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Abstract:

A submarine channel network, named Abalama Chafystem (ACS), has been
recognised in the subsurface of the Niger Deltdinental slope. It overlies a mass-transport
complex (MTC) and consists of six channel segmetabmited by five avulsion points and
one confluence point. High-resolution 3D seismictadare used to investigate the
development of the ACS and to describe the intenacbetween the channels and the
underlying MTC. The MTC mainly consists of highlyisdggregated materials (MTC
matrixes) and in plan-view has a very complex fregdegeometry, characterised by the
presence of erosional remnants (remnant blocksg different character of the MTC
matrixes compared to that of the remnant blockalyikesulted in a bathymetry characterised
by negative and positive relief, which provided thiéal confinement for the channels of the
ACS. In areas where the MTC-induced confinement wask or decreased abruptly,
channels tended to develop higher sinuosity, istngachannels instability and ultimately
causing avulsions. Three ideal categories of sulma@hannel avulsions are observed. Type
1 is characterised by parent and avulsion charmehb similar size and maturity; Type 2 is
characterised by a large, high-maturity parent cehand a small, low-maturity avulsion
channel; Type 3 emphasizes the larger scale artehigaturity of the avulsion channel
compared to the parent channel. In the distalqfatte study area, topography related to mud
diapirs provided lateral confinement that captuteds avulsed at different times resulting in
a channel confluence phenomenon. Submarine chametelork evolution recorded by
avulsion and confluence points represents an irapbrtesearch theme in deep-water
sedimentology, as it controls the final distribatiof sediments and the extension of sands in
the whole deep-water depositional system; hensestiady can be used to guide hydrocarbon

exploration in analogue systems.
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1. Introduction

Submarine channel networks have developed in maag-water systems (Amazon Fan,
Pirmez et al., 1997; Zaire Fan, Droz et al., 2008us Fan, Kenyon et al., 1995; Bengal Fan,
Curray et al., 2003) as a direct result of frequerimarine channel (including canyons, fan
valleys and even distributaries) avulsion eventan(Dth et al., 1983a; b; Kolla and Coumes,
1987; Manley and Flood, 1988; Flood et al., 199hd a&he occasional confluence
phenomenons (e.g., Curray et al., 2003; Fildanalet2013; Maier et al., 2013). These
networks of channels play an essential role inrdateng the sediment dispersal pattern and
the growth of the whole fan (Piper and Normark, 3;94anley and Flood, 1988; Primez and
flood, 1995; Ortiz-Karpf et al., 2015) and theref@re with great research value and meaning
in the hydrocarbon industry.

Mass-transport deposits (MTDs) or complexes (MTGmts of strata specifically
generated in submarine instability events (Mosdareeal., 2006; Bull et al., 2009; Alves,
2015), can extensively modify seafloor morphologgnerate localised accommodation space,
and ultimately change the drainage architectureshencontinental slope to influence the
submarine sediment routing (Joanne et al., 2018fir@hye et al., 2013; Kneller et al., 2016;
Ward et al.,, 2018). In some extreme cases, theyegan control the submarine channel
avulsion or confluence; for example, Ortiz-Karpfagt (2015) introduced the role of mass-
transport complexes in triggering the occurrencecldinnel avulsion and controlling the
evolution of subsequent avulsion channels/lobdglagdalena Fan, offshore Colombia. Qin
et al. (2017), on the other hand, investigatedefifect of mass-transport deposits in terms of

capturing unconfined flows to merge distinct chdsn&fshore Espirito Santo Basin, SE
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Brazil. However, those works only concentrated oniradividual avulsion or confluence
event. The evolution of a complete and independahmarine channel network, with both
avulsion and confluence events and overlying omxrnsive mass-transport complex, has
never been studied.

The present study focuses on the evolution of areélanetwork in the subsurface of the
Niger Delta continental slope, informally named tAblama Channel Systénfabbreviated
as ACS), which overlies a large-scale mass-tranhspmmplex. The ACS consists of six
channel segments, connected by five avulsion péaftisreviated as AP) and one confluence
point (abbreviated as CP). Utilizing high-resolutieaismic data, we (1) investigate the
emplacement of a 120 KiVITC and its effect on the overlying channels, {@aracterise the
avulsion points using a more quantitative appraawth summarised their basic types, and (3)
analyse the significance of a channel confluendatpwhich occurred in the downstream
reach. These new insights can be applied to hydvonaexploration in analogue deep-water

deposits.

2. Geological setting

The study area is defined by a 225%®D seismic volume located in the subsurface of
the Niger Delta continental slope along the Soutaic margin, with a water depth ranging
from 1300 to 1700 m (Fig. 1A). The sediment is sedrfrom a large regressive delta, the
Niger Delta, with an area of 12x1Km? (Doust and Omatsola, 1989). Under the gravity-
driven tectonics, the Niger Delta sedimentary pgekaslips basinward, resulting in three
sectors characterised by different tectonic regi(@esist and Omatsola, 1989; Damuth, 1994,
Morley and Guerin, 1996). These are an upper ektealkzone, extending from the onshore
to the outer shelf and characterised by listricmadrfaults, a translational zone, located on

the upper continental slope and dominated by magdiidi, and a lower compressional zone,



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

spanning the lower slope as well as the continamgaland including a series of linear toe
thrusts (Damuth, 1994) (Fig. 1B). The study arelacated in the most basinward part of the
transitional zone (Fig. 1B).

Three main sedimentary successions were developbe iNiger Delta Basin during the
Cenozoic; in chronological order (from older to ygen they are the Akata, Agbada and
Benin Formations (Short and Stauble, 1967) (Fig. TBe precise age of the study interval is
uncertain, but it is inferred to be part of the Aghdormation, because of its shallow burial
depth (less than 300 m) and the specific geograplacation of the study interval (Fig. 1B).
Also, according to the similar geographical locatamd water and burial depths of the study
interval to the study subject of Deptuck et al. (200ts time interval should roughly be less

than 2 Ma.

3. Methodology

3.1 Dataset

The primary dataset used in this work is a 3D seisrolume extending over an area of
225 knf, acquired by China National Offshore Oil CorparatiCNOOC). All seismic-
reflection data were processed to zero phase apllagied in SEG reversed polarity, such
that an increase in acoustic impedance corresptinds high-amplitude trough (negative)
reflection. The data have a sample rate of 3 msaanid size of 12.5 mx12.5 m. The seismic

frequency bandwidth is 1590 Hz, with a dominant frequency of approximatedytz in the

study interval. Depth conversions are made assumisgismic velocity of 1480 m/s for
seawater and 1900 m/s for shallow sediments (Lal.eR013), yielding a vertical resolution

of approximately 6 m, which enables the target ok&nof this study to be well characterised.

3.2 Seismic analysis
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This study is principally based on ‘classical’ 2Bissnic facies analysis (Vail et al.,
1977), combined with a 3D seismic geomorphologyreggh (Posamentier et al.,, 2007).
Seismic facies analysis was based on the contirauyplitude, cross-sectional geometry and
termination of seismic reflections. In seismic jlesf located around the avulsion points,
cross-cutting and onlapping relationships of reéfiex belonging to channel fills and levee

deposits of different channels can help us to deter the relative timing of avulsion events

which will be clarified in detail later in the pap&he 3D seismic geomorphology approach
enabled enhanced visualization of seismic facisgidution in map view through coherence
and root mean square amplitude extractions. In tiaddi two-way traveltime (TWT)
structural maps of channel floors were made araawh avulsion point to help understand
the avulsion events and their chronological segeienc

It is important to note that due to the absenchttublogical calibration from wells, the
interpretations of seismic facies as specific seditary packages was based on the

comparison with published seismic-based studiedeap-water sedimentology (Table 1).

3.3 Channel dimensions and morphology
Dimensional and morphological parameters, includindths, heights, cross-sectional

areas and sinuosities have been used, followingrammypractice on quantitative descriptors
of submarine channels (see Catterall et al., 2Dl0cer et al., 2012; Qin et al., 2017). In the
present study, quantitative analyses were condadted) the main pathways of six channels,
with their widths, heights and cross-sectional sreseasured at 62.5 m intervals; due to
levees are not uniformly developed in all thesenaokets, for simplifying sake, such
morphometrics take no account of the presence oenabsof levees and refer to the

maximum value of these three parameters (Fig. EAjthermore, only one sinuosity value
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was calculated for each channel, representing dtie of the along-channel length to the

straight-line distance between its end-points (ER).

4. Results

4.1 Seismic stratigraphy and seismic facies
4.1.1 Stratigraphic architecture

Four regional surfaces, namely from the top tolibdom TO (present-day seafloor),
T110, T130 and T200, could be traced in the shaliabsurface of the study area (Figs. 3A
and 4A). The top interval between the seafloor (@8 T110 has a thickness of 80-100 m
and is characterised by low-amplitude, high-continueflections (Figs. 3A and 4A),
presumably representing hemipelagic sediments. BhtDT130 act as the top and bottom
boundaries of the study interval, which has a theslsnof 185-200 m and various seismic
reflection characteristics (Figs. 3B and 4B). Tlo¢tdm interval bounded by T200 and T130
has a similar seismic expression to the top sumredsut a rather smaller thickness of 15-20
m (Figs. 3A and 4A); it can be interpreted to repre a condensed section occurred during a

sea level highstand.

4.1.2 Seismic facies and corresponding depositieleahents

Five major seismic facies were identified in thedst interval (Figs. 3B and 4B). They
are interpreted as representing different depositi@ements, according to recognition
criteria based on published seismic-reflection skt (Table 1).

Seismic facies 1 is characterised by variable-aomgi, discontinuous reflectors
confined within a U- or V-shaped erosional surfand it is interpreted as submarine channel
fill deposits (Abreu et al., 2003; Posamentier &udlla, 2003; Gee et al., 2007). Facies 2,

usually found on either side of facies 1 stratacamposed of low-amplitude, continuous
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reflectors that form wedge-shaped packages andtéspreted as external (master) levee
deposits (Deptuck et al., 2003; Nakajima and Knel®13; Zhao et al., 2018a). Facies 3
consists of variable-amplitude, chaotic reflectipaickages and is considered to represent
MTC (Gong et al., 2014; Ortiz-Karpf et al., 2015)oreover, Bull et al. (2009) and Gamboa
et al. (2011) called such deposits as “MTC debntesrixes”. Facies 4 is characterised by
parallel, high amplitude, continuous reflectors @adenerally interpreted as indicating lobe
deposits (Weimer and Slatt, 2007; Saller and Dhaamadhi, 2012). Facies 5 shows
variable-amplitude, continuous reflections packaggh irregular external geometry. These
packages appear truncated and surrounded by thesFa¢MTC matrixes) and thus they are
interpreted as remnants of a stratigraphic inteotherwise mostly eroded by mass flows
(Posamentier, 2004; Moscardelli et al., 2006; Batllal., 2009; Ortiz-Karpf et al., 2015).
Gamboa et al. (2011) and Ward et al. (2018), howewemed these erosional remnants as
“remnant blocks of strata”, different from the “tedl blocks” that are substantially translated
during mass-wasting process, commonly embeddedTi@ khatrixes and present significant
disruption of basal strata. Those remnant blockdedt in situ and are totally cohesive with
the strata at their base. In addition, for the yeatratigraphic interval, complete strata
preservation is observed in the eastern-most astewemost parts of the study area near the
lateral scarps of the large MTC (eastern scarp,3Bgand western scarp, Fig. 4B).

The top surface of the MTC was locally incised ibjosubsequent submarine channels
and the resulting stratigraphy was onlapped bydabat were deposited in the underfilled

erosional depressions of MTC and submarine charjRigs. 3B and 4B).

4.2 MTC: the substrate of channel development

4.2.1 General description of the MTC
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The studied MTC is composed of seismic facies 3h(facies 5 representing remnant
blocks), covering an area of approximately 120° kRig. 5). Its basal surface is highly
erosional, truncating pre-existing strata and tesyin many erosional troughs. The depth of
these erosional depressions is variable, rangiog ffO to 105 m, showing a downslope
decreasing trend (Fig. 6).

The studied MTC has a lobe-like shape, and it isral elongated in a downslope
direction (Figs. 5 and 7). In the northernmost pia¢ basal surface of the MTC shows a U-
shaped morphology, implying a confined setting; boer it looks that relatively close in the
downstream direction the mass flows spread outhsatd (Figs. 7A and 7B). In the
southernmost part, where mud diapirs developed,MA€ was confined by bathymetric
highs and was deflected by them (Figs. 4 and 5Aijs 1 shown by a change in the general

elongation of the MTC from N-S to NE-SE in the $wrh extent of the study area (Fig. 7A).

4.2.2 Component elements and the irregular toaserdf the MTC

In addition to the seismic expression in crossieest(see Table 1), the MTC matrixes
(Facies 3) can be recognised thanks to a darkemlooherent pattern (Figs. 5A and 7A).
This facies infills the erosional troughs at thesdaf the MTC and it has a total area of
approximately 80 kifhand a thickness of 62-93 m. Its thickness is smalfian the depth of
the erosional troughs (Figs. 3B and 4B), suggeshagthe MTC matrixes did not totally fill
the erosional troughs. This must have resulted gatinee relief left prior to the development
of submarine channels (Fig. 7A).

The remnant blocks (facies 5) represent the otiggificant component in the area of
the MTC. They commonly show narrow ‘ridge’ geometrin cross sections (Figs. 3B and
4B) and irregular shapes in map-view (Figs. 5A @AJl, with a total area of around 40 km

Their main axes are diverging from each other &ey tan be traced back to a point in the
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proximal domain of the study area, which seemseprasent the location where the mass-
transport complex becomes spread (Fig. 7A). Intedithese preserved remnants of the
older seafloor are higher than the top surfacenefdeposited MTC matrixes (Figs. 3B and
4B) and therefore must have formed positive batltgmanomalies, present at the onset of

channel network development (Fig. 7A).

4.3 ‘Ablama Channel System’ (ACS)
4.3.1 General description

In the study area, th@&blama Channel SysténfACS) consists of six channels, named
Cla, Clb, Clc, C2a, C2b and C2c (from the oldesteyoungest) (Fig. 5). All of them were
initiated by avulsion events that occurred somew/faong the length of the parent channel
(the established one whose flow is diverted). Rvelsion points can be recognised, named
AP1 through AP5 (Fig. 5). These channels have gargmt distributary pattern upslope
where C1b and C2b have diverged from the confimed af the MTC trending parallel to the
lateral scarps, and a tributary pattern downsloperea/the younger C2a have reoccupied the
older C1b, giving the appearance of a channel mengeonfluence (Figs. 5 and 6).

These channels developed above the MTC matrixesvanel confined by the positive-
relief remnant blocks and by the MTC'’s lateral psafFigs. 5 and 6). In some cases, these
channels are juxtaposed directly against the remiolacks (e.g., channel C2b in Fig. 6A).
Furthermore, each avulsion point originates frobead of the parent channel (Figs. 5, 8 and
9), though in some cases this configuration magdmmaged and obscured by the continued

development of the younger avulsion channel (Rgsand 9B) for example, at AP4 that

bend of C2a is hardly recognised (Figures 5B anyl 9Be vertexes of these bends are
adjacent to the heads of the avulsion channels,lyingp that the avulsion events

preferentially occurred on the outside of a shampdoof the parent channel (Figs. 8 and 9).
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4.3.2 Channels of the ACS

The oldest channel documented in this study is @Xeends to the southeast, shows a
sinuosity of 1.12 and lacks observed levee dep{Bits 5 and Table 2). Its widths, heights
and cross-sectional areas at different locationshen study area vary slightly, with the
amplitudes of 62 m, 14 m and 460% raspectively. (Fig. 10 and Table 2). C1b, bounbdgd
levee packages in the upstream reach, avulsed @banand initially took a course to the
south before turning southwest, resulting in a higheuosity of 1.21 (Figs. 5 and 8A, Table
2). The widths, heights and cross-sectional aré&€31b vary significantly along its length,
with the amplitudes of 403 m, 55 m, and 27887 respectively, and uniformly show a
clearly decreasing trend downstream. Furthermaoeinal the two avulsion points (AP1 and
AP2) it has flowed through, that decrease of spalameters is extraordinarily marked (Figs.
5B and 10, Table 2). C1lc avulsed from and develapethe right levee of C1b and headed
in a southerly direction with a very small sinugsf 1.04 (Figs. 5 and 8B, Table 1). It has no
observed overbank deposits and it is the smallesmtreel in the study area, with the widths,
heights and cross-sectional areas of 123-180 mi42m and 1900-6234 hrespectively
(Figs. 8B and 10, Table 2).

C2a also avulsed from the right levee of Clb; haweits proximal reach (i.e. the
portion up-dip of AP4) has long been modified by tsequent C2b and inherited the
general characteristics of it. Therefore, the pr@atireach of C2a is better considered as part
of C2b (Figs. 5B and 9A). The C2a defined in thespnt study (Figs. 5B and 9B) lacks
observed levees and trends in a southwesterlytaireto flow outside the study area (Table
2); it has a sinuosity of 1.09 and due to the abmprphological change around the
confluence point (Fig. 12), its dimensional pararethave relatively large ranges, with the

widths, heights and cross-sectional areas being48%0m, 32-72 m and 3117-1499% m
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respectively (Table 2). C2b originated from C2a #nsl also trending toward the southwest,
with a sinuosity of 1.17 (Fig. 5 and Table 2);sittiounded by well-developed levees and has
the largest size compared with the other channeiy the widths, heights and cross-
sectional areas being 391-637 m, 58-108 m and 138860 ni respectively (Table 2). Just
like C1lb, scale parameters of C2b also show a divears decreasing trend and that decline
could roughly be divided into two sections delirditey AP4; upstream the AP4, scale
parameters decrease rapidly, however, downstreamR4 they change slightly and almost
show a flat trend (Fig. 11 and Table 2). As for Cds a non-leveed channel with the
relatively small widths, heights and cross-secti@raas of 110-212 m, 24-50 m and 2565-
8460 nf respectively (Fig. 11 and Table 2); it avulsed frtme left levee of the parent
channel C2b and headed to the south before tusuathwest (sinuosity of 1.08; Figs. 5 and

9C, Table 2).

4.3.3 Channel confluence

In the distal part of the study area, two mud d&peveloped and formed a bathymetric
high prior or during the development of the ACS&-i4 and 5A). For the east tributary C1b,
that bathymetric high caused it to be diverted tomthe southwest (Fig. 5B), resulting in a
similar trend to the general orientation of the MirCthat area (Fig. 7A); for the west
tributary C2a, it also reached the toe region @it thathymetric high and rejoined the
abandoned C1b at the confluence point, hence ngeatichannel merger or convergence.

The part of C2a downstream of the CP shows mudetawvidths and cross-sectional
areas than the parts of C1b and C2a upstreamRm¢g. (12A and 12C), however, the channel
heights of the two tributaries don’t change sigrafitly across the confluence point (Fig.

12B).
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5. Discussion

5.1 Origin and emplacement of the MTC

MTCs are generated as the result of a series afepses associated with sediments
failures. They can be induced and ultimately trrggeby a variety of processes alone or in
combination, including increased sedimentation (Biegan and Stigall, 2010; Masson et al.,
2010; Gong et al., 2014), eustatic sea-level chafanley and Flood, 1988; Brami et al.,
2000; Masson et al., 2010), gas hydrate dissolytiteslin et al., 2004; Grozic, 2010), and
seismicity (Alfaro and Holz, 2014; Gong et al., 2D1

The overall extent of the studied MTC could notrbepped due to the limited area
covered by the 3D seismic survey, but it seems miady that it was not sourced from the
proximal part of the study area because no headesgidrpment/scar, the symbol of the
occurrence of mass wasting process (Moscardedli. e2006; Bull et al., 2009; Gamboa and
Alves, 2016; Qin et al., 2017), could be recognigedys. 5A and 7A). Furthermore,
considering the fact that in the northernmost pérthe study area MTC appears confined
within a U-shaped erosive morphology and in a sliistance expanded out southward,
forming an elongated lobe-shaped deposit (Figs. &l 7A), we put forward two
speculations. Firstly, the studied MTC (locatecaimid-slope position; see Fig. 1) is more
likely to have originated from the failures of upgsé regions, such as upper slope, shelf-
margin or even the distal part of shelf-edge dehasigh some MTCs oriented parallel to the
continental slope do exist in some extreme casashgdranner et al., 2010; Gamboa and
Alves, 2016). These upslope failures may be aswutiaith the rapid sedimentation rates
and ‘escalator regression’ in the Niger Delta Basirce the Eocene (Doust and Omatsola,
1989; Cohen and McClay, 1996; Deptuck et al., 208hough constraining the absolute
age of the mass-wasting event or events that deplaie studied MTC is impracticable due

to the lack of chronological calibration, it is gdse to observe that part of T130, the basal
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boundary of the study interval, was used as thellsi®ar surface of the MTC (Figs. 3, 4 and
6). This suggests that T130 played a key role inmiteng the erosional depth of the MTC
and that it is probably a mechanically weak layeing as a detachment surface.

Secondly, mass flows responsible for the formatibtine studied MTC most likely have
exploited a pre-existing channel conduit to movevislope from the source area and
deposited at the unconfined channel termination.eiVfocusing along that pre-existing
channel, mass flows tended to have high sedimentedg rate and in turn, they would
entrench the deposited channel fills, damage tlwangé&ic channel forms, and ultimately
give raise to the formation of basal grooves arftedablocks embedded within highly-
disaggregated debrites, which exactly concurs thighscenario within the proximal confined
area of the studied MTC (Figs. 5A and 7B). Simgdéxenomena have also been observed
offshore Trinidad (Moscardelli et al., 2006), offsa SE Brazil (Qin et al., 2017) and along
the South China Sea margin (Gong et al., 2014)ravbasal grooves/linear striations and
rafted blocks/megaclasts are also recognised innghaconfined MTCs. Further downstream,
when lost the confinement of the early channel cdntiose mass flows, on the contrary,
tended to have relative low entrench rate for thessate and hence resulted in the
occurrence of large-volume remnant blocks (Fig& &nd 7A). At last, when mass flows
encountering the bathymetric high imposed by muagids, the emplacement direction of the
MTC tended to be deflected toward the southwest,revimeany thrust-like feature are
recognized (Fig. 7C). They could be caused by ftegeleration and internal contraction
against bathymetric highs (Moscardelli et al., 2006jz-Karpf et al., 2017), a process which
has been described from many deep-water basinscitbe world (Posamentier and Kaolla,

2003; Moscardelli et al., 2006; Bull et al., 20@3Hng et al., 2014).

5.2 Role of MTC on channel evolution
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The rugged seafloor caused by mass transport deposve been documented in a
number of studies based on outcrop analogues @acksd Johnson, 2009; Armitage et al.,
2009), seismic data (Ortiz-Karpf et al.,, 2015; Heelet al., 2016), well and core data
(Eggenhuisen et al., 2010; Corella et al., 20164, mumerical models (Stright et al., 2013).
In the study area, the target MTC is characteribgdunderfilled erosional scars and
protruding remnant blocks, which respectively gatest negative and positive reliefs on its
upper surface (Figs. 3, 4, 6, and 7A), constitutimg substrate for the development of later
submarine channels. These bathymetric highs and &mted as physiographic ‘containers’
for the turbidity flows responsible for the fornti of the ACS. This resulted in the six
studied channels occupying the same axial trendthefresidual depressions and being
confined at the largest scale within the bathyradows (Figs. 5 and 6). The channels used
the underfilled erosional depressions as theirgpegtial pathway, with the channel floors
incised into the remobilised materials and neverrndiaeg the remnant blocks (Figs. 5 and 6).
That spatial association between channels and réssabmaterials could be explained by
two primary factors. Firstly, the irregularities @dne MTC top surface, as stated above,
provided bathymetrical confinement to focus andnciedize the turbidity flows. When the
flow direction is oblique to a remnant block, tutity flows do not seem to be able to spill
over the obstacle, but they are diverted back tdwiae topographic depressions. Turbidity
flows being diverted by topographic highs on MTIp gurfaces have been suggested in other
systems (Hansen et al., 2013; Masalimova et al520orella et al., 2016; Ward et al., 2018).
Secondly, differences in mechanical properties betwdisaggregated remobilised materials
and remnant blocks caused different channel erdstapacity, resulting in increased erosion
in the areas with remobilised material, therefooeuking the turbidity flows in those
locations. As no significant thickness of backgminemipelagic sediment can be identified

in seismic sections between the MTC and the AC8s(FB, 4, and 6), the time interval



359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

between the emplacement of the MTC and the irotatif the channels seems to have been
short. It is possible to speculate that the renmsmdal material did not have time to consolidate
completely before the onset of the channels.

Although all the six documented channels are imit@el by MTD-related topography,
the type and degree of interaction varies betwdammels and along their studied length. In
some places where channels were strongly confinethé remnant blocks, the avulsion
channel (C1b) could directly use the block as #ekidnstead of aggradated levees. (Fig. 6A).
In contrast, where the confinement was weak oreadsad abruptly, channels tended to
migrate laterally and develop meander bends (FigZbao et al. (2018b) described similar
scenarios in the subsurface of the Niger Deltainental slope as well, where the up-dip
segment of the Bukuma-minor channel has a sinuousse in the unconfined domain, but
becomes straight where confined by a pre-existingnoel-levee system. All the five
avulsion events documented in the present studyrcext on the outside of sharp bends in
areas of relatively weak confinement (Figs. 5, 8 @ndrhese sharp bends increase the local
sinuosity leading to a more unstable channel cowrkech, when coupled with a triggering
mechanism, can create the occurrence of an avulkmta, 2007). Avulsion occurring at the
apex of a parent-channel sharp bend has been lole$ani detail by Zhao et al. (2018a) and it
is mainly associated with the flow stripping acrtdss external levee and the resultant erosion.
All in all, from aforementioned spatial associatiogtween channel distribution and MTC-
related topography, it is suggested that mass meagtrocess and resultant MTCs can
significantly change the drainage architecture hadce influence the sediment routing on

continental slopes.

5.3 Basic types of submarine channel avulsion
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After an erosional inception (Fildani et al., 200&ystic, 2011; Fildani et al., 2013),
submarine channels tend to gradually develop lesadsbecome more sinuous (Posamentier
and Kolla, 2003; Gee et al., 2007; Maier et al.130 Such progressive evolution results
from the cumulative impact of gravity flows thaaversed a channel, shaping the channel
morphology and, thus, reflects an increase of chlamaturity (Maier et al., 2013). Using this
definition of channel maturity, changes in sinupsihd levee development that occur as the
parent channélransitions’ into the avulsion one at the avulgomint can be interpreted as a
result of difference in maturity of the avulsionacimel with respect to its parent. According
to such differences in maturity as well as to theations in size (presented in Figs. 10 and
11) between the parent channel and avulsion chatimele end-members of submarine
channel avulsion can be recognised (Fig. 13).

Type 1 is characterised by parent and avulsion aidraving similar size and maturity
(Fig. 13A). It is the most common anclassical’ avulsion event and has long been obderve
in deepwater settings (Kenyon et al., 1995; Prieteal., 1997; Curray et al., 2003). Towards
the base of the avulsion channel, an avulsion bgplay usually occurs (Fig. 13A). Such
sand-rich sheet deposits, formed at the start @vafsion cycle, are seismically expressed as
high-amplitude units that consist of relatively doobus to somewhat discontinuous
reflections and are referred to as high amplitieflection packets or HARPs (Flood et al.,
1991; Primez et al., 1997). Considering the sintylasf C1la, C1b and C2b around AP1 and
AP3, as described in the results section (Figs.9®%,10, 11 and Table 2), AP1 and AP3 are
classified as avulsion type 1 (Table 3). Howeveranolsion lobe is identified at the base of
Clb or C2b. Drawing from the studies of HARPs bgtRer (2000) and Posamentier and
Kolla (2003), such absence of HARPs may be caugetidlow gradient of Cla overbank

slope or by the small sand-to-mud ratio of postisien flows. During the initial phase of
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avulsion these two factors might result in the ldghment of a newly avulsed channel
instead of an avulsion lobe or splay.

Type 2 is characterised by a large, high-maturityepachannel and a small, low
maturity avulsion channel (Fig. 13B). This typernegents an incomplete or aborted avulsion,
and the associated avulsion channel was named by &hal. (2018a) ‘partially-avulsed
channel’, because of its small scale and failureldeelop levees and high sinuosity (Fig.
13B). The preservation of such partial avulsion typkes on the abrupt stop of sediment
supply to the avulsion channel, which in turn ma&ydaused by the sudden shut-off of the
whole deep-water system or by a successful and ledenppstream avulsion of the parent
channel (Fildani et al., 2006; Maier et al., 20ZBao et al., 2018a). Due to that sudden
depositional quiescence of the avulsion channehescharacteristic signatures occurred prior
to or in the initial period of avulsion process tdndbe preserved, such as sediment waves
and linear scours oriented perpendicular and mdrallthe avulsed flows, respectively (Fig.
13B). Similar scenarios have also been describea mumber of other systems such as:
Monterey East System (Fildani and Normark, 2004ddni et al., 2006), Lucia Channel
System offshore Central California (Fildani et 2013; Maier et al., 2013) and a channel-
levee system on the Niger Delta continental ma(@immitage et al., 2012). This Type 2
scenario in the study area is recognised at AP2A&% (Table 3), where Clc and C2c have
much smaller scales and sinuosities than theimpa&ignnels and are not bounded by levees
(Figs. 8B, 9C, 10, 11 and Table 2). It is worthingtthat the scale parameters of C1lc and
C2c have some high-value anomalies along the demuai dip direction and in turn show a
bell-shaped trend (Fig. 10), indicating they are@prent channels and therefore do not have
continuous or smooth thalwegs. In addition, nea ARd AP5 no sediment waves or linear
scours could be identified, which may be explaibgdheir small scales that could not be

resolved with the available seismic resolution.
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In contrast to Type 2, Type 3 emphasizes the lasgale and higher maturity of the
avulsion channel compared to the parent channgl B8C). This means the avulsion channel
has gone through a significant evolution after saiul. Due to the long development, the
avulsion channel has totally eroded the avulsidre laround the avulsion point and its levee
overlies the head of the parent channel (Fig. 18Cihe study area, this type of avulsion is
observed at AP4 (Table 3), where the avulsion cbla@&b has much larger dimensions and
sinuosity than C2a and is bounded by well-develogedes that downlap upon the most

upstream part of C2a (Figs. 9B, 11 and Table 2).

5.4 Channel confluence point

A turbidity current escaping channel confinemené do an initial avulsion will seek
pathways along the highest gradient to reach tlse kevel. In the southern part of the study
area, at the toe region of a bathymetric high edkaly mud diapirs (Figs. 4 and 5), is located
a confluence point (CP). In this region, a topobrapow and the presence of lateral
confinement provide favourable conditions to capttine flows derived from different
avulsion events and finally gave rise to the apgreae of channel confluence. When C1b was
active, turbidity flows tended to be deflected itlie confluence region due to the presence of
mud diapirs (Fig. 5); such diverting of submarimamnels associated with structural forcing
has been documented in many case studies (Clalk, @009; Gamboa et al., 2012; Jolly et
al, 2016; Zucker et al., 2017). When C2a was active early C1b channel may still be
underfilled because its downstream segment had@aest abandoned, which could reinforced
the ability of the confluence region to capturevoand again captured the turbidity flows
derived from AP3 where C2a avulsed from. Such suim@ahannel confluences occurring
adjacent to salt diapirs have also been identifiethe southeast Brazilian Margin (Gamboa

et al., 2012; Qin et al., 2017).
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Gamboa et al. (2012) proposed that submarine camfles can be classified as
symmetric or asymmetric based on the equality ofathgles the tributaries bear to the post-
confluence channel. The confluence in the studg Ereharacterised by a typical ‘Y’-shaped
junction (Figs. 5 and 12) where two tributaries halentical sizes (Fig. 12) and hence it is
classified as symmetric. This type of junctions dndoeen observed in modern submarine
canyons by Mitchell (2004) and are also considenethe general models for river-based
studies (Bathurst, 1997; Best and Roy, 1991; Wahgale 1996). In addition, the
predominance of widening process over channelimtiaround the confluence point (Fig.
12) indicate during C2b rejoining the C1b the iat#ion between MTD and turbidity flows
responsible for the formation of C2b were dominatatther than the traditional cut-and-fill
process within channels. Therefore, part of MTD wagain removed downslope by C2b and
replaced by channel-fill deposits. That MTD-turlbydlow interaction could be explained by
the unconsolidated and friable MTD materials. MTRswmveaker than the strata beneath
T130, and, as a result, turbidity flows preferdhti@roded the more friable MTD above
T130, instead of incising downward into older de{ssThis process resulted in a

pronounced widening of the older channel with srola#inge in its heights (Fig. 12).

5.5 Temporal-spatial evolution of the Abalama Cle8ystem (ACS)

It has been suggested from studies of several daggr-fans that avulsion events result
in the abandonment of parent channels down-dighefavulsion sites, and that at any one
time only one channel is largely active (Curray &haore, 1971; Damuth et al., 1983a, b;
Droz et al., 2003; Kolla, 2007). The same appeaalsttrue for the ACS in the study area, i.e.,

the studied avulsion events and corresponding evulshannels have occurred at different
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times. Channels Cla, C1b, Clc, C2a, C2b and C2e active sequentially, with Cla being
the oldest and C2c the youngest.

Based on the character and location of the avulsibleschannel network evolution can
be broadly divided into two phases: Phase | ands®hd (Fig. 14F). Phase | was
characterised by the avulsion points stepping landwi.e. toward the shelf) with time (Fig.
14F). In Phase I, C1b appears to have avulsed @tmat AP1(Fig. 14A), after which C1b
became an active channel and the parent channel dolen-dip of that avulsion, was
eventually abandoned (Fig. 8A). The up-dip port@inCla, however, was still an active
conduit directly leading into C1b and hence worksdhe upstream reach of it (Fig. 5A). As
a result, the upstream reach of Clb was the acreluits for a longer time than its
downstream counterpart, which can explain the olg¢en that the dimensions of Clb
decrease downstream and show an apparent slumpdatio@ avulsion points (Figs. 10 and
14). Following this, an avulsion occurred at APR(AR4B), up-dip of that of C1b, and led to
the creation of Clc that truncated the right leeéeC1lb (Fig. 8B). As stated above, the
avulsion of Clc belongs to Type 2, i.e., an abdinedmplete avulsion (Table 3), and it is
most likely that it was because of the succesgidl @mplete upstream avulsion of C2a at
AP3 that sediment supply from C1b to Clc abruptbpged. The avulsion of C2a at AP3
(Fig. 14C) represents the end of Phase | and #readtPhase 1l. Phase Il is characterised by
avulsions successively stepping basinward andrgatdi the establishment of C2b and C2c
at AP4 and AP5 (Figs. 9B, 9C and 14). When C2bseedibnd became active (Fig. 14D), all
the up-dip channels segments formed a single cgndith the result of the more up-dip
portions having acted as active conduits for ingirealonger periods. Therefore, C2b, just
like C1b, shows significant variability in its dim&on along its length and presents a stepped
decreasing trend downstream, with the AP4 beingrta@r break (Figs. 11 and 14D). As for

the avulsion of C2c (Fig. 14E), it represent ano@seample of aborted/incomplete avulsion



506 (Table 3); however, the difference with the Clcnse® is that the stop in sediment supply
507 may have corresponded to the shut-off of the whgstem, because C2c is the latest channel
508 of the ACS. Such back-stepping and fore-steppindsau pattern documented in the ACS
509 has analogues in the Amazon Fan (Pirmez and Flb@@5; Pirmez et al.,, 1997) and the
510 Northern Zaire Fan (Droz et al., 2003), and comdgrabarply with the distribution of avulsion
511 points in Indus Fan (Kenyon et al., 1995) and Béirga (Curray et al., 2003) where most
512 avulsions have focused in a relatively restrictexhdorming a radial pattern.

513
514 6. Conclusions

515 (1) In the interval of interest, a MTC, six submma&ichannels and some lobe deposits
516 developed in sequence. The MTC most likely origidairom the failure of upslope regions
517 and is mainly composed of remobilized materialerintpted by remnant blocks of the older
518 stratigraphy.

519 (2) Channels of the ACS developed directly on thEQviand were confined by the
520 remnant blocks and by the MTC lateral scarps. Thalaxtension of the MTC as well as the
521 character of the debrites controlled the pathwdyth® submarine channels. Where MTC-
522 related confinement was weak or decreased abrup#ychannels tended to develop higher
523  sinuosity, increasing their instability and in tugsulting in the occurrence of avulsions.

524 (3) Three types of channel avulsions have beenrebéden the present study. Type 1 is
525 characterised by parent and avulsion channel hasimgar size and maturity; Type 2 is
526 characterised by a large, high-maturity parent nbhiand a small, low maturity avulsion
527 channel; Type 3 emphasizes the larger scale arttehiguaturity of the avulsion channel
528 compared to the parent channel. The five documeatedsion events of the ACS are

529 classified accordingly.
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(4) The temporal-spatial evolution of the ACS wagdid into two phases; Phase | is
characterised by the location of successive awulgmnts shifting toward the shelf, whereas
Phase Il shows the opposite pattern.

(5) In the southern and distal part of the studaamud diapirs created topography that
captured turbidity flows which originated from twdifferent avulsion points at different

times, creating a channel confluence.
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Table 1

Descriptions and interpretations of the seismitefadefined in this study.

Seismic facies

Description Interpretation

Variable-amplitude,
discontinuous
reflectors

Low-amplitude,
continuous
reflectors in

wedge-shaped

packages

Low-amplitude,
discontinuous,
chaotic reflectors

Parallel,
high-amplitude,
continuous
reflectors

Variable-amplitude,
continuous,
irregular-shaped
reflectors

Variable-amplitude, discontinuous i
i L Channel fills (Abreu et
reflectors are confined within a V-shaped or i
l., 2003; Posamentier
U-shaped surface. They are elongated an
) ) , and Kolla, 2003; Gee
sinuous in map view, and are bounded on

et al., 2007
either side by facies 2. )

Low-amplitude, continuous reflectors in External levee deposits
wedge-shaped packages that pinch out OV?ISe tuck et al 2503_
a certain distance. The reflectors downlap Naki'ima and.},<nelle;
or onlap older packages and are found on 2013_J Zhao et al ’
either side of facies 1. In map view, they are 18; B
also elongated and trend parallel to facies 1.

MTC remobilized

deposits (Gong et al.,
Chaotic, discontinuous reflectors; they dip P ( g
2014; Ortiz-Karpf et

in different directions and at different
_ al., 2015). MTC
angles. They have erosional bases and ) )
debrites/matrixes (Bull

irregular tops.
et al., 2009; Gamboa et
al., 2011)

Lobe deposits (Weimer
and Slatt, 2007; Saller
and Dharmasamadhi,
2012;)

Parallel, high amplitude reflectors; they
constitute a continuous package that
extends across most of the study area.

Erosional shadow
remnants of MTC

i ) (sensu Moscardelli et
Packages surrounded by facies 3 with
al., 2006). Remnant

irregular-shaped geometries; they are often,
i ridges of MTC (sensu
north-south-trending blocks composed of

. ) ] Ortiz-Karpf et al.,
parallel, variable-amplitude, continuous
2015). Remnant blocks
reflectors.

of MTC (Gamboa et
al., 2011; Ward et al.,
2018)




Table 2
Quantitative parameters of submarine channels disdug the present study.

Width/AF Height/AF Cross-sectional

Channel m) m) area/AF () Sinuosity Levees
Cla 213-275/62 41-55/14 4750-9351/4601 1.12 No
Yes in the upstream

Cilb 137-540/403  30-85/55 2227-30114/27887 1.21 reach

Clc 123-180/57 24-44/20 1900-6234//4334 1.04 No
C2a 150-437/287  32-72/40 3117-14992/11875 1.09 No
C2b 391-637/246  58-108/50 13656-38890/25234 1.17 s Ye
C2c 110-212/102  24-50/26 2565-8460/5895 1.08 No

AF = amplitude of fluctuation = maximum value-minim value



Table 3
Characteristics of the five avulsion points (AP).

Avulsion point Parent channel Avulsion channel Aionh type
Apl Cla Clb Type 1
Ap2 Clb Clc Type 2
Ap3 Clb C2a Type 1
Ap4 C2a C2b Type 3

Ap5 C2b C2c Type 2
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Fig. 1. (A) Location map of the study area; whiteslded lines represent water depth contours
(modified after Adeogba et al. 2005). The studyaatgellow box) is located in a middle
continental slope, with a water depth range of 1BD00 m. (B) Cross section of the Niger Delta

Basin showing three structural zones (extensidraigsitional, and compression zones) from north
to south (modified after Zhang et al

transitional zone,

Benin Fm. Agbada Fm.

., 2015). Thelg area lies in the most basinward part of the



Straight-line distanc

Fig. 2. Sketch diagram illustrating the geometrigatameters used to define (A) width, height,
cross-sectional area (modified from Wiles et aD1?) and (B) sinuosity. The width is the
horizontal distance between levee crests (or tetanie between two banks when there is no
noticeable levee); the height is the vertical diseabetween the lower levee crest (or the lower
bank of the erosional surface when there is no m@zed levee) and the deepest point of the
submarine channel. To concisely present the morglrica of submarine channels, the above
figure only shows the more complex scenario, eeeéd submarine channels. Note that when
measuring these parameters, the seismic profileldhze perpendicular to the flow direction.
Only one sinuosity value was calculated for ea@nakl, defined as the ratio of the along-channel
length to the straight-line distance between itsm@widts.
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Remnant blocks

@ @
Channel fills External levee deposits MTC matrixes Lobe deposits

Fig. 3. (A) Uninterpreted and (B) interpreted sriiew seismic section (for line location see Fig.

5) showing the stratigraphic architecture of thedgtarea and the seismic facies documented in
the interval of interest. Four surfaces (TO, T1TI030, and T200) were tracked in the shallow
subsurface of the study area; the study interMadisrded by T110 and T130.
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Channel fills External levee deposits MTC matrixes Lobe deposits Remnant blocks
Fig. 4. (A) Uninterpreted and (B) interpreted dipw seismic sections (for line location see FigsBywing the stratigraphic architecture of the gtacka and the
seismic facies documented in the interval of irgerEour seismic surfaces that are tracked inttileesoriented profile (Fig. 3) are also shown liistsection. Note
that in the distal part of the study area therevaglb-developed mud diapirs and they are deducdzktantecedent or contemporary to the depositiagheostudied
interval because all considered intervals tapetaward them.



o

Fig. 5. (A) Combined display of the root mean squamplitude map and the coherence attribute
map of the study area extracted from the interf/@terest (T110-T130). (B) Interpretation of the
study area, showing the extent of the MTC and thennel network of théAblama Channel
System’ (ACS). Note that the white patches encldsgdhe MTC matrixes are interpreted as
remnant blocks and the grey patch recognized ithaprmost part is a rafted block. The ACS
consists of six channel segments, Cla through €Rwmited by five avulsion points, AP1 to AP5.
The channels directly overlie the MTC and are awetdi by the remnant blocks or by the lateral
scarps of the MTC. In the down-dip portion of tiedéed area, C1b and C2a join at a confluence
point (CP) and the resulting channel continuesidatsf the study area. AP = avulsion point; CP =
confluence point.
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Fig. 6. A series of strike-view seismic profilesosling the down-slope changes of MTC and

submarine channels (see Fig. 5B for lines locatidhg upper and lower yellow solid lines denote

the basal surface of the lobe deposits and thahefMTC, respectively; note that these two

surfaces coincide on remnant blocks. Overlain by Idbposits, the submarine channels incised
into MTC matrixes and are confined by remnant blamkkateral scarps. Os = Older stratigraphy;

Rb = Remnant blocks.



Fig. 7. (A) Coherence map extracted from the sinthrval (scale of greys), overlain on the MTC
basal surface (coloured by depth). In the northestrand more proximal part, the MTC seems to
be confined by a U-shaped surface. However, a sligieince downstream it appears to spread out
in an unconfined domain. The main axes of the theeeant blocks (black arrows) can be traced
back to a point that might represent where confermvas reduced or lost. The red arrow refers



to the main axis of elongation of the MTC, whichds to be deflected toward the southwest due
to the presence of mud diapirs. White arrows intdiadirection of thrusting against the mud

diapirs. (B) Seismic profile across the proximahfimed area of the MTC. Only in this area, a

basal groove and the corresponding rifted block lmarrecognized. (C) Seismic profile in the

diversion area of MTC showing thrust-like featugaiast the bathymetric high imposed by mud

diapirs.



Fig. 8. Two-way traveltime (TWT) structural mapstbé channel bounding surfaces at AP1 (A)
and AP2 (B) and associated seismic sections. (A X&1, C1lb originated from the outside of a
sharp bend of Cla. (B) Near AP2, Clc originated fransharp bend of Clb and directly
developed on its right levee. Hence, we can getdimelusion that Cla, C1b, Clc and associated
AP1 and AP2 came into existence in chronologicdéor



Fig. 9. Two-way traveltime (TWT) structural mapstbé channel bounding surfaces at AP3 (A),
AP4 (B) and AP5 (C) and associated seismic secti@)sAt AP3, C2b had partially eroded the
right levee of C1b and its left levee directly dieeC1b channel head. (B) At AP4, the left levee
of C2b had also overlain C2a channel head. (C) R5,AC2c originated from the sharp bend of
C2b and developed on its left levee, similar to ¢bafiguration at AP2 (Fig. 8B). Therefore, it
could be deduced out that after the formation ad-Clc, C2a, C2b, C2c and associated AP3, AP4
and AP5 successively showed up.
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Fig. 10. Quantitative analyses of Cla, Clc, antlgdfaC1b, showing their down-channel changes
in widths (A), heights (B) and cross-sectional aré2). The x-axis refers to the distance along the
depositional dip direction (the North-South direndi of the ACS, with the origin representing the
proximal end of C1b (AP3 in Figure 5). The positafravulsion points AP1 and AP2 is shown by
vertical dashed lines. Compass circles for eacHsevu point include triangles that show the
direction and an indication of relative size of therent and of the avulsed channel around the
avulsion point. Note that Cla and C1b are comparnabs$ize around AP1, however, Clc is rather
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smaller than C1b near AP2, though it presents figginit size variations along the depositional dip
direction.
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Fig. 11. Quantitative analyses of the C2b, C2c pad of C2a, showing their down-channel
changes in widths (A), heights (B) and cross-seatianeas (C). The origin of the x-axis refers to
the northernmost limit of the study area (note tbidifferent in Fig. 10). Data from the headwall
part of C1lb are also shown (full data in Fig. 1i@),help compare the parent channel and the
avulsion channel around AP3. Note that C2b and @b comparable in scale around AP3,
however, the scales of C2a as well as C2c arerrathaller than that of C2b around AP4 and APS5.
For the meaning of the compass circles, see Fidure 1
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meaning of the compass circles, see Figure 10.
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Fig. 13. Three end-member types of submarine chawugsion. (A) Type 1. the parent channel
and the avulsion channel have similar degrees dliniba and size and an avulsion lobe is
commonly recognized at the base of the avulsiomméla (B) Type 2: large, high-maturity
parent channel and small, low maturity avulsionncted; around the avulsion point sediment
waves and linear scours (oriented perpendiculampanallel to the direction of the avulsed flows,
respectively) are commonly observed. (C) Type &daand mature avulsion channel; around the
avulsion point the head of the parent channel &rlain by the levee deposits of the avulsion
channel.
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Fig. 14. Temporal-spatial evolution model of the GA-E) Diagrams showing Cla, Clb, Clc,
C2a, C2b and C2c and associated AP1-AP5 came iritm [siccessively. The differences
between parent channel and avulsion channel andpéeific type of avulsion events are also
shown in each panel. (F) Relative position alongodéional dip and relative age of the five
channel avulsions documented in the present sthbte that the avulsion points first
back-stepped (i.e. moved toward the shelf) in Phasel then fore-stepped (i.e. moved toward the
basin) in Phase Il. Because available data do hotv econstraining the absolute age of the
avulsions, the plot shows time intervals betwearissons as equal, just for display.



A channel system consisting of six avulsion chamigehlnalysed offshore Nigeria.
MTC-related confinement controls the developmerdwfision channels.
Three ideal categories of submarine channel awndsaoe observed.

Topography related to mud diapirs provided lateaifinement to capture channel
flows.



