of the Congo Channel.

Lastly, ZaiAngo-ROV 1 and 2 cruises used the Victor 6000 remote-operated vehicle (ROV).
During ZaiAngo-ROV 1, eight dives were made at the ocean floor and 24 piston cores were
collected. Thanks to a series of geological cross-sections along the flanks of the present Congo
channel, geologists obtained detailed acoustic images of the structure of submarine Congo
channel-levee deposits. During ZaiAngo-ROV 2, Victor 6000 investigated various types of
pockmarks. Measurements of chemical tracers (methane, manganese) were taken, mainly close to
the ocean floor, in order to determine the nature and the origin of fluids discharged at the



seawater-sediment interface. Core samples were also taken in order to analyse interstitial fluids
within the sediments and other geotechnical parameters (mechanical behaviour of sediments,
slope instability).

.3 Geological history of the margin
3.1 Structural and stratigraphic setting

The Congo deep-sea fan is located on the Congo-Angolan margin (Fig. 1), which is a mature,
passive continental margin resulting from the Early Cretaceous opening of the South Atlantic
Ocean (130 Ma) (Jansen et al., 1985; Marton et al., 2000). The sedimentary series of the lower
Congo basin shows three main units, which correlate with three tectonic phases: pre-rift
continental deposits (Jurassic), syn-rift fluvio-lacustrine deposits and sag phase (Lower
Cretaceous), and the post-rift unit with a large accumulation of salt (Middle Aptian) covered by
thick marine successions (Albian to present).

The terrigenous sedimentary input to the Atlantic Ocean increased strongly during the Cenozoic
because of (1) onland structural deformation and uplift, increasing bed-load transport in rivers,
(2) the concomitant draining of the Congo River into the Atlantic Ocean, (3) the worldwide
lowering of sea level during the later Cenozoic, and (4) a humid climate in the drainage area
(Reyre, 1984; Droz et al., 1996). These factors resulted in the initiation of the huge Congo
turbiditic sedimentation system first on the slope and then in the Lower Congo basin since
Oligocene time (Brice et al., 1982), and the formation of the Congo deep-sea fan (Fig. 1).
Because of the instability of the salt layer, the sedimentary cover on the continental slope is
affected by important syn- and post-sedimentary deformation due to gravity tectonics, which
generated growth faults, salt sheets, diapir structures and compressional structures in response to
substratum morphology of the basin and to the increase of sediment load. This structural style is
similar to that observed on other continental margins with high depositional rates; for example
the northern Gulf of Mexico (Winker, 1996), where salt diapirism is present, and the Niger Delta
continental margin, where shale diapirism is active (Damuth, 1994). This structural style is a
major issue in terms of controls on fluid escape on the continental slope.

.3.2 The Congo deep-sea fan

The maximum thickness of the Congo Tertiary deep-sea fan is estimated at about 5 km, based on
the interpretation of regional seismic profiles (Anderson et al., 2000; Cramez and Jackson, 2000;
Marton et al., 2000). Oligocene and Miocene turbidite systems have been particularly studied by
the oil industry, due to the discovery of oil and gas reservoirs in the Tertiary series. During the
Miocene (24-5 Ma), the whole African continent has been affected by significant uplift,
increasing the relief at the continental margin and the terrigenous sediment supply and inducing a
progressive rearrangement of the watersheds. The discharge of the paleo-Congo river may have
undergone a large-scale shift from south to north during the Miocene (Lavier et al., 2001),
becoming the present Congo River. Only small rivers were feeding the Angolan margin during
the Upper Miocene. Large Upper Miocene turbidite channels have been recognized in the Congo
margin (to the north of the present Congo canyon) by Ferry et al. (2004). The initiation of the
Congo canyon at its present location is estimated to date from the Miocene-Pliocene transition at
approximately 5 Ma (Ferry et al., 2004).

Studies based on ZaiAngo data have provided a better understanding of the stratigraphy and
evolution of the abyssal plain during the Tertiary, where the main fan depocenters are located



(Anka and Seranne, 2004; Anka et al., in press). Séranne and Anka (2005) showed that the
Tertiary turbidite series were largely controlled by important climatic changes and by the
Miocene uplift of the African coastal plain.

The recent Congo fan extends from the Congo-Angola continental shelf downslope to abyssal
depths (> 5100 m) along a distance of 800 km. Its surface area is estimated at 300,000 km?,
similar to the areas of the Amazon fan. Data acquired during the ZaiAngo 1 and 2 surveys
provided an almost complete view of the Quaternary architecture of the Congo Fan (Erreur !
Source du renvoi introuvable.3). Results are based on the combined analysis of multi-beam
(EM12) and seismic-reflection data (high-resolution multichannel profiles). Bathymetry and
acoustic imagery show the continuity of channel-levee systems, while seismic data were used to
analyze facies, geometries and stratigraphic interrelations to reconstruct the architecture of the
fan. Correlations with ODP Leg 175 indicate that the studied portion of the Congo fan started to
form in the Upper Pleistocene (780 ka) and allow us to propose a tentative timing for the
construction of the fan (Droz et al., 2003).

4 A brief overview of the Quaternary Congo fan
4.1 Regional architecture of the fan

The architecture of the fan results from the growth, avulsion and death of tens of submarine
valleys bordered by thick muddy levees and feeding distal lobe units, which represent the three
basic architectural elements of the fan (Fig. 3) representing 80-90 % of the sediment thickness
imaged in seismic sections. Unconformable mass-transport deposits are less frequent,
representing less than 10 % of the total sediment.

More than 80 correlateable channel-levee systems were mapped, chronologically referenced, and
numbered on the Congo Fan (Fig. 4). The stacking of channel-levee systems, in response to
lateral shifts of the channels due to successive avulsions, defines the architecture of the fan (Droz
et al., 2003). From the lower to the upper fan, the network of channels is hierarchically organized
into progressively greater and more intricate sedimentary features. The channel-levee systems,
grouped into several channel-levee complexes, appear to belong to three main successive fans
that were named the Northern, Southern and Axial fans, from the oldest to the youngest (Fig. 4).
Individual fans were fed by a unique source: the Congo Canyon; they appear as distinct
basinward-opening triangular depocenters forming the Upper Quaternary Congo fan (Droz et al.,
2003). The distribution of channel-levees is dominantly controlled by the available space,
although a control by the climate and sea-level changes cannot be disregarded (Kolla, 2007;
Marsset et al. in press).

The Northern Fan includes 23 channel-levee systems and its mean orientation is more or less the
prolongation of the straight upper course of the canyon (ESE-WNW). The Southern Fan was
surveyed along the upper 300 km. It has a NNE-SSW mean orientation and includes 19 systems
(Fig. 4). The Axial Fan developed in an approximate E-W direction, in the topographic low left
between the two older depocentres and as the straight prolongation of the present-day lower
portion of the canyon (Fig. 4). It includes 38 channel-levee systems, named Al to A38 from the
oldest to the youngest (Droz et al., 2003).



4.2 Tentative timing for the construction of the northern, southern and axial
fan

A few key seismic reflectors were used to constrain the time of deposition of the northern,
southern and axial fans, based on chronology from ODP Leg 175 drilling data on the Congo
continental slope (Wefer et al. 1998). The Northern Fan is thus thought to have started
developing at 780 ka. Its activity ceased around 540 ka, when the turbidite depocentre suddenly
shifted to the Southern Fan, along the Angola escarpment. Lastly, the Southern Fan was
abandoned, possibly at 210 ka, and the Axial Fan began to develop and is still currently active.

4.3 Congo fan sediment sources

The characterization of the sediment sources can help us to understand the present and very
recent activity of the Congo turbidite system and the initiation of submarine flows able to flow all
along the submarine Congo channel.

There are three main sources (Fig. 5):

- The Congo River with possible initiation of hyperpycnal flows or instabilities in the canyon
head due to sediment overload (fine-grained sediments and organic debris).

- Longshore drift, which transported sandy sediments along the coast (northward), built the
mouth bar of the Congo River Estuary and fed laterally the Congo canyon

- Canyon-flank instabilities, with reworked marine muddy deposits of canyon flanks and previous
sedimentary accumulation.

The activity of the Congo turbidite system is directly linked to the behaviour of the Congo River
(solid and liquid discharge, periodicity of flooding). This behaviour has changed over time, in
relation to relative sea-level variations, tectonic episodes (inducing structural and morphological
changes of the watershed) and climatic changes. It is difficult to estimate the time evolution of
these parameters, but the characterisation of the present behaviour of the Congo River is easier
and can help us to understand the present and very recent activity of the Congo canyon.

The Congo River is about 4700 km long and drains the Congo watershed (drainage area), which
is 3.7 10° km? (Van Weering and Van Iperen, 1984). This watershed covers the entire Democratic
Republic of the Congo and contains several large lakes or water bodies (e.g., Lake Tanganyika).
The Congo River runs out across a series of relatively flat areas separated by waterfall segments,
the last one being very close to the estuary.

The average flow (fluid discharge) of the Congo River is 42,800 m®/s (Kinga-Mouzeo, 1986); it
is the second greatest in the world after the Amazon River (200,000 m%s). Fed by numerous
tributaries located on both sides of equator, the annual hydrodynamic regime of the river is
relatively constant. However, it shows seasonal cycles related to the time lag between wet
seasons in the two hemispheres (Kinga-Mouzeo, 1986; Laraque et al., 1993b, a). The main low-
water stage occurs in July and August, corresponding to the drought in the southern hemisphere,
and the main flood period in November and December, caused by the wet season in the northern
hemisphere. A secondary low-water stage is observed in February and March during the northern
hemisphere drought, and a secondary flood period in April and May brought on by the wet season
in the southern hemisphere.

In comparison to other tropical rivers, the Congo River shows only moderate flooding, which is
attenuated by the presence of numerous lakes (Jansen et al., 1985). The annual suspended
discharge is low in comparison with the Amazon River. The Congo sediment discharge is



estimated to be 55 x 10° tons/year (Wetzel, 1993), whereas the Amazon sediment discharge is
around 900-1000 x 10° tons/year. This relatively low value is essentially the result of the low
average elevation of the watershed and trapping of most of the alluvial deposits in lakes (Bongo-
Passi, 1984).

The bedload discharge has not been estimated for the Congo River, but it can be significant
during flooding. Thus, the present fluvial sedimentary input to the turbidite system is rather
poorly known.

The downstream part of the Congo River (the last 150 km) is divided into four main
morphological areas (Fig. 5):

- Upstream from the estuary, the Congo River flows over numerous waterfalls and
rapids and drops 150 m over less than 80 km

- Over the next 50 km, the valley morphology is relatively narrow (< 1 km) and the
river is up to 150 m deep, being confined between high cliffs..

- Between the cities of Boma and Malela, the river path widens and shifts in multiple
distributaries with shallow water depths (6-7 m), an area of sedimentation and of
trapping of coarse sediments (sand and silt).

- The downstream part is characterised by the presence of the submarine canyon head
(Heezen et al., 1964a), which penetrates up to 30 km into the river estuary. At the
coastline, the water depth is 400-500 m (Shepard and Emery, 1973). The Congo River
mouth is micro-tidal estuarine (tidal range is lower than 1.4 m and tidal currents are
relatively low).

.5 Present Congo fan morphology

The morphology of the present seafloor was determined from EM12 bathymetric surveys
acquired during the Guiness and ZaiAngo cruises (Droz et al., 1996, Savoye et al., 2000b). As
shown by Babonneau et al. (2002), the general morphology of the margin exhibits three separate
domains: the continental shelf, the continental slope and the abyssal plain.

5.1 Morphological study

The shelf is limited downslope by the shelf break at 200 m water depth (black dashed line on
figure 2). The shelf is about 65 to 80 km wide and it is deeply incised by the Congo canyon (Fig.
2).

The continental slope is divided into two separate domains: the upper slope and the lower slope
(Figs. 2 and 6). The bathymetric gradient is about 2—-3° along the steepest part (upper slope). The
upper slope is relatively smooth and regular down to 2000 m and locally affected by normal
faults. The lower slope displays a more irregular morphology, as the sea floor is highly deformed
by salt diapirism and compressional structures (salt domes and reverse faults). This
compressional domain extends down to 3000 m water depth, and corresponds to the foot of the
slope. This domain is particularly well developed on the Angolan margin (south of the canyon),
where salt is more abundant (Fig. 2). The Congo canyon deeply incises the continental slope also
in this lower part (Figs. 6 and 7). The canyon is marked by a pronounced northward deviation,
induced by the active diapirism of the Angolan lower slope (Figs. 2 and 7).

The middle/lower Congo Fan extends from the base of the continental slope to the abyssal plain
(Figs. 2 and 6) and has a very low gradient (0.5°).



From the shelf to the abyssal plain, large deep-sea fans are composed of a succession of different
architectural elements, which reflect the behaviour of turbidity currents across the oceanic
domains. Across the shelf and the upper slope, sedimentary transport and erosional processes are
dominant and induce incision and erosional features. In contrast, at the foot of the slope,
depositional processes are more important and build sedimentary bodies such as channel-levee
and lobe deposits. The present Congo Channel is continuous and clearly visible on the
morphology, due to its deep incision. It extends as far as 750 km from the African coast as an
apparently erosional feature, and ends in a relatively flat area that is likely a lobe deposit (Fig. 2).
Figure 7 shows the channel shape evolution from the canyon area down to the distal lobe area.

5.2 The canyon

Canyons typically correspond to the transit route for sediments from the continental domain
(shelf) to the deep-marine domain. The Congo canyon is deeply incised, up to 1300 m and is a
relatively wide feature (up to 12 km). The canyon exhibits a V-shaped profile, relatively steep
flanks and erosional and by-pass features such as chutes, gullies, slump scars and small tributary
canyons. Most of the Congo canyon path shows well-developed terraces besides a small
entrenched thalweg which is less than 2 km wide and 350 m deep.

As long as the canyon behaves as a sediment transit route, there is no net sedimentary
accumulation within the canyon at a geological scale. Should sediment accumulate on canyon
floor from hemipelagic fallout or from low-energy turbidity currents, this material will be
removed by high-energy turbidity currents. When the turbidity current activity decreases, a
canyon may fill progressively, but this is not the case of the Congo canyon today.

5.3 The channel-levee system

Downslope from the canyon, channel-levee systems are mixed areas, where transit and
depositional processes occur simultaneously. They generally develop beyond the base of slope
and are one of the major architectural elements of large deep-sea fans. On the Congo fan, they are
commonly several hundreds of kilometres long with a meandering path (Fig. 7). Babonneau
(2002) distinguished the Upper fan valley at the transition between true canyon and the main
channel-levee system, the upper channel-levee area and the lower channel-levee area (Fig. 7).

In seismic sections, an axial channel is bordered by levee deposits (Fig. 3). The channel is the
path for turbidity currents to flow across the abyssal plain. Laterally away from the channel axis,
levees form, consisting of lens shaped accumulations of overbank turbidites. They are dominantly
composed of fine-grained turbidite sequences (silts and muds), supplied by overflows of the
upper part of turbidity currents. Levees are present for a maximum channel relief (channel height)
about 350 m with a lateral extent of as much as 30 km (Babonneau, 2002). The size of the
channel-levee system (channel relief, levee thickness and levee extension) decreases downslope
to the distal area, where the channel disappears and feeds distal lobes.

Turbidity currents are thus more confined in the upper part of the channel-levee system than in
the distal part. As a consequence, channel axis accumulations are coarse-grained deposits (only
sand and gravels), which are probably frequently reworked. Secondary architectural elements on
Congo levees include large sediment waves (Migeon et al., 2004) that are related to the dynamics
of overflowing turbidite currents. Two different overflow processes have been identified: flow
stripping (Piper and Normark, 1983), corresponding to local overflows in meanders and overspill,
which is continuous along the channel.



5.4 Lobes

The term lobe is generally used to describe lobate accumulations at different scales and in
different areas of fans. Channel-mouth lobes are located at the distal end of the channels: they are
also called distal lobes or terminal lobes. They are not well known because of their distal location
in large deep-sea fans (at water depths of more than 4000 m in most cases). They correspond to
the most distal depositional areas in fans, where most turbidity currents die and lose the material
held in suspension by turbulence.

5.5 Sedimentation along the present channel-levee and lobe

The flow behaviour along the Congo channel can be inferred from the distribution and features of
the deposits described along the present levee crest.

In the upper part of the channel-levee system, the silty-clayey deposits predominate (core
KGCO7, location Figure 8), indicating that levee relief (~ 250 m) prevents spillover of silt and
sand carried in the middle and lower parts of channelised flows (Fig. 9). Despite the meandering
pattern of the channel that favoured the action of centrifugal forces and flow stripping, flow
thickness is still low in comparison with channel relief. Uncommon, thin, clayey-silty layers
suggest rare overflows from thicker billows carrying coarser, suspended particles.

In the middle part of the channel-levee system (core KZAI05), as channel relief decreases to 120
m, individual turbidite sedimentary sequences (beds) exhibit 5-10 silty laminae (Gervais et al.
2001). The number of overflows is still limited, but each overflow transports greater volumes of
coarse, suspended particles. In the lower channel-levee, the channel relief becomes less than 60
m. Sequences are coarser and turbidite beds are numerous. The resulting increase in
sedimentation rate means that the upper 6 m of core KZR12 should be compared to less than one
metre of core KZAIO5.

Along the entire channel path, flow thickness is inferred to decrease only slightly as fine-grained
sediments are dispersed by overflow on levees and as the flow stretches along the channel. Water
entrainment is low owing to the subcritical condition of the currents, which are necessary to
maintain the flow over a long pathway (Pirmez and Imran, 2003). However, currents remain thick
enough to overflow along the channel path as the channel relief continuously decreases
downslope. With the loss of fine-grained suspended sediments by overflow, mean flow
concentration increases downslope. Overflows become relatively continuous on the levees and
carry coarser particles. Because individual turbidite deposits are clearly identified in the cores, it
is possible to estimate the average frequency of depositional events on the levees. In core
KZAI14, the number of turbidites compared to the historical timescale suggests that the
frequency of overbank deposition was constant over the last 5000 years, with about one overbank
deposit every 45-55 years. This is lower than the frequency estimated for the Amazon fan, with
about one overbank deposit every 3-8 years during low-stand periods (Piper and Deptuck 1997),
but low-stand activity of the Congo system is not recorded in the cores. This frequency is also
low in comparison with the frequency of cable breaks, i.e. of generated gravity flows, reported by
Heezen et al. (1964) in the canyon axis during the 20th century (see below). This means that
either most of the gravity flows died out before reaching the middle and downstream part of the
channel-levee system, or most of them were too thin (< 100 m) to overspill the levees.



.6 An active deep-sea fan system in high sea-level conditions

An important particularity of the Congo turbidite system is the continuous turbidite activity
during the last sea-level rise and high sea-level period, due to the permanent connection between
the River mouth and the canyon head. The activity of the Congo turbidite system is directly
linked to the behaviour of the Congo River (solid and liquid discharge, periodicity of flooding).
This behaviour has most probably changed over time, in relation to relative seal-level variations,
tectonic episodes (inducing structural and morphological changes of the watershed) and climatic
changes.

.6.1 Several lines of evidence of very recent turbidity current activity

The first evidence: historical submarine cable breaks

By documenting submarine-cable breaks near the Congo canyon between 500 and 2300 m water
depth, Heezen et al. (1964) attributed the present-day activity to turbidity currents related to river
flood periods. The Sao Tome-Luanda (Angola) Cable, originally laid in 1886 and abandoned in
1937, failed 30 times near the axis of the Congo Canyon. The first route selected from
Buchanan's survey, at around 11°30'E, was used from 1886 to 1893, during which time the cable
failed five times. In 1893 it was decided to divert the cable into deeper water (~5° 30" S, 10°30’
E) where failures are in general less common. This second route crossed the canyon in much
deeper water (2000 m), but in this location the cable suffered eight breaks between 1893 and
1897. Each of the eight failures was a tension break and in all cases the section of cable near the
axis of the canyon was buried and abandoned. Then, the cable was diverted into the river mouth
where it failed 15 times until 1937. The cable engineers recognized that the cable failures were
related to the transport of sediment down the canyon from the Congo River. A mean recurrence
interval of about 60 breaks per century has been estimated.

Observation of a submarine avalanche during ZaiAngo cruise survey

During the last ZaiAngo-Rov cruise in December 2000, the last ROV dive, carried out in the
canyon at 2600 m water depth, was a unusual experiment. On arrival at the bottom, all ROV
monitors were absolutely black, whereas all the projectors were lit. Even the arm and basket of
the ROV could not be seen. The ROV engineers even believed for a moment that the ROV had
broken down. At 20 m above the canyon floor, the gleam of the projectors started to diffuse and a
reddish image appeared on the screens. Finally, starting 100 m above the canyon floor, the
visibility started to return with an aspect “falls of snow” still very marked for a further 75 m of
elevation. The ROV was probably in the very dense basal part of an underwater avalanche
flowing down the canyon. Later during the dive, the ROV went back to the canyon floor and as
the acoustic ROV positioning device was still working, ROV engine was stopped and the ROV
track was followed over a period of 20 min. The ROV was moving northwards at an average
speed of 4 knots following the canyon thalweg direction. For the first time, Victor was diving in
the middle of a turbidity current.

Ifremer mooring experiments along the present submarine Congo valley

In January 2001, a mooring was first deployed in the present Congo turbidite channel at 4000 m
water depth (site D’), during the BioZaire cruises (Kripounoff et al., 2003). A large turbidity
current was detected in the Congo channel in March 2001, three months after the ROV dove into



a submarine avalanche within the canyon area. Current meters, a turbidimeter and a sediment trap
deployed on the mooring were damaged but were able to record the signature of an energetic
current (see XXXXX, 2009). This experiment was pursued during four years within the BioZaire
project and recorded 2 periods of major turbidity events, which surely flowed down all the Congo
submarine valley with a very high energy (underestimated by our measurements). For example, a
turbidity current flow velocity of 8.4 km/h was estimated between the depths of 3000 and 4000
m, over a distance of 160 km.

Recent erosional activity observed into the distal lobes

The ZaiAngo survey provides a complete bathymetric map of the Congo turbidite channel from
the canyon head to the distal lobe area. As it is highly meandering, it has an unfolded length of
about 1200 km. The channel is bordered in its distal part by thin levees and suddenly disappears
at a water depth of about 4900 m (Fig. 2). Without sonar imaging, the channel-mouth lobes
would have been difficult to detect as they are extremely discreet morphologically. The
backscatter EM12 image shows that the Congo channel runs into a series of 4 sub-lobes clustered
in a grape-like prograding downstream organization (Savoye et al., 2000).

We used the SAR deep-tow side-scan sonar to collect detailed images of the seafloor in the
channel-mouth lobe area at about 5000 m water depth. The sonar was towed at 100 m above the
sea-floor and used a 200 kHz mean frequency. The images collected in the area are very rich and
contrasted. They show that the microtopography of the seafloor is very heterogeneous and highly
disturbed. Many erosional and bedform structures were observed in the feeding lobe channel of
the most recent lobe, such as furrows, rolled blocks, and scours (Bonnel, 2005) (Fig. 10),
indicating that even if the lobes are at 5000 m water-depth and at a distance of 750 km from the
head of the canyon, some turbidity currents are powerful enough to rework and erode the
seafloor.

.6.2 AMS radiocarbon ages and sediment accumulation rates

The continuous activity of the Congo fan is also recorded in deep-sea sedimentation. Cores taken
along the present Congo turbidite system (channel floor, levees and lobes) show high
sedimentation rates during the Holocene and confirm the turbidity current activity during the
Holocene. A few tens of sediment cores were collected from the Congo canyon and deep-sea fan,
during the ZaiAngo cruises and a former Ifremer cruise. They underwent sedimentological
studies and we performed dating studies on 16 cores. Published AMS radiocarbon dating from
two other cores (Jansen et al., 1984) were also used. Dates are given in calibrated ages Before
Present. The core locations are shown in Figure 8. The water depth of the cored sites ranges from
816 m to 4900 m. The core lengths range from less than 1 to 18 m. The samples were collected
from the canyon shoulders, from terraces inside the canyon (Babonneau et al., 2004), from the
levees (Gervais et al. 2001; Migeon et al. 2004), in the channel and from the distal lobes (Bonnel
et al. 2001) (Figure 8).

To determine the age, time intervals and accumulation rates, the investigations focused on the
stratigraphy of siliceous microfossils and calcareous nannoplankton, radiocarbon dating and the
determination of excess *!°Pb. Most of the AMS radiocarbon dating was performed on terrestrial
plant debris, generally collected in silt layers at the base of turbidite sequences. Some dating was
performed on marine carbonate shell debris and on foraminifera shells.



In the present channel (cores taken in the channel floor), average accumulation rates are 57.5
cm.ka™ in core KZAI-06 and 23.6 cm.ka in core KZAI-15. These ages suggest a maximum age
of ~27 ka for the sediment retrieved in the present channel. The age found at the top of core
KZAI-06 shows that the channel collected significant turbidite deposits until the 17th century.
Accumulation rates along the canyon shoulders are the lowest and are negatively correlated to the
channel depth. This suggests a probable contribution from dilute, turbid plumes from the canyon.
On a terrace within the lower Congo Canyon (KZR-23), the accumulation rates are very high
(135.5 cm.ka™) despite the distance from the Congo plume and the significant relative depth of
the channel (380 m). This reflects a confined environment, between the canyon walls, preventing
the dispersion of the turbidite plume. The base of the core (from 15.5 mbsf) recorded turbidite
beds with a silty base prior to 12.5 ka (calibrated age) (Babonneau et al., 2002a), evidence for a
significant turbidite spillover from the canyon.

From upstream to downstream along the channel-levee system, the maximum ages in the cores
range from 12.5 ka (T78-30) (Jansen, 1985), 10.5 ka (KZAI-05), 3.7 ka (KZAI-13) to 1.7 ka
(KZR-12). Despite discrepancies in the length of the cores, the ages tend to be younger
downstream, reflecting an increase of the accumulation rates. These are negatively correlated to
the channel depth and positively correlated to the distance along the channel (Figs. 11 and 12).
The accumulation rates within the sediment cores show a very strong variability and reach up to
28 m.ka™. Indeed, the period of highest accumulation rate is very short, about 150 years, for a
thickness of ~4 m. Most of the accumulation rates range between about 10 cm.ka™ and 5 m.ka™.
They are of the same order as those calculated on the Amazon fan (Showers et al., 1997), except
that the Amazon levees were starved in the Holocene, while abundant turbidite deposits
accumulated on the recent Congo levees. The average accumulation rates are much higher than
those in the adjacent hemipelagic facies (Jansen et al., 1984; Dennielou, 2003) and demonstrate a
significant supply of turbidite sediments during the Late Holocene. The deposition of turbidite
sequences during the Late Holocene is restricted to a narrow strip (about 10 km) on both sides of
the present channel and to the 70 km long, 30 km wide channel-mouth lobe area (Babonneau,
2002).

2%} excess was measured at two sites on the levee and eight sites on channel-mouth lobes and
helped to estimate sediment accumulation rates in the last century. The signal always shows a
strong variability, which is believed to be related to the discontinuous nature of the turbiditic
supply and to the reworked nature of turbiditic sediments.

In distal lobes, the accumulation for the last century has been estimated between 56 cm (KZAI-
07) and 121 cm (KZAI-12). These high accumulation rates show that both lobes collected
voluminous sediments in the last century. Over the past century, the levee recorded high
sedimentation rates, but 3 times lower, with no recorded major coarse turbidite event. This
suggests that most turbidity currents were relatively thin and unable to significantly overspill the
levee

The channel-levee morphology and the turbidity current mutually interact. For instance, the
accumulation rates along the present Congo levee are strongly controlled by the channel depth
(Fig. 12) even though they are not strictly correlated to it. A substantial increase of the
accumulation rates in the lower channel-levee, between km 712 (KZAI-05) and 855 (KZAI-13
and KZAI-14) does not correspond to any significant variation in water depth nor in channel
slope (Babonneau, 2002). On the other hand, it does correspond to a variation in the channel
sinuosity, as well as to the beginning of a continuous decrease in the channel relief (or channel
height) from about 70 m (at km 850) to zero at the channel-lobe transition (Babonneau et al.,



2002b). These features are interpreted as major variations in overflow processes, related to the
volume of turbidity currents, and we suggest that the channel depths at which they occur,
between ~135 m and ~95 m, represent the average thickness of the turbidity currents flowing
down the channel. This transitional area along channel-levee systems is known for other
submarine channel-levee (Skene et al., 2002). Upstream, at higher channel depths, turbidity
current overflows are rare and/or diluted. Downstream, at lower channel depths, turbidity current
overflows are common and concentrated. The transition between low and high accumulation rates
along the levee is constrained by only two points 143 km apart and, therefore, may occur over a
shorter distance. For channel depths between ~135 m and ~260 m, lower accumulation rates on
the levee are associated with a change in turbidite facies. Where the channel depth is more than
~260 m, coarse turbidite spillovers never occurred in the last ~10 ky BP, suggesting that it
represents the maximum thickness for concentrated Holocene turbidity currents inside the Congo
channel. No evidence of turbidite overflow is found on the shoulders of the upper-fan valley for
the last 10 ky (cores KZAI-01, T78-27). Nevertheless, the high accumulation rates in the
hemipelagic facies, two to three times higher than those expected accordingly to the distance
from the coast (Dennielou, 2003; Jansen et al., 1984), demonstrate a strong depositional influence
of the Congo River, either from the surface river plume, or from the canyon.

Our dating confirms the strong control of the channel-levee morphology on the turbidite overflow
processes, in agreement with the model of channel-levee development proposed by Skene et al,
(2002) and the activity of the Congo deep-sea fan during the present sea level high. During the
last century, ?!°Pb excess data show that more than one meter of turbidite sequences was
deposited on the distal levee and on the channel-mouth lobe area, while the accumulation
estimated by the radiocarbon dating was much lower for the Late Holocene. Although the dating
control is limited, we interpret the higher accumulation recorded for the last century as a true
change in the amount of sediment supplied to the channel-levee and lobe. So far, we do not have
an explanation for this, but one could suggest that the anthropogenic activity in the Gulf of
Guinea and along the Congo River in the last century may have enhanced the sediment supply to
the Congo deep-sea fan.

.7 Present sediment supply from the canyon to deep water: a
discussion

Heezen et al. (1964) found correlations between submarine cable breaks (across the canyon) and
the main floods of the Congo River. They established a direct relation between gravity events and
the hydraulic regime of the river. However, different types of feeding process can be considered:
such as direct canyon feeding by hyperpycnal currents generated by floods, or gravity currents
generated at the canyon head by sediment overload and failure. On the other hand, lateral feeding
by alongshore currents is attested by the observation of sharply incised chutes on the canyon
walls, both from the southern shelf (particularly in the inner shelf) or from the northern shelf
(particularly in the outer shelf).

.7.1 Possible generation of hyperpycnal flows
Measurements acquired during the normal regime of the river indicate that the sediment load in
suspension is very low. The fresh water density remains lower than the marine water density.
Mulder and Syvitski (1995) thought the Congo River was probably incapable of generating
hyperpycnal flows. However, the true suspension-load and bed-load transported during flooding
are not known. Moreover, recent works concerning the generation of hyperpycnal flows have



shown that the critical concentration for hyperpycnal flow initiation could be significantly
reduced, considering estuarine mixing characteristics (Felix et al., 2006). Thus, the generation of
rare and short duration hyperpycnal flows inside the Congo Canyon during flooding might be
possible.
.7.2 Sediment overload at the canyon head

The initiation of turbidity currents may be most probably due to punctuated slide events. Large
accumulations of sediments are present in the estuary (for example the prograding sand bars).
Especially during flooding, the flow volume increases and could carry large sediment
accumulation near the canyon head. The sudden sediment overload could generate failures of the
prograding sandy mouth, as proposed by Christian et al. (1998) on the Fraser River or by Syvitski
and Hein (1991) in Iterbilung Fjord.

.7.3 Longshore currents

A lateral feeding process could occur. At the south of Equator, the African coast is affected by a
northward longshore current, capable of transporting large volumes of sediments. It is responsible
for the large southern mouth bars of the Congo estuary (Fig. 5). Small tributary thalweg of the
Congo Canyon are directly located in the prolongation of the mouth bar and indicate a possible
secondary sediment source of gravity current. Heezen et al. (1964) demonstrated the important
contribution of the mouth bar, observing several cable breaks in these distributary thalwegs.
Incoming swell could create rip currents that transport sediment off the mouth bar, that directly
feed the tributary canyons, as demonstrated by Fukushima et al. (1985) and Normark and Piper
(1991) in Scripps submarine canyon.

However, it is difficult to discriminate the canyon feeding processes as no direct observations or
in situ measurements have been acquired in the canyon head (or in the river estuary) during
flooding. Also no current velocities have been measured on the inner shelf close to the canyon
head or on the outer shelf close to the shelf break.

As the canyon head is directly connected to the river estuary, it permits the activity of the
turbidity currents during the present high-stand sealevel (proved by cable breaks, cores
comprising Holocene turbiditic sediments and direct observations). Even though the precise
initiating process for turbidity currents is uncertain, this morphology explains why the Congo
deep-sea fan was active through the entire Holocene and why turbidite deposits were recorded up
to the last century on the lower channel-levee and distal lobes.

.8 Geological setting of the different Biozaire sites

Based on our study, we can precisely describe the geological setting of each BioZaire site (Fig.
13).

.8.1 Sites ZA and ZB
These sites are located outside the Quaternary Congo fan on upper slope offshore Angola, in an
area of huge oil discoveries in the mid 90’s. These discoveries are located in ancient Congo fan
paleo-channels, which are now deeply buried by hemipelagic sediment. This slope area is highly
deformed by several tectonic processes. The ZA site is close to salt diapirs and ZB, which is
higher on the slope is located in area of growth faults, which deeply affect the sedimentary
column.,



.8.2 Site ZC
Site ZC is located downslope from ZA and ZB at the base of the Angola slope. The local slope is
very low. It is also largely outside the part of the Congo fan which is active to-day (more than
180 km from the active channel). However it is located in the area where the Congo fan built
between - 460 ka and — 210 ka. Below a 30-m-thick hemipelagic cover lie ancient buried
paleochannels and levees. We expect that there is no major geological process active in the area.

.8.3 Site Tete
Site Tete is located in the middle part of the Congo canyon, which is mainly a by-pass zone. Most
turbidity currents flowing down the Congo channel should flow across this area. In this area, an
incised and narrow thalweg bordered on each side by several terraces marks the active path of
turbidity currents. In this area, canyon flank instabilities are observed locally and might feed the
canyon occasionally.

.8.4 Site Regab

Site Regab was discovered in 1998 during the first ZaiAngo cruise. It is located in a giant
pockmark, i.e. a fluid escape feature, which is marked on the sea-floor backscatter image by an
amplitude anomaly. Several anomalies like Regab are observed in the area. Fluids ascend through
the sedimentary column creating a chimney, which originates at the top of a former and buried
Congo paleochannel. The Regab pockmark is located just at the border of the present Congo
levee, i.e. in an area where turbidity current overflows coming from the channel are expected to
be very rare and thin. There was also a BioZaire mooring site in the present Congo channel at the
south of Regab. This part of the channel is a by-pass zone and most turbidity currents should be
confined within the channel section.

.8.5 Sites ZD and ZD’
Site ZD’ is located at about 4000 m water depth within the active Congo channel, downslope
from the Regab area. Site D is located south of ZD’, outside the present Congo levee. Both sites
are upslope from the point where we observed a sudden increase of sedimentation rates in levee
deposits. Thus these sites are in part of the channel where overflow processes are rarer and less
energetic than farther down channel.

.8.6 Site lobe
The lobe site corresponds to the present channel-mouth lobe area, an area that can be reached by
all high energy turbidity currents flowing down the Congo canyon. It is at about 5000 m water
depth and at a direct distance of 750 km from the coast (1250 km following the meandering
Congo valley).

.9 Conclusions

The geological study of the Congo deep-sea fan, conducted by Ifremer, TOTAL and other
partners, took place between 1998 and 2003. The results help to define the geological setting of
the BioZaire studies and to enhance some particularities of the Congo submarine area.

(1) The BioZaire sites are mostly inside one of the main active deep-sea fans on the Earth’s
surface. The present Congo submarine valley ends at more than 750 km from the coast in
5000 m water depth.



(2) The activity of the Congo fan, which is unusual compared to other known deep-sea fans
of the same size — Amazon, Nile, Mississippi are inactive to-day — is explained by the
direct connection of the Congo estuary and the head of the Congo canyon.

(3) The deposition of turbidite sequences during the Late Holocene (< 10 ka) is restricted to a
narrow strip (about 10 km) on both sides of the present Congo channel and to a 70 km
long, 30 km wide channel-mouth lobe area.

(4) During the last 10 ka, the maximum thickness of the turbidity currents in the Lower
Canyon was about 260 m and was between ~135 and ~95 m at 4500 m water depth.

(5) The present distal lobes, initiated after the last major channel avulsion, are Holocene in
age and started to build up between 6.7 and 5.1 ka.

(6) The distal lobe accumulated turbidite deposits during the last century.
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Average

Core Dep(%égf)core Con(\;eer:riogs; age Material +0 Cag;z;?tg%;i % 5 ?i(;)cr:J rr];lféi Analysis #
in core
(cm.ky™)

KZAI 01 1.90 8710 + 60 Bulk foraminifera 9414 9072 9019 NI1OZ
KZAI 01 8.51 31 800 * 400 Bulk foraminifera - 36518* - 233 NIOZ
KZAI03  2.50-2.54 48 400 £ 2000  Carbonate bioclasts No calibration 5.2 LLNL-69554
KZAI05 1.97-1.98 7340 + 80 Vegetal debris 8 275 8 167 8031 Lyon-976(0OXA)
KZAI05 8.21-8.25 9250+ 50 Vegetal debris 10 500 10 451 10285| 78.9 LLNL-69647
KZAI 06  0.22-0.23 Post 17" century Vegetal debris - Modern - 57.5 Lyon-977(0OXA)
KZAI107  0.94-0.98 900 * 40 Carbonate bioclasts | 530 509 489 186.6 LLNL-69555
KZAI 13 6.00 3510 + 60 Vegetal debris 3 867 3773 3692 Lyon-986(0OXA)
KZAI 13  8.18-8.20 4090 + 50 Vegetal debris 4 805 4549 4450 Lyon
KZAI 13 12.97-13.01 4300 £ 40 Vegetal debris 4867 4851 4833 LLNL-69654
KZAI 13 15.76 343050 Vegetal debris 3809 3662 3613 | 430.4 Lyon
KZAI 15 0.17 810 + 50 Vegetal debris 759 719 673 Lyon-988(0OXA)
KZAIl 15 1.70 23 650 + 390 Carbonate shell - 27 350* - 6.2 Lyon-1034(0OXA)
KZR-12  7.40-7.41 1735+£40 Vegetal debris 1707 1660 1568 LLNL-82209
KZR-23  1.50-1.60 2395+ 45 Bulk foraminifera 2084 2008 1961 LLNL-82201
KZR-23 16.88-16.93 10 500 + 40 Vegetal debris 12 809 12 495 12337 | 1355 LLNL-82210

Table 1
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