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Abstract

Analysis of 3D seismic data and well log data from the Rovuma Basin in East Africa reveals the presence of a late
Eocene channel-lobe complex on its slope. The first two channels, denoted as channel-1 and channel-2, are
initiated within a topographic low on the slope but come to a premature end when they are blocked by a
topographic high in the northwest region of the basin. New channels migrate southeastward from channel-1 to
channel-6 due to the region’s sufficient sediment supply and stripping caused by bottom currents. The primary
factors controlling the development of the channel complex include its initial paleo-topographic of seafloor, the
property of gravity flows, the direction of the bottom current, and the stacking and expansion of its levees. The
transition zone from channel to lobe can also be clearly identified from seismic sections by its pond-shaped
structure. At a certain point, thest systems record a transiton from erosive features to sedimentary features, and
record a transition from a confined environment to an open environment. Channels and lobes can be
differentiated by their morphologies: thick slump-debris flows are partly developed under channel sand sheets,
whereas these slump-debris flows are not very well developed in lobes. Well log responses also record different
characteristics between channels and lobes. The interpreted shale volume throughout the main channel records a
box-shaped curve, thereby implying that confined channel complexes record high energy currents and abundant
sand supply, whereas the interpreted shale volume throughout the lobe records an upward-fining shape curve,
thereby indicating the presence of a reduced-energy current in a relatively open environment. Within the Rovuma
Basin of East Africa, the average width of the Rovuma shelf is less than 10 km, the width of the slope is only
approximately 40 km, and the slope gradient is 2°-4°. Due to this steep slope gradient, the sand-rich top sheet
within the channel also likely contributes to the straight feature of the channel system. It is currently unclear
whether the bottom current has any effect on its sinuosity.

Key words: East Africa, Rovuma Basin, deep-water sediment, channel-lobe complex

Citation: Lu Yintao, Luan Xiwu, Shi Boqing, Ran Weimin, Lii Fuliang, Wang Xiujuan, Cao Quanbin, Xu Xiaoyong, Sun Hui, Yao Genshun.
2021. Migrated hybrid turbidite-contourite channel-lobe complex of the late Eocene Rovuma Basin, East Africa. Acta Oceanologica Sinica,

40(2): 81-94, doi: 10.1007/s13131-021-1750-1

1 Introduction

Deep-water environment represents one of the most import-
ant depositional settings on the earth (Callow et al., 2014). Sub-
marine canyons and channels on the continental slope facilitate
the transportation of sediment from the continental shelf
through the slope, and the sediment might be finally deposited in
submarine fan lobes on the lower slope and basin floor (Nor-
mark, 1970; Shepard, 1981; Normark and Carlson, 2003; Paull et
al.,, 2011; Peakall and Sumner, 2015). A typical submarine lobe
developed at the mouth of its feeding channel, which is com-
monly aligned parallel to the axis of the feeder channel (Nor-
mark, 1970). Submarine channel-lobe systems vary widely in size
and shape, of which deposits represent one of the most import-

ant sedimentary units as common targets for the petroleum in-
dustry (Lewis and Pantin, 2002; Migeon et al., 2004), and have at-
tracted much attention and have been studied in great detail
(Normark et al., 1979, 1998; Bowen et al., 1984; Bouma et al.,
1985; Weimer and Link, 1991; Pickering et al., 1995; Zaragosi et
al., 2000).

Some submarine channels are straight, whereas others are
sinuous (Clark et al., 1992; Peakall et al., 2007, 2013; Sylvester et
al., 2013; Peakall and Sumner, 2015). Submarine fans could be
formed by turbidity currents (Vail et al., 1991) and mass trans-
port deposits (MTDs), which are mainly sandy slumps and sandy
debris flows (Shanmugam et al., 1995), during periods of global
sea-level lowstands (Shanmugam and Moiola, 1982, 1985).
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Meanwhile, they can develop during all sea-level stands when
triggered by short-term events, such as earthquakes, meteorite
impacts, tsunamis, or cyclonic waves (Covault et al., 2007; Shan-
mugam, 2008; Covault and Graham, 2010). Tectonic processes
are believed to be important factors in governing the final shape
and lateral mobility of long-lived channel systems (Barnes and
Normark, 1985; Pickering et al., 1989; Shanmugam and Moiola,
1995). However, case studies of channel migration and its con-
trolling factors are highly rare (Bain and Hubbard, 2016).

Submarine fans are comprised of various lithofacies types
(Bouma, 1962; Lowe, 1982; Shanmugam, 1996, 1997). Thick-
layered massive sandstones of these lithofacies (Lin et al., 2013,
2014; Zhang et al., 2015) are favorable ones for hydrocarbon ac-
cumulation, which are revealed in ancient deep-water sediment
systems all around the world (Stow and Mayall, 2000; Weimer et
al., 2006). These massive sandstones are usually deposited in
channel-lobe systems, which are particularly important reser-
voirs of hydrocarbons (Mayall et al., 2006, 2010).

Rovuma Basin and Mozambique Basin are two major basins
in East Africa. Mozambique Basin has been the focus of numer-
ous geological investigations (Flores, 1973; Forster, 1975; Salman
and Abdula, 1995), while previous studies focusing on the
Rovuma Basin are mainly limited to those of Flores (1973), Civi-
telli (1988), Afonsky et al. (1990), Salman and Abdula (1995), and
Mahanjane and Franke (2014). However, large discoveries of
deep-water oil and gas have been continuously reported in the
Rovuma Basin since 2009, with an estimated potential of 150 tril-
lion cubic feet, confirming that the deep-water regions of this
basin represent a prolific gas province (Salazar et al., 2013). The
discoveries in Rovuma Basin also revealed the huge exploration
potential of deep-water gravity sediment systems (Palermo et al.,
2014, 2015). Although recent hydrocarbon exploration is success-
ful in Rovuma Basin, there is still lack of the descriptions for the
channel-lobe complex, especially for the late Eocene deep-water
sediment system.

In this paper, a giant late Eocene deep-water sand-rich chan-
nel-lobe system is revealed and described by seismic data, which
show some attractive features, such as whole view covering feed-
er channels to lobes, lateral migration channels and asymmetric
levees. Meanwhile, the study distinguished the differential chan-
nel and lobe deposits by both seismic data and well logs. Further-
more, the study proposed an evolution pattern for late Eocene
deep-water sediment system, which considered the interaction of
hybrid flows. Therefore, the goal of this paper is to contribute a
case study of lateral migrating straight channel system, and cor-
responding lobe system near equatorial regions, to analyze sedi-
ment processes forming the unique giant sediment system.

2 Geological setting

Rovuma Basin is an elongated, NNW-SSE-striking, wedge-
shaped continental margin basin, which occupies part of the East
African passive margin (Fig. 1). The basin is approximately 250 km
wide in the north, including both onshore and offshore, and nar-
rowed down to a width of 20 km in the south. The basin is
bounded by the Mozambique fold belt to the west and the
Querimbas Graben and Davie Fracture Zone to the east (Figs 1
and 2), where the water depth reaches approximately 3 000 m.

The study area, which covers an approximate area of 1 080 km?,
is situated 30 km offshore from the southeast region of the
Rovuma River Mouth, 60 km offshore from the northeast region
of the Mesalo River Mouth of Mozambique (Fig. 1). Its present
water depth lies between 1 200 and 2 500 m, thus classifying it as
a deep-water setting.

Rovuma Basin developed following the reactivation of the ca.
600-500 Ma “Pan-African” East African-Antarctic Orogen (Jac-
obs and Thomas, 2004) and experienced the Africa-Madagascar
breakup, which was followed by the southward motion of Mada-
gascar. The NNW-SSE-oriented Davie Fracture Zone controlled
the southerly motion of Madagascar (Bird, 2001; Scrutton, 1978;
Reeves et al., 2004; K6énig and Jokat, 2006) along a dextral
strike-slip system during the late Jurassic and early Cretaceous
(Rabinowitz et al., 1983; Bassias, 1992; Emmel et al., 2011;
Roberts et al., 2012). Following the early Cretaceous, the Davie
Fracture Zone (located offshore from Mozambique) became in-
active (Coffin and Rabinowitz, 1987, 1992), and the western mar-
gin of the Rovuma Basin subsequently became part of the pass-
ive margin (Zhou et al., 2013).

Sedimentary sequence of Rovuma Basin is bound to the west
and south by Mozambique Belt (Pinna, 1995), which recorded
four phases of tectonic evolution during middle Jurassic (Hancox
et al., 2002). According to Rabinowitz et al. (1983), thermo-
chronological and structural data from basement rocks proximal
to the Rovuma Basin margin indicate that only a narrow zone
was affected by rifting (Daszinnies et al., 2009; Emmel et al.,
2011), which is typical for a trans-tensional rift basin.

The lithostratigraphy of the Rovuma Basin is divided into two
parts by an unconformity produced by the breakup of Gond-
wana (Raillard, 1990). Beneath this unconformity is late Triassic
to middle Jurassic Karoo sediment, mostly comprise intracontin-
ental syn-rift lacustrine shales and sandstones, with the maxim-
um thickness of approximately 10 km (Salman and Abdula, 1995;
Key et al., 2008; Smelror et al., 2008; Salazar et al., 2013; Zhou et
al., 2013; Mahanjane and Franke, 2014). Karoo Group is likely ab-
sent in Rovuma Basin due to uplift and erosion (Key et al., 2008),
Pemba formation represents the first sequence of late Gondwana
in the Rovuma Basin instead (Fig. 3).

Pemba Formation, has been dated to Tithonian to Albian age,
is mainly composed of continental clastic sandstones, marine
shale siltstones and sandstones deposited in a transitional-shal-
low marine environment during a drifting period, with offshore
thickness of up to several thousand meters (Key et al., 2008).

Late Cretaceous marine transgression event, following the
Pemba Formation, produced a slope and deep-water setting, res-
ulting in the accumulation of the Mifume Formation, which was
dominated by gray marls, mudstones and calcareous sandstones,
intersected by limestone (Key et al., 2008; Sapri et al., 2013).

The deep-water gravity system began to develop in study area
from Paleocene (Figs 2 and 3), which is dominated by lobe com-
plexes. From Paleocene to Eocene, the Alto Jingone and Quis-
sanga Formations were deposited in a transgression setting (Day-
ang et al., 2013), represented by shelf carbonates containing in-
terbeds of calcareous sandstone and marls (Key et al., 2008;
Smelror et al., 2008). The sediment was clay dominated in off-
shore areas (Salman and Abdula, 1995), with the maximum con-
tinental marginal deposition in Eocene (Nairn et al., 1991). The
thickness of the post-Mifume Formation sediments increased
rapidly eastward, from less than a few hundred meters to approx-
imately 3 000 m.

The deep-water gravity system continued developing in study
area, which exhibit progradation features. The channel com-
plexes appeared in Eocene (Figs 2 and 3), with the lobe complex
deposited in more distal areas. At the end of Eocene, Rovuma
deltaic complex was initiated during the transition from trans-
gression to retrogression. Thick, eastward-prograding wedge of
Cenozoic fluvial deltaic deposition unconformably overlaid Pa-
leocene-Eocene successions (Key et al., 2008; Salman and Ab-
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dula, 1995). The origin of the delta formation is likely the region-
al uplift of East Africa, which can potentially be linked to doming
in the Oligocene (Key et al., 2008) or an earlier stage in the Lute-
tian or Eocene (Roberts et al., 2012), prior to the formation of the
East African Rift. The uplift in East Africa modified continental

1. For locations of submarine channels, please see Figs 4 and 7.

drainage patterns and contributed significantly to the develop-
ment of the deltaic complex (Roberts et al., 2012). The late Eo-
cene deep-water gravity system in Rovuma basin is the target
sediment system in this study (Figs 2 and 3), which is also proved
to be giant gas reservoir with good property.
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and Abdula (1995)).

3 Data and methods

The 3D seismic data used in this study cover an approxim-
ately 30 kmx36 km sub-volume of data acquired in 2010 (Fig. 3).
Eight parallel Sercel Seal cables, each 6 000 m in length, pro-
duced a total of 960 channels in group intervals of 6.25 m, and
achieved a recording length of 10 s two-way-travel-time (TWT).
The bin size of these 3D seismic data is 6.25 mx25 m, within the
48th nominal fold. Seismic profiles were performed with bin sizes
of 12.5 m and 25 m in the inline and crossline directions, respect-
ively. The dominant frequency in the interval of interest (4-5 s
TWT of this study) was 30 Hz, which is equivalent to a vertical
resolution of approximately 20 m, based on an interval velocity of

2000 m/s.

A synthetic seismogram was generated to determine the top
and base of the Eocene and Oligocene intervals in the seismic
section. The stratigraphy of the top and base of the Eocene and
Oligocene was seismically interpreted using a density of 50 in-
lines and 25 cross-lines (producing a grid approximately 625 mx
625 m in size), which were then interpolated to a size of 12.2 mx
25 m to obtain a continuous and smooth surfaces. The surfaces
were used for creating seismic attributes map in plan view (Fig. 4).

Seismic stratigraphic analysis (Payton, 1977) has been used to
estimate the different lithologies and intervals. Root mean square
(RMS) seismic attribute has been used for illustrating the plan
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Fig. 4. Seafloor topography is extracted from the 3D seismic
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view of sediment system, as the RMS amplitude indicates amp-
litude anomalies, which is useful for tracking the lithologic
changes such as sandstone and mudstone.

Borehole data from the offshore Well-1 and Well-2 are also
used in this study. Well-1 and Well-2 penetrated a target channel
and lobe, respectively, which provided wire logs for this study, in-
cluding gamma (GR), interpreted shale volume (V,), and poros-
ity. Both Well-1 and Well-2 were systematically cored at intervals
of interest.

4 Results

4.1 The presence of deep water gravity sediment system

Within the Rovuma Basin of East Africa, the average width of
the Rovuma shelf is less than 10 km (Fig. 2), the width of the slope
is only approximately 40 km, and the slope gradient is approxim-
ately 2°-4°. Seismic data discover the presence of submarine
channels on the present seafloor, as marked by letters F-J (Figs 4-
6). Figures 5 and 6 demonstrate that a dense series of submarine
channels, up to 10 km wide and 220 m deep, occur on the sea-
floor, elongating from west to east. The width in the upstream, as
in west, is greater than in the downstream, as in east. Some of the
submarine channels are filled by sediment, which are character-
ized by high amplitude reflectors (HARs), while some of them
lack of sediment fillings (Figs 5 and 6).

The ancient deep-water systems could be obviously recog-
nized in the study area. Both profile view from seismic section
and plan view from seismic surface as well as seismic attributes
demonstrated the existence of sub-marine channel and lobes,
from Paleocene to present seafloor (Figs 5-7). They are charac-
terized by a series of HARs among low amplitude reflections rep-
resenting surrounding strata (McHargue et al., 2011; Mayall et al.,
2010). Similar seismic responses as sand-rich channel and
canyon fill elements in other deep-water systems have been re-
corded, which express discontinuous and HARs with V or U
shapes (Wynn et al., 2007; Saller et al., 2004) (Figs 5 and 6). The
associated gull-wing-shaped or wedge-shaped low amplitude or
transparent seismic reflections indicate the occurrence of levees,
which are generally mud-rich deposits (Wynn et al., 2007; Saller
et al., 2004) (Figs 5 and 6). The internal reflector geometries of
these levees could be divided into several stages, coinciding with

the stages of channels, which indicate that they have aggraded,
producing higher reliefs while remaining in the same general
geographic location (Figs 5 and 6). These lobes are also charac-
terized by HARs in seismic sections, and usually composed of
varying proportions of relatively flat reflectors, convex-upward
reflectors, and discontinuities, along with concave-up reflectors
that are apparently related to channels (Saller et al., 2008)
(Fig. 5).

Regardless of the FTZs, HARs exist even in the formation be-
low the Eocene and above the Oligocene, which are recorded as
continuous and stable seismic characteristics, whereas forma-
tions between these record discontinuous characteristics (Fig. 5).
The earlier sediment system in late Cretaceous-Paleocene
showns in Fig. 6 are approximately 10 km wide and 300 m thick.
They are roughly the same size and shape as the present-day
submarine channel J (Fig. 4).

4.2 Recognition of the late Eocene channel-lobe complexes

4.2.1 Overview from channel to lobe

Seismic attributes demonstrate that the RMS seismic amp-
litude is the most sensitive attribute reflecting the existence of
sand-rich sediments in a deep-water environment. The RMS
amplitude attribute map extracted from the 3D seismic volume
dataset along the top of the Eocene boundary with a time win-
dow of +10 ms —70 ms reveals a planar view of the Eocene deep-
water sediment system (Fig. 7). Lower RMS amplitudes (shown in
blue) are mainly distributed in the northwestern and southeast-
ern corners of the region, whereas higher RMS amplitudes
(shown in red) are mainly confined in the middle (Fig. 7). Clear
boundaries exist between lower and higher amplitudes, indicat-
ing clear boundaries between deep-water systems and surround-
ing strata. Integrating the RMS attribute and seismic sections, six
channels could be distinguished, which are denoted as channel-
1 to channel-6, moving from northwest to southeast (Figs 7 and 8).
These six channels are grouped together and almost parallel to
each other but contain clear boundaries of low RMS amplitudes
between them. Among these six channels, four of them have de-
veloped lobes in the termination of them, which are correspond-
ingly marked as lobe-3, lobe-4, lobe-5 and lobe-6 (Figs 7 and 9),
whereas lobe-1 and lobe-2 are missing. Parts of channel-1, chan-
nel-2, and channel-3 are also missing.

The sizes of the channels and lobes are relatively similar.
Each individual channel is approximately 1-2 km wide and 20-
25 km long, and each corresponding lobe is approximately 3-5 km
wide and 8-12 km long (Fig. 8). For example, within the 3D sur-
vey area, channel-lobe-6 starts in the southwest corner and
stretches straight to the northeast; after approximately 10 km, it
bends slightly to the north and then again to the northeast. At the
transition point from the channel to the lobe, the lobe axis bends
to the southeast instead of maintaining the direction of the chan-
nel (Fig. 7). The entire channel-lobe complex exhibits a U-shaped
pattern, in which its mouth opens to the southeast. Generally,
these channels are straight and do not curve in a meandering sys-
tem (Fig. 7).

RMS amplitude can help to reveal the planar distribution of
individual channels or lobes but cannot be used to determine the
stacked relationships between individual channels or lobes,
which requires the further integration of multiple seismic sec-
tions and log data of multiple wells.

4.2.2 Channel-Levee complex
The Eocene channel-lobe complex is composed of six chan-
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nels, as the channel-1 to channel-6, and four lobes, as lobe-3 to
lobe-6. The channels and lobes are spatially and temporally re-
lated.

Seismic cross-sections EE’, FF', and GG', each is approxim-
ately 8 km long, reveal changes in the channel from its upper
reaches to its lower reaches (Fig. 8). On seismic profiles, deep-
water channel complex deposits in the study area are U- or V-
shaped. The lower section of the vertical deep-water channel
complex deposits contains low-amplitude, discontinuous and
chaotic seismic reflections, whereas the upper part of the section
is characterized by high-amplitude, poorly to moderately con-
tinuous seismic reflections (Fig. 8). The chaotic reflections in
lower part are very thick but become thinner when moving from
cross-section EE’, 325 ms TWT (approximately 390 m) to cross-
section FF’, 200 ms TWT (approximately 240 m) and to cross-sec-

tion GG', 190 ms TWT ( approximately 228 m) (Fig. 8). The thick-
ness of HARs in upper part is relatively thin and becomes thinner
moving down course. For example, the thickness of channel-2
moving from cross-section EE’ is 75 ms TWT (approximately
90 m), that of cross-section FF' is also 75 ms TWT (approximately
90 m), and that of cross-section GG’ is 40 ms TWT (approxim-
ately 48 m) (Fig. 8). Across the channel complex section, its thick-
ness pinches out from the axis to the edge, producing a concave-
downward shape. Along this channel complex, the cross-section
morphologic changes from being U-shaped to V-shaped, likely
due to the bending of the course from the northeast direction to a
roughly northward direction (Fig. 7).

Well-1 reveals the sediment characteristics of channel sands
in study area. The channel sands are characterized by box-
shaped and low value GR curve, which is interpreted into sand-
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Fig. 7. 3D visualization of Root-mean-square (RMS) amplitude
attribute of top Eocene sand (time window: top Eocene -10 ms
+70 ms TWT), showing the plan view of the distribution of the
deep-water channel-lobe complex within the 3D survey area, off-
shore Rovuma Basin. Six stages of channels are marked by C-1 to
C-6, while lobes are marked by lobe-3 to lobe-6. Their outlines
are marked by dash lines in different colors. The migration direc-
tion is also marked by red dash lines and arrows. The channel-
lobe complexes bended to north in the middle stream, then
bended to south in the lower stream. They migrated from north
to south, from the first stage to the youngest stage. Different
stages of channel-lobe complexes are marked. For the location of
the 3D survey, please see Fig. 1. For detail stages see Figs 10
and 11.

rich intervals (Fig. 5). Five box-shaped GR curve intervals are
documented in Well-1, recording total thickness of sand-rich in-
tervals of 97 m, as each of them is 32 m, 15m, 20 m, 10 m and 20 m
from upper part to base. The GR curve is nearly straight, yielding
a net to gross ratio (NGR) as high as 0.97 (Fig. 5), indicating the
presence of an abundant sand supply in a restricted environ-
ment. In contrast, the box-shaped of high amplitude in the GR
curve reflecting the presence of mud-rich intervals (Fig. 5).
Wedge-shaped levees could be identified in study area, which
have developed only on the leeward side, instead of on each side
of the channel (Fig. 8). They are represented by transparent,
wedge-shaped seismic reflectors laterally distributed in the north
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Fig. 8. Seismic sections across deep-water channel complex de-
posits at different locations from the proximal (c) area to the
middle (b) and the distal end (a). C-1-6 and L-1-6 represent
channel-1-6 and levee-1-6, respectively. For the locations of pro-
files EE’, FF’' and GG/, please see Fig. 7. NGR: net to gross ratio;
MTD: mass transport deposit.

side of channel. The levees are thicker close to channels, thin-
ning far away from channels. Six stages of levees could be identi-
fied in seismic sections, corresponding with six channels. These
aggraded upward and finally buried their channel, before pro-
grading southeastward, migrating and stacking from channel-1
in northwest to channel-6 in southeast (Fig. 8).

The levees are quite large in study area. The thickness of the
levee in cross-section DD’ is more than 550 ms TWT, which is ap-
proximately 660 m. Cross-section GG’ records a thickness of 350 ms
TWT, which corresponds to a thickness of approximately 420 m.
The levee extends outside the 3D survey area can reach a width of
30 km (Fig. 8).

4.2.3 Lobe complex

Lobe complex is lobate in plan view and correspond to
strong-amplitude, good-continuity, mound-shaped reflection in
seismic profiles (Fig. 9). Seismic profile HH', which is located
along the gravity flow direction, demonstrates that the thick-
nesses of these sedimentary lobes tend to decrease toward their
distal direction (Fig. 9a). In cross-section II', the lobe thickness
also decreases toward its margin in a lenticular shape (Fig. 9b).
Several small-scale deep-water channel branches can be distin-
guished on top of these lobes by their uneven surfaces. As these
lobes propagate forward, cross-section JJ' (Fig. 9c) reveals signi-
ficantly thinned thicknesses and branched lobes. Seismic pro-
files IT' to JJ' reflect the transition from the incised lenticular
structures of the proximal superimposed deep-water channel
branches to the branched layer-crossed structures of the distal
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lobes. The lobe deposits are composed of relatively flat, continu-
ous and convex-upward reflectors with a thickness of approxim-
ately 45 ms in TWT, which corresponds to a thickness of approx-
imately 54 m.

Well-2 reveals the lithologic characteristics in lobe complex
(Fig. 5). Within the logging intervals in Well-2, approximately 135 m
thick intervals are identified, which is characterized by normal
grading sand-rich intervals. Four sharp turns from high to low
amplitude in the GR curve, as sharp boundaries, which divide
whole lobe complex sediment into four lobe sediment intervals.
These four sand-rich lobe sediment intervals record a relatively
low NGR of 0.58 (Fig. 5), comparing with NGR of channel sand.
The typical pattern of GR curve is the serrated shape of ascend-
ing amplitude and high frequency. This pattern as reflecting the
normal grading and upward-fining alternative thin beds of fine
sandstone, siltstone and mudstone (Fig. 5), indicating the gradual
weakening of the current energy, which coincides with the open-
front splay environment typical for lobe deposition.

4.2.4 Channel-lobe transition zones

Channel-lobe transition zones (CLTZ) are revealed in seis-
mic section in study area (Fig. 9a). They commonly developed at
the canyon/channel mouths, and are associated with a break of
slope. CLTZ represented environment transition as well, which
implied sediment processes corresponded to the transition
between confined to less confined, and then to unconfined envir-
onment (Jegou et al., 2008). They are characterized by erosional
features, such as scours with hundreds of meters in width and
length, and tens of meters in depth (Wynn et al., 2002; Hofstra et
al., 2015). In study area, CLTZ exhibits a V-shaped hole (Fig. 9a),
reflecting the scour features here. It occupies approximately
1 000 m wide and 60 m deep space (Fig. 9a), without internal
seismic reflections. This feature may indicate the sediment by-

passes in this zone, exhibited waterfall pond feature, for accept-
ing and accumulating later deposits from the upper reaches.

After CLTZ, these turbidity currents may enter an open envir-
onment, where they might lose most of their energy and ability to
incise a deep channel course and may instead slowly spread out
to form a lobe. Near CLTZ, on the topographic map of the base
Oligocene, as shown in Fig. 10b, there is an oval-shaped ellipse
with long axis, short axis and depth dimensions of 2 000 m,
1000 m, and 50 m, respectively. To sum up, this topographic low
can also serve as a waterfall pond to decrease the gravity flow ve-
locity from the channel to the lobe and can thus also be inter-
preted as a channel-to-lobe transition point (Fig. 10b).

5 Discussion

5.1 Sediment products in channels and lobes

Systematic core observations and descriptions in previous
studies, together with seismic and log data in some cases studies,
demonstrated that some submarine channels record nearly the
similar lithofacies as submarine lobes (Zhang et al., 2016a).
However, more cases revealed that channel fills were generally
dominated by thicker and coarser sands or conglomerates de-
posits, and graded laterally to finer grained sands and silts from
channel axis to marginal area. The associated lobe deposits were
dominated by individual finer and thinner sediment beds (Nor-
mark, 1978; Falivene et al., 2006).

In study area, the well logs, integrating the seismic data, in-
cluding seismic sections and attributes, reveal the sand-rich sedi-
ment in Eocene gravity system (Fig. 5). Both channel and lobe
fillings are reflected by high amplitude reflections in seismic sec-
tions, and exhibit high amplitude anomalies in RMS attribute
map (Figs 7-9). However, precisely seismic and well logs analysis
reveals the differential sediment features between channel
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fillings and lobe fillings.

The deep-water channel vertical filling pattern established by
Mayall et al. (2006) indicates that a complete channel facies se-
quence consists of retention sediments, slump-debris flow de-
posits, superimposed deep-water channel deposits with high
sand-to-shale ratios, and channel deposits with low sand-to-
shale ratios, from bottom to top. In study area, the sand-rich
channel complexes are reflected by the U-shaped, discontinuous
high-amplitude reflectors in seismic sections (Saller et al, 2008)
(Figs 5 and 6), while the transparent seismic reflection on the
sides of channels are mud-rich external levees (Saller et al., 2004)
(Figs 5 and 8). The filling materials in channel complex in study
area could be divided into upper part and lower part. The upper
part of the section is characterized by high-amplitude, poorly to
moderately continuous seismic reflections (Fig. 8), which is
proved to be thick massive sandstone (Fig. 5). The lower part of
the channel complex deposits, which is not penetrated by drilling
wells, exhibits chaotic seismic reflections interbedded with trans-
parent seismic reflections (Fig. 8). They are confined in V- or U-
shaped channel complex, and are interpreted into thick slump-
debris flow deposits/MTD below the massive sand of the chan-
nel complex (Lu et al., 2018; Weimer et al., 2006; Cronin et al.,
2005). The thickness of these lower intervals could reach a max-
imum thickness of 390 m (Fig. 8).

The lobe complex is characterized by relatively more sheet-
like high amplitude seismic reflections (Fig. 9). Beside both sides
of CLTZ, the seismic reflections are more tabular in lobe com-
plex. Well logs in study area also indicated the different lithofa-
cies between channel fills and lobe deposits. Well-1 located in
channel revealed thicker and coarser massive sand than the
sandy beds revealed by Well-2, although the gross thickness of
sandy beds in Well-2 is thicker. The thickness of channel fill
massive sandstone in Well-1 could reach to more than 55 m in
single bed, while the single bed of lobe comprising massive sand-
stone was less than 15 m. Meanwhile, the well logs exhibited
more muddy and silty materials in lobe deposits. Well log re-
sponses record apparently different characteristics between
channels and lobes. The V interpreted from GR throughout the
main channel shows a box-shaped curve (Fig. 5), thus demon-
strating that confined channel complexes record high energy cur-

rents and abundant sand and coarser material supply. Whereas
the V; log in lobe-4 exhibited a zigzag feature, which records an
upward-reducing curve, indicated high content of muddy inter-
beds and upward-fining and thinning trend, demonstrating the
presence of a reduced current energy in a relatively open envir-
onment (Fig. 5). These features were also agreed with that chan-
nel fill massive sand had high NGR, while lobe deposits had
lower NGR.

Moreover, the slump-debris flows are not very well de-
veloped in lobes, comparing with the lower part of channel
fillings. These features indicate a transition from a confined to an
open environment and from a high-energy environment to a low-
energy environment. When gravity flows travel to the termina-
tion of the deep-water channels, in which both the restrictive en-
vironment and the current energy disappear, lobe deposits are
formed as a series of branched channel deposits and sand sheets.

5.2 Origin and controlling factors of submarine channel migra-
tions

The genetic mechanisms of deep-water gravity sediment re-
main controversial and could include slide/slumps, debris flows,
high-density turbidity currents, low-density turbidity currents, or
hemipelagic deposits (Bouma, 1962; Lowe, 1982; Shanmugam,
1996, 1997, 2003, 2013, 2016), which could impact the produc-
tions of sedimentary gravity flows. Active submarine canyons and
channels are often zones of coarse sediment bypass, which are
also incised and sculpted by erosion; when inactive, significant
volumes of both fine-grained and coarse-grained sediment can
accumulate within them as a result of various processes (Clark
and Pickering, 1996; Prather, 2003; Cronin et al., 2005; McHargue
etal., 2011).

The mechanisms generating gravity flows in the study area
could have various origins (Mulder et al., 2009). Although no
single mechanism can be rejected—particularly seismicity,
which is very important in this area (Gutscher et al., 2002; Zi-
tellini et al., 1999)—here, the study assume that the direct con-
nections between the channel-lobe complex and tectonic uplift
implied that tectonic activity strongly controls both the feeding
and the activity of the studied channel-lobe complex.

The Rovuma delta system represents the source of the giant
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deep-water sediment system, in which the age of tectonic uplift
in this region coincides with the age of the development of the
deep-water channel-lobe complex. Well core data reveal that car-
bonate breccias and calcareous sandstone of the early Eocene
deep-water sequence were likely sourced from the shelf and del-
taic area, indicating the strong uplift of earlier Eocene strata within
this region.

Due to tectonic uplift and falling sea level, the early Eocene
shelf carbonates and calcareous sandstones likely collapsed.
These carbonate clasts were then transported into the deep-wa-
ter area by high-energy turbidity currents and debris flows mov-
ing throughout the channel complex.

Unlike the sinuous features widely developed in the West
Africa, where the channel-lobe systems express meandering fea-
ture with high sinuosity, with the average value of 1.8 (Deptuck et
al., 2007; Kolla et al., 2007; Kolla, 2007; Wynn et al., 2007; Re-
imchen et al., 2016). The late Eocene channels express straight
shape with low sinuosity in study area. For example, channel-6 is
27 km long and contains a straight section longer than 24 km, re-
cording a sinuosity value of approximately 1.12. This is lower
than those observed in West Africa (Wynn et al., 2007; Wonham
et al., 2000; Abreu et al., 2003), Gulf of Mexico (Posamentier,
2003), the Indus, the Amazon and the Mississippi (Clark et al.,
1992; Wynn et al., 2007).

Previous case studies revealed wide range of architectural
styles of modern and ancient submarine channels, which were
controlled by the behavior of through-channel flows (Clark and
Pickering, 1996). Generally, channel systems on relatively gentle
slopes are sinuous (Deptuck et al., 2007, 2008), whereas chan-
nels on rough and steep slopes are straighter because their high
gradient slopes provide higher energy gravity currents that can
quickly incise into the paleo-seafloor to form the origin frame-
work of channel systems (Zhang et al., 2016b). The submarine
channel developed with straight shape were classified to erosion-
al channels, with contrast with aggradational or depositional
channels, which are associated with low sinuosity, steep slopes,
coarse-grained turbidity current and small terrestrial drainage
basin areas (Clark et al., 1992; Kenyon, 1992; Clark and Pickering,
1996; Kenyon et al., 2002). The descriptions for erosional chan-
nels were coincided with the situation of Eocene deep water sedi-
ment system in Rovuma Basin. Within the Rovuma Basin in East
Africa, the average width of the Rovuma shelf is less than 10 km,
the width of the slope is only approximately 40 km, and the slope
gradient is approximately 2°-4°. The Rovuma slope is thus relat-
ively short and steep compared to the West African slope, which
has a gradient of only 0.1°-0.5°. Additionally, well log and seis-
mic sections reveal that the lithology of the channel is mainly
sand, which can be eroded easily, potentially providing another
reason for its straight features.

During the development of late Eocene deep-water sediment
system, the interaction of hybrid currents may play a significant
role. These sediment processes are widely revealed in offshore
area in East Africa (Palermo et al., 2014, 2015; Fonnesu, 2013;
Fonnesu et al., 2020; Fuhrmann et al., 2020) and South China Sea
(Wang et al., 2017). As the North Atlantic Deep Water (NADW) is
discovered along the East African margin (Breitzke et al., 2017;
Sansom, 2018; Thiéblemont et al., 2019), the rework from the
contour current should be considered. The NADW flows from
south to north, across the Rovuma Basin, of which direction coin-
cides with the motion of fine-grained sediment. The fine-grained
sediment are brought by the NADW, accumulated in the north
side of channel complex, building huge lateral levees (Fig. 11),
and left with coarser-grained sediment in channels. Although the

study propose that the bottom current causes channel migration
in this study area, however it is still unknown that this bottom
current has any effect on its sinuosity.

5.3 Evolution of the channel-lobe complex

Channel-levee systems usually developed a long cut-and-fill
sedimentary history (Sylvester et al., 2011). Erosional channel
generally experienced three sedimentary phases, which were
erosion, throughflow and non-deposition phase, deposition
phase, and abandonment phase, with repetition of these three
phases (Clark and Pickering, 1996). The channel or channel com-
plex was initially formed by erosional process, and then complic-
ated by alternative erosional and depositional processes, acco
mpanying with the development of overbank elements (Sylvester
etal., 2011).

Blue stars and red stars are placed on the same site in Figs 10a
and b to depict changes in topography before and after the devel-
opment of the channel-lobe complex. The red star is on the
southeast side of the channel complex, and the blue star is on the
northwest side of the channel complex; the direction of the bot-
tom current moves from the red star to the blue star. At the red
star site, the depth remains stable at 4 250 m; at the blue star site,
the depth changes by 400 m, from 4 350 m to 3 950 m, following
the development of the channel complex (Fig. 10). Therefore, the
study assumes that changes in topography following the develop-
ment of the channel complex are mainly due to the stacking and
expanding of levees.

Typically, the direction of the lobe axis will remain the same
as the axis of its feeder channel. However, as shown in Fig. 7,
lobe-3 to lobe-6 all bend slightly from the northeast direction to
the east or southeast, forming a highly curvature morphology
from channel to lobe. And the topographic high on the northw-
est side of the channel and lobe confined the course of this chan-
nel and lobe. As the channel-levee system continued to build a
topographic high, especially in the north of Well-2 (Fig. 10b),
lobe-5 and lobe-6 had no choice but to bend to the east and
southeast. The size and shape of the transition pond from chan-
nel to lobe may also have been a factor causing the bending from
the channel axis to the lobe axis.

The deeper part of the topographic low is marked by blue
lines in Fig. 10a; this represents a suitable location in which lobe
development could have been accommodated. Sediment materi-
als likely passed through the feeder channel and naturally
poured into this topographic low, spreading out in a lobate
shape. As aresult, lobe-3, lobe-4 and lobe-5 now occupy and fill
the bay-shaped topographic low outlined by the 4 500 m bathy-
metric contour shown in Fig. 10a.

The paloe-topographic characteristics in study area indicated
that the Eocene channel complex was initially defined by the pa-
leo-topographic low area, which expressed “U” or “V” shapes in
seismic profiles (Fig. 8). Here the study discusses the late Eocene
deep water sediment system was the latest part of this channel
complex sequentially developed and evolved in the paloe-topo-
graphic low area as a confined environment. The fillings of earlier
stage channel complex were characterized by chaotic blank re-
flectors, partially bearing high amplitude reflectors, which im-
plied MTD and lagging beds in the lower part of channel complex.

In conclusion, the study presents a simplified evolution mod-
el for the Eocene deep-water sediment system to delineate the
development of the channel-lobe complex (Fig. 11). The first two
channels were initiated from a topographic low on the slope but
came to a premature end, likely due to the blocking of the topo-
graphic high in the northwest (Fig. 10a). Due to the sufficient
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sediment supply and the stripping of the bottom current, fine-
grained particles from turbulent flows produced giant levees ex-
clusively on the northern flanks of these channels (Figs 8 and
10b). As the levees continued to stack upward to form a topo-
graphic high and continued to prograde laterally, earlier stage
channels were buried by the prograding levee, and later stage
channels migrated southeastward from channel-1 to channel-6
(Fig. 11b). Therefore, the main factors controlling the develop-
ment of the channel complex is those of the initial paleo-topo-
graphy, the direction of the bottom current, and the stacking and
expansion of the levees.

The channel associated lobes expressed relatively small lob-
ate shape, with low relief sheet-like feature in seismic profiles.
Meanwhile, the channel system was with low sinuosity and later-
al unconfined or lateral semi-confined. These features coincided
with the characteristics described as point-source sand-rich sub-
marine fans (Reading and Richards, 1994). However, the chan-
nel-lobe system in study area exhibited different features. The
major anomaly was the absence of large-scale lobe. From chan-
nel-1 to channel-5, there were no noticeable lobes developed in
the termination of channels. Until channel-6, the larger-scale
lobe feature could be identified in plan view (Figs 7 and 10). Ac-
cording to the well logs and interpretation, the turbidity current
probably filled by sandy material, and get much sandy with re-
work of bottom current. The low-efficiency turbidity currents in
this system could not travel far into the basin, and caused the

thick sandy deposit in channels. Meanwhile, the fine-grained
materials were brought by bottom current to the north levee ele-
ment, which caused the lack of fine-grained material in turbidity
current. Therefore, there were no such abundant sediment ma-
terials for deposition of lobes.

6 Conclusions

Seismic data and well logs reveal the deep-water sediment
system in Rovuma Basin. A late Eocene channel-lobe complex is
developed on the slope of the Rovuma Basin. Six channels and
four related lobes could be identified in this system, which elong-
ated from west to east. The channels migrated from north to
south, with asymmetric huge levees laterally developed in the
north side of channels. The main factors controlling the develop-
ment of the channel complex are the initial topographic high, the
direction of the bottom current, and the stacking and expansion
of the levees.

CLTZ, which indicate the change between confine and un-
confined sediment environment, can be clearly identified from
seismic sections by a pond-shaped structure. The sediment in
channels and lobes exhibits differential features. The presence of
thick slump-debris flows developed under massive channel sand
sheets differentiates the sediment characteristics within lobes.
Meanwhile, massive sandstones in channels imply that high en-
ergy currents and abundant sand supply in confined channel
complexes. While the lower NGR stacked sandstones in lobes in-
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dicate reduced-energy currents in a relatively open environment.

The feature of late Eocene deep-water sediment system
should be controlled by the paleo-slope gradient, as well as the
property of gravity flows. Meanwhile, the northward flowing
NADW may play a significant role in the evolution pattern of late
Eocene deep-water sediment system, which controlled the distri-
bution of fine-grained materials. However, it remains unclear
whether the bottom current has any effect on the sinuosity of
sediment system.
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