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Abstract

In this study, a seismic reflection dataset and well-log data were integrated to investigate the
geometry and internal configuration of a turbidite channel system within the Late Cretaceous
interval of the deep-water Kribi-Campo sub-basin, offshore Cameroon. This interval is
characterized by a well-developed submarine channel system consisting of an early and a late-
stage channel. Morphologically, the submarine channel system has a northeast-southwest trend
and is U-shaped in cross-section with a length of 56 km within the study area. The early-stage
channel has a relatively straight morphology and varies in width and depth from 3 to 5 km and
89 to 197 m, respectively. However, the late stage of the channel is characterized by a narrower
(1 to 3 km) and shallower (41 to 103 m) incision, with sinuous morphology carved into the
early channel infill. The changing interaction of differential tectonic subsidence, relative sea
level, source sediment supply and slope gradient change are considered to be the major control
on the geometry and internal characteristics of the submarine channel system. Sag subsidence
during the Campanian led to basin deepening and the widespread development of basinal
sediments as submarine fans and promotion of submarine channel system development. The
filling of the channel system occurred during a long-term Maastrichtian relative sea level rise,
punctuated by falls in relative sea level. Sand appears to have been fed to the channel system
by the palaeo-Sanaga and palaeo-Nyong Rivers, with sand rich aprons developed were these
rivers debouched into the study area. The early stage of the submarine channel is dominated by
coarse-grained sediments in the southwest and fine-grained sediments in the northeast, while
the late-stage channel is mainly filled with fine-grained sediments. The presence of coarse-
grained sediments occur within the submarine channel axis downstream represents a potential
for hydrocarbon reservoirs with enhanced petrophysical qualities due to a low depositional
gradient. The geomorphological analysis of this ancient submarine channel system along the
western African margin, as presented in this study, has broad implications in the understanding
of the distribution of deep-water sediments with potential for hydrocarbon exploration in the
region.

Keywords: 3D seismic, Seismic geomorphology, Turbidity Channel, Kribi-Campo sub-basin,
Offshore Cameroon.



80
81
82

83
84
85
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
111
112
113
114
115

116
117
118
119
120
121
122
123
124
125
126

1. Introduction

Deep-water turbidite channel systems are important submarine features formed by the
erosion, diversion, and deposition of turbidity currents and other sediment loads and flows
(Shepard, 1981; Peakall and Sumner, 2015; Chiang et al., 2020; Tek et al., 2021). Submarine
channels are a vital component of ancient and modern deep-water settings and play an essential
role in transporting sediments into the deep-sea (Stow and Mayall, 2000; Normark and Carlson,
2003; Posamentier and Kolla, 2003; Mayall et al., 2006; Posamentier and Walker, 2006;
Shanmugam, 2006; Gamboa et al., 2012; Chima et al., 2019). Deep-water sediments within
these channels record paleoclimatic and oceanographic information and are crucial in
understanding the geological evolution of sedimentary basins (Marsset et al., 2009; Jobe et al.,
2015; Picot et al., 2016; Hansen et al., 2017; Niyazi et al., 2018; Chima et al., 2020). Deep-
water sediments transported by submarine channels are a potential host for significant
hydrocarbon accumulations (Mayall et al., 2006; Wynn et al., 2007; Weimer et al., 2007; Di
Celma et al., 2010; Jobe et al., 2015).

Previous studies have focused on the origin, depositional processes and factors
controlling the emplacement, composition, and morphological evolution of submarine channels
(Kane et al., 2008; Babonneau et al., 2010; Covault et al., 2014; Li and Gong, 2016; Sylvester
and Covault, 2016; Li et al., 2020). Also, the increased availability of marine geophysical data
has significantly improved the understanding of the architecture, morphometry and processes
leading to submarine channel development (Abreu et al., 2003; Deptuck et al., 2003, 2007 and
2012; Kolla et al., 2007; Sylvester et al., 2011; Mitchell et al., 2021). High-resolution 3D
seismic reflection data have allowed the geomorphologic character of these deep-water systems
to be unraveled, and their implications for the hydrocarbon exploration (Deptuck et al., 2007;
McHargue et al., 2011; Jobe et al., 2011; Qin et al., 2016; Covault et al., 2019; Mitchell et al.,
2021).

Submarine channels in the deep-water basins offshore West Africa (e.g., Niger Delta,
Congo, and Gabon) are well studied using high-quality seismic reflection and borehole datasets
provided by hydrocarbon exploration companies operating in these regions (Abreu et al., 2003;
Lin et al., 2014; Jolly et al., 2015; Huang, 2018; Chima et. al., 2019 and 2020; Chen et al.,
2021). Hydrocarbon reservoirs (e.g., Okume, Oveng, Ebano and Ceiba oil fields) in similar
settings have been found in the Santonian-Maastrichtian turbidite sediments in the offshore of
Equatorial Guinea (Dailly, 2002; Sterling, 2010). Also, along the Cameroonian margin, various
Miocene channels, and fan system across the Douala/Kribi-Campo Basin are hydrocarbon-rich
(SPT, 1995; Loule et al., 2018).

The Douala/Kribi-Campo Basin is one of a series of continental shelf basins extending
in West Africa from the edge of the Niger delta in Cameroon to the Walvis ridge near the
Angola—Namibia border. The Kribi/Campo sub-basin, which is a component of the northern
Douala/Kribi-Campo Basin, hosts the South Sanaga and Kribi oil fields in deep-water turbidite
sediments (Pauken et al., 1991; Pauken, 1992; Nguene et al., 1992; Ackerman et al., 1993;
Tamfu et al., 1995; Brownfield and Charpentier, 2006; Ndonwie, 2007). However, in contrast
to the well-studied submarine channels and their implications for hydrocarbon exploration in
the West African basins (e.g., Niger Delta, Congo, and Gabon), those in the Kribi/Campo sub-
basin are poorly understood in terms of their architectural elements, morphological variations
and factors controlling the distribution of sands (see Iboum et al. 2016; Loule et al., 2018;
Yugye et al., 2021).
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Therefore, this study is aimed at investigating and analyzing the geometry and internal
configuration of a newly mapped well-developed Late Cretaceous submarine channel system
in the Kribi-Campo sub-basin. This was achieved through analysis of a 3D seismic reflection
data and borehole data. The findings from this study extend the understanding of the
architectural and morphological evolution of deep-water channel systems in the Kribi-Campo
sub-basin and elsewhere with similar settings and its implication deep-water hydrocarbon
prospectivity.

2. Geological Setting

The study area is located along the continental slope of the Kribi-Campo sub-basin
approximately 40 km off the coast of Cameroon (Fig. 1). It is situated in water depths ranging
from 600 to 2000 m (Fig. 1). The Douala/Kribi-Campo Basin is divided into two sub-basins,
namely the Douala sub-basin in the northern part and the Kribi-Campo sub-basin in the south
(Fig. 1). The southern sub-basin, which was investigated in this study, covers an area of 6150
km?. The Kribi-Campo sub-basin covers an area of 45 km? onshore and stretches NNE-SSW
on continental margin, between 2°10' and 3°20'N, and 9° and 10°30'E (Fig. 1).

The evolution of the Kribi-Campo sub-basin is closely related to the opening of the South
Atlantic Ocean following the rifting of South America and Africa (Rabinowitz and Labrecque,
1979; Beglinger et al., 2012). The evolution of the Douala/Kribi-Campo Basin can be divided
into four stages (Fig. 2): a pre-rift stage (Proterozoic to late Jurassic), syn-rift stage (late Jurassic
to early Cretaceous), transitional stage (middle to late Aptian) and a post-rift stage (Albian to
recent) (Pauken, 1992; Lawrence et al., 2002; Brownfield and Charpentier, 2006; Ntamak-Nida
et al., 2010; Sterling, 2010; CGG Robertson, 2015; Brownfield, 2016; Lawrence et al., 2016;
Mienlam et al., 2021). The pre-rift stage consists of Precambrian arkosic sandstones and
conglomerates (Nguene et al., 1992). Brownfield (2016) show that this section occurs in the
deeper offshore parts of the Douala/Kribi-Campo Basin. On the onshore part, there is no
evidence of pre-Cretaceous sediments either in wells or at outcrops. The syn-rift stage is a thick
sequence, consisting of massive fluvial and alluvial sandstones and conglomerates of early
Cretaceous age, with laterally continuous units that could potentially be a reservoir target
(Ntamak-Nida et al., 2008). These pass upward into dark laminated lacustrine shales that may
have source rock potential. The transitional stage represents the onset of seafloor spreading
(Brownfield, 2016; Mienlam et al., 2021). During this stage, the deposition of evaporite units
occurred (Fig. 2). These deposits were penetrated in Kribi-Campo offshore sub-basin
throughout the Kribi Marine-1 (Nguene et al., 1992; Pauken, 1992; Lawrence et al., 2002;
Meyers et al., 1996). Moreover, other salt units have been recognized on the continental-shelf
in the study area using seismic data (Loule et al., 2018; Mienlam et al., 2021). During the post-
rift stage, a major regional drift unconformity developed across the Douala Basin in the early
Senonian, marking the complete cessation of lithospheric extension and the onset of the
continental divergence with the development of the passive margin (Meyer et al., 1996;
Rosendahl, 1999; Sterling, 2010; Mvondo, 2010; Le, 2012). The drift unconformity is
characterized by the discordant erosion of early Cretaceous sequences along the uplifted eastern
margin of the Kribi-Campo sub-basin. The footwall of the southern Kribi Fracture Zone (KFZ)
was subjected to up to 1 km of uplifting (Sterling, 2010). The break-up unconformity lies
between 92 and 86 Ma, and it is estimated that a minimum of 660 m thick sediments were eroded
(Turner, 1999; Fusion, 2002) (Fig. 2). This Santonian tectonic event with its associated uplift
led to the deposition of thick late Cretaceous clastics characterized by slope and basin floor fans
containing multiple channel complexes (Sterling, 2010; Le, 2012 and 2021). A series of eustatic
lowstands during the Campanian-Maastrichtian and the Santonian uplift facilitated the episodic
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transport of major clastic sequences across the relatively narrow shelf into the deeper basin to
the west (i.e., in the study area) (Fig. 2). Sterling (2010) estimated that an excess of 1500-2000
m of Senonian deep-water clastic sediments were deposited in the study area during this phase
of post-rift sedimentation.

Post-rift thermal subsidence of the Kribi-Campo sub-basin began to wane during the
Tertiary with the accommodation of up to 2400-2700 m thick wedge of deep-water clastic
sediments in the study area. The basin continued to subside throughout the Tertiary. Subsidence
was interrupted by an Oligocene tectonic event, which led to the uplift of the post-rift sediments
and the development of a regionally extensive unconformity throughout equatorial West Africa
(Turner, 1999). This Oligocene unconformity was underpinned by igneous intrusions during
lithospheric thinning and volcanism that was associated with the formation of Cameroon
volcanic arc in the Neogene (Seranne et al., 1992).

The post-rift sequence in the study area is characterized by sand-rich turbidity channel
belts and basin floor to toe-of-slope fans (Wornardt, 1999; Sterling, 2010; Le, 2012; Iboum et
al., 2016; Loule et al., 2018; Yugye et al., 2021) (Fig. 2). In the more proximal settings (i.e.,
east of Kribi-Campo High), there are multiple submarine incisions of several kilometres wide
and some amalgamated cut-and-fill submarine channel complexes downslope and parallel to
present-day shelf-break for most of the Paleocene section (Wornardt, 1999; Le, 2012; Iboum et
al., 2016). The late Eocene-early Oligocene tectonic event facilitated a relative sea-level fall,
responsible for the widespread erosion and non-deposition in the deep-water of Douala Basin
(Wornardt, 1999; Helm, 2009; Mvondo, 2010; Iboum et al., 2016; Ngo et al., 2018; Le, 2021)
(Fig. 2). Following this period of non-deposition, a thick Miocene-Pliocene clastic wedge
originating from a combination of multiple continental paleo-river drainage systems (e.qg.,
Proto-Sanaga, proto-Nyong and proto-Ntem River systems), prograded across the narrow shelf
area (Sterling, 2010; Le, 2012). Sediments prograded down the steeply dipping fault margin
into the offshore Kribi-Campo sub-basin and deposited a thick sequence of sand-rich turbiditic
channels (Sterling, 2010; Le, 2012).

3. Dataset and Methods
3.1. Dataset

The dataset analyzed in this study consists of a high-resolution 3D seismic reflection
survey and borehole data from the Kribi-Campo Sub-basin offshore Cameroon (Fig.1).

3.1.1. Seismic data

The 3D seismic survey is a pre-stack time-migrated (PSTM) dataset that covers an area
of about 1500 km? in water depths ranging between 600 m and 2000 m (Fig.1). It was acquired
using 10 streamers, with a 12.5 m group interval. The separation between the streamers was
100 m and spatial resolution was 25 x 25 m. It includes 1581 in-lines and 2051 crosslines with
lines spacing of 25 m and a seismic recording sampling interval of 2 milliseconds two-way
travel time (TWT). The seismic survey was processed as a zero-phase at the seabed and
displayed using the Society of Exploration Geophysicists (SEG) normal polarity (Brown,
2004). Hence, a positive event represents a downward increase in acoustic impedance (red,
yellow, or orange reflection on seismic sections), and a negative event represents a downward
decrease in acoustic impedance (blue reflection on seismic sections). The seismic dataset
reaches 6.6 s TWT. A dominant frequency of 17 Hz was estimated for the Upper Cretaceous
and 45 Hz in the Cenozoic resulting in a vertical resolution (A/4) of ~28 m and ~10 m,
respectively (Le, 2012 and 2021).
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3.1.2. Well data

The study integrates well log data (gamma rays, resistivity, density, neutron, and sonic
logging) from two offshore wells, W1 and W2. W1 reached a total depth of 4747 m and W2 a
total depth of 4090 m below the seafloor corresponding to a stratigraphic interval ranging
between Albian to Recent. The wells cover the interval of interest and biostratigraphic data
were not available. Formations tops of the two wells and the checkshots data for the well W1
were used to correlate the seismic and borehole data. Well data from the W1 wellbore were
used to constrain the lithology and ages of the different horizons and deposits interpreted, as
well as average velocity for the W1 (2400 m/s).

3.2. Methods
3.2.1. Seismic stratigraphy

The approach used here consists of the seismic interpretation of ten horizons (KC-1 to
KC-9, and the seafloor) (Fig. 2). These seismic horizons were tied to the well W1 using the
checkshot data and the interval of interest was divided into two main seismic units based on the
recognition of reflection termination patterns such as onlap, erosional truncations, seismic
facies/configuration, and vertical stacking patterns (Mitchum et al., 1977). In the present study,
submarine channel systems and submarine fans were identified based on seismic criteria and
3D geomorphology (e.g., Posamentier and Kolla, 2003; Loule et al., 2018).

3.2.2. 3D Seismic geomorphology

Identification and mapping of the submarine channels were achieved using a 3D seismic
geomorphological approach (Zeng et al., 1998; Zeng, 2001; Posamentier, 2003; Brown, 2004;
Kolla et al., 2007; Niyazi et al., 2018; Chima et al., 2020). Seismic attributes such as RMS
(Root Mean Square) amplitude and variance, were extracted along the horizons to illuminate
and visualize the channels as well as to characterize geological anomalies that are isolated from
background features by means of an amplitude response (Taner, 2001). The RMS amplitude
maps are mathematically computed by squaring individual traces over a defined time window
(Brown, 2004; Omosanya and Alves, 2013). They boost high amplitudes in an interpreted
interval, allowing the amplitude reflections related to sands or other high-density materials
within channels to be discriminated from their associated low amplitude chaotic facies (Brown,
2004; Omosanya and Alves, 2013; Chima et al., 2019). Variance is the direct measurement of
the dissimilarity of seismic traces. Variance maps convert a volume of continuity into a volume
of discontinuity, highlighting structural and stratigraphic boundaries (Brown, 2004). Features
identified in the variance time slices were also used as additional verification for the seismic
sections. For example, the channels on seismic sections are erosional features characterized by
onlapping on their margins and by contrasting amplitudes between their fill and adjacent
overbank deposits (Gamboa et al., 2012; Harishidayat et al., 2018; Omosanya et al., 2019). In
this study, we generated a series of RMS and variance time slices to analyze the evolution of
the submarine channel system during different periods.

3.2.3. Quantitative analysis of sub-marine channel

In addition to classical seismic stratigraphic methods, the quantitative analysis of the
seismic geomorphology of submarine channels was performed following the methodologies
proposed by Deptuck et al. (2007), Gamboa and Alves (2015), Qin et al. (2016), Hansen et al.
(2017), Harishidayat et al. (2018) and Zhao et al. (2018). Morphometric parameters such as
width (defined as the distance between the banks of the channel system), depth (defined as the

6



267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

282
283

284
285
286
287
288
289
290

291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307

308
309
310
311
312
313

depth of the channel from their overspill points to their bases), and depth of the channel thalweg
(defined as a middle point of the channel walls and the lowest point of the erosional surface),
were measured in cross-sectional seismic profiles (Fig.3). These seismic profiles are
perpendicular to their axial lines and located at an interval of 1km (average), down-dip. The
zero point was defined as the northernmost limit of the channel. The thalweg depth (in TWT)
was converted to depth (in m) using the interval velocity of 2400 m/s (calculated from the
checkshot data of well W1) for the Late Cretaceous sediments. Furthermore, the channel
gradient was calculated based on changes in thalweg depth along the length of the channel. For
this purpose, the thalweg depth was measured on each profile along the channel. Subsequently,
the paleo-topography on which the channel developed was divided into windows with different
average gradient segments depending on the magnitude of the thalweg depth variations on the
profiles. Vertical and horizontal distances (the vertical distance must be converted into depth
profiles) between the starting and ending points of these windows were measured. The final
gradients according to the arc tangent function were measured (Deptuck et al., 2007; Gamboa
and Alves, 2015; Qin et al., 2016; Harishidayat et al., 2018; Zhao et al., 2018).

4. Results and interpretation
4.1. Seismic stratigraphy of the study area

The interpreted ten horizons (KC-1 to KC-9 and the seafloor) are used to describe the
seismic stratigraphic framework of the study area (Fig. 4). KC-1 to KC-9 horizons correspond
to the Top Albian, Santonian, Campanian, Maastrichtian, Paleocene, Eocene, lower Miocene,
middle Miocene, late Miocene, respectively (Le, 2012; Iboum, 2016). The interval of interest
in the study area is bounded by the KC-3 and KC-4 horizons at the base and top, respectively.
This interval is characterized by distinctive seismic facies of the Campanian-Maastrichtian
Logbaba Formation (Fig. 4).

The KC-3 is located at approximately 4900 ms TWT and is characterized by a high-
amplitude peak reflection with good continuity (Fig.4). This horizon is characterized the Kribi
High area and defines the base of an agraddational pattern and laterally migrating which
correspond to a possible turbidite fan system which extends from the east to the southern half
of the study area (Fig. 5). Based on its seismic character and according to Iboum et al., 2016;
the surface KC-3 corresponds to an unconformity in the study area which progressively shows
greater truncation of underlying sequences toward the upper slope (Fig. 4). The isochore map
shows values ranging from -3700 ms upstream to -5100 ms downstream (Fig. 6a). These two
extreme values correspond respectively to a high and low topographic area on either side of the
study area. It is separated by a steep slope on the side of the continent that becomes increasingly
soft towards the seabed. The horizon KC-4 is located at approximately 4600 ms TWT and is a
peak reflection with high amplitude. The horizon is characterized by downlaps onto an erosional
surface and marks the change from a low frequency sequence below to a higher frequency
sequence above (Fig. 5). The isochore map shows values ranging from -3200 ms to -4800 ms,
respectively at two downstream and upstream ends of the sub-basin (Fig. 6b). The contours
lines of isochore map have a preferred NE-SW direction and have a folded shape in the central
part (Fig. 6b).

The surface KC-4 is incised by a NE-SW trending channel and covers the Kribi High in
the east (Figs. 4a and 4b). On the basin floor at the more distal end of the depositional system
(i.e., around P1), the surface marks the base of the relatively low-amplitude Tertiary package
(Fig. 4a). This contrasts with the underlying Cretaceous sequences which in cross-section are
more channelized and display higher amplitudes (Fig. 5). The thickest area reaches 1560 m (Vp
= 2400 m/s) in the east, and the average thickness of the unit is 1080 m (Fig. 6c).
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The interval of interest in this study (Campanian-Maastrichtian succession) has been
divided into two seismic sub-units: seismic unit 1 (SU1) and seismic unit (SU2) based on the
differences in the internal seismic reflection configurations (Fig. 5). SU1 consists of sub parallel
and aggradational reflections (Fig. 5). SU 1 is generally characterized by low amplitudes
reflectors with limited occurrence of high amplitude reflectors, with maximum thickness in the
east (Fig. 5). The high amplitude seismic facies display an aggradational pattern with parallel
and continuous reflectors displaying fan-shaped geometry (Table 1, Fig.5). SU2 forms the
uppermost unit in the Late Cretaceous, and consists of low to high amplitude, sub-parallel and
continuous reflectors. A large incision occurs within this unit, which is interpreted as a
submarine channel, characterized by high-amplitude reflections at its base (Table 1, Fig. 5).

4.2. Late Cretaceous submarine channel
4.2.1. Channel infill: distribution of seismic facies and interpretation

Five seismic facies (SF1 to SF5) were identified in the study interval and can be
interpreted to represent five specific depositional settings (Table 1).

SF1 consists of high amplitude, chaotic reflections confined within a V- or U-shaped
erosional surface in cross section (Figs. 7b and 7c¢). In plan view, SF1 is expressed as a more
linear morphology compared to SF2 (Fig. 9). It occurs at the basal lags of the early-stage
channel. This facies is interpreted as coarse-grained sediments deposited in the submarine
channel axis (Mayall et al., 2006; Gee et al., 2007) (Fig. 9).

SF2 consists of low-amplitude, parallel reflections with a U- or V-shaped external
geometry (41-103 m depth, 1-3 km wide) in cross section (Figs. 7) and is expressed as a narrow
and has a sinuous morphology in plan view (Fig. 9). This facies is comparable to “mud-filled
bypass channels” of Wynn et al. (2007), or “last-stage channel-fills” of Janocko et al. (2013).
This facies is interpreted as clay-prone channel fills that may record earlier channel bypassing
(of coarse-grained sediments) and later abandonment (deposition of fine-grained sediments).

SF3 is composed of low-amplitude, continuous seismic reflections and occurs in the unit
containing the submarine channel (Figs. 7b and 7c; Table 1). It occurs the entire seismic volume
on the map view outside the submarine channel system. in the map view (Fig. 9). SF3 can be
interpreted as pelagic sediments (Fig. 9); the facies is similar to pelagic deposits, as observed
in other studies (e.g., Su et al., 2015; Gong et al., 2016).

SF4 is comprised of high-to low-amplitude, convergent reflections that show a broadly
wedge-shaped geometry in cross section (Figs. 7b and 7c). This facies is widely recognized
elsewhere and interpreted to represent levees deposits (Table 1) formed of fine-grained
sediments from the overbanking of turbidity currents (e.g., Posamentier and Kolla, 2003;
Deptuck et al., 2003; Catterall et al., 2010; Janocko et al., 2013).

SF5 is characterized by high-amplitude reflection displaying an aggradational pattern in
cross-section and it is located below the submarine channel system in sub-unit SU1 (Fig. 5;
Table 1). In map view, it occurs the SE part in the study area (Figs. 9c and 9d). This facies
correspond to the sand body which can be interpreted to fan deposits, and it is like those
observed and described by Twichell et al. 2009.

4.2.2. Internal architecture and geometry of the submarine channel

The submarine channel observed in unit SU2 is U-shaped in cross-section (Fig. 7). It has
two vertically stacked channels that developed at different stages. The late-stage channel lies
completely within the early-stage channel, and both exhibit distinct seismic reflection
characteristics (Figs. 7b and 7c). The late stage of the channel is characterized by seismic facies
SF1 and SF2. Seismic facies SF1 is mainly located along the thalweg of the early stage of the
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channel. It occurs at the base of submarine channel analyzed in this study (Figs. 7b and 7c).
Seismic reflection characteristics of this facies is like those of the channel axial deposits
described by Deptuck et al. (2003), Mayall et al. (2006) and Catterall et al. (2010). SF2 is
usually confined at the flanks of the channel (Figs. 7b and 7c). Specifically, this facies is located
on the side of the late-stage channel fill (Figs. 7b and 7c). According to the seismic reflection
characteristics described by Mayall et al. (2006) and Gee et al. (2007) (Figs. 7b and 7c; Table
1). The late stage of the channel is dominated by the SF2 facies. In addition, SF1 and SF2 are
inside the channel system and the seismic facies SF3 and SF4 are located outside of the system
(Figs. 7b and 7¢). SF3, mainly occurs in the unit containing the submarine channel. SF4 is seen
outside of the early channel belt and occurs only locally (Fig. 7; Table 1). These reflections
typically dip away from the channel axis and decrease in amplitude away from the channel axis
(Fig. 7b).

To analyze the evolutionary history and infilling of the submarine channel system, unit
SU2 was divided into four intervals below the top of the channel that corresponds to the KC 04
horizon (Figs. 7a and 8). The well-log in the vicinity of the submarine channel system indicates
that the thickness between the top and base of the channel is approximately 130 m (Fig. 8a).
The gamma-ray motif shows a medium serrated peak and, in some places, a low gamma-ray
peak. The well-log petrofacies of this submarine channel consists of the clay interbedded with
layers of sands (Fig. 8a). The early-stage channel is visible on all the maps and is characterized
by relatively linear morphology (Fig. 9). The channel is 56 km long and 3-5 km wide (Fig. 9),
with an incision depth of 89-197 m (Fig. 10). In contrast, at the late stage, the channel could
only be imaged in the upper two slices (Figs. 9a and 9b). The RMS and variance values also
characterize the channel fills in the horizon slices. The high RMS amplitudes and low variance
occur within the sub-marine channel axis. The channels also locally incise areas of high RMS
amplitudes and low variances, characterized by lobate geometry outside the channel axis (Fig.
9). The low RMS values and high variances are observed in the northeast part of the channel
while the high RMS values and low variances are observed in the southwest part of the channel
(Fig. 9d). This high amplitude RMS channel fill observed in the horizon slice corresponds in
cross section to seismic facies SF1 and the low amplitude RMS fill corresponds to seismic
facies SF2. The late-stage channel is narrower and has a sinuous morphology and is located
within the early- stage channel, which is wider and has a straight shape (Fig. 9). The dimension
of the late- stage channel is 1-3 km wide, the length is about 56 km (Fig. 9), and the depth vary
from 41 to 103 m (Fig. 10).

4.2.3 Morphometric analysis of the submarine channel

There is a significant morphological variation along the submarine channel system
(Figs. 9 and 10). In the northeastern portion, near the sediment source area, the channel
morphology varies considerably when compared to the southwestern portion which is
characterized by significantly greater width and smaller depth (Fig. 10).

The depth profile of the early channel thalweg shows an exponential trend and is divided
into three intervals (1, 2, and 3) that correspond to three segments (X, y, and z) based on the
channel gradient variations (Fig. 11a; Table 2). The gradient of the early-stage channel is 2.64°
in the first segment (Fig. 11a). Between 12 km and 33 km, in segment y, the channel gradient
decreases to 2.02°. In the rest of the channel, segment z, the channel slope decreases between
33 and 44 km, and reaches its lowest value of 0.40° (Fig. 11a).

The channel width also displays three intervals. It varies between 3224 m and 4677 m
for the early-stage channel to 1094 m and 2865 m for the late-stage channel in the first 12 km
of interval 1(Fig. 11b; Table 2). In interval 2, channel width increases to a maximum value of
5573 m at 17 km for the early channel to 3802 m at 18 km for the late-stage channel. This
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increasing trend is followed by a decrease in the width of the late channel to its lowest value of
2993 m at 27 km. In the interval 2, between 27 and 32 km show an increase in channel width
with slight variation. In interval 3, between 33 and 44 km, the width of the early-stage channel
varies from 3830 m to 4260 m. The width of this late-stage channel has a decreasing trend and
varies between 3300 m to 1115 m (Fig. 11b).

The depth profile of the early-stage channel thalweg also shows remarkable variation
along the channel path (Fig. 11a), correlating with the variation in the depths of the early
channel (Fig. 11c). A plot of channel thalweg versus along channel distance also revealed three
intervals (Figs. 11aand 11c; Table 2). The first interval (0 - 12 km) begins with the lowest value
of channel depth to the northeast of the seismic survey (Fig. 11c), followed by an increase to
170 m at 9 km in the early channel (Figs. 11c). The depth of the early-stage channel in this
interval ranges from 89 m to 171 m. In interval 2, between 12 and 33 km, the channel depth
begins with an increase from 109 m at 12 km to 179 m at 15 km (Fig. 11c). Then, the channel
depth decreases to its minimum value of 87 m at 24 km, before fluctuating by increasing
between 153 m and 183 m for the rest of the interval (Fig. 11c). The third interval (33 to 44
km) has the highest value of early channel depth, 197 m at 35 km (Fig. 11c). In this interval,
the depth of the early-stage channel begins with an increase followed by a decreasing trend after
reaching its maximum depth. The depth fluctuates between 112 m and 197 m.

The width/depth ratio of the early-stage channel varies from 18 to 54 (Fig. 11d; Table
2) in the three intervals along the channel. The first interval begins with a decrease in the ratio
and fluctuates along the rest of the interval between 27 to 42 for the early-stage channel. The
ratio fluctuates within interval 2 (13 and 33 km), reaching its maximum value from 51 to 24
km before decreasing to its minimum value from 17 to 25 km in the early-stage channel.
Between 33 and 44 km, the width/depth ratio in interval 3 shows an increasing trend to the
northeast of the study area, where it reaches 43 (Fig. 11d).

With respect to the late-stage channel, the channel depth in the first interval varies from
41 m to 79 m. In the second interval, the depth of the late-stage channel starts with a decrease,
followed by an increasing trend from 47 m to 97 m at 23 km. The rest of the channel varies
between 68 m and 98 m in depth. The depth in the third interval reaches a highest value of 103
m at 35 km (Fig. 11c). The depth profile of the late-stage channel starts with a decrease. The
general trend of channel depths is downward in this interval and ranges from 103 m to 59 m.
The latter value corresponds to the northeastern edge of the submarine channel in the seismic
volume (Figs. 10 and 11c).

The width/depth ratio of the late-stage channel varies from 17 to 51 (Fig. 11d; Table 2)
in the three intervals along the channel. The first interval begins with a decrease in the ratio,
followed by fluctuations along the remaining of the interval between 21 and 42 for the late-
stage channel. In interval 2 (13 and 33 km), the late-stage channel reaches a maximum value of
54 at 18 km and a minimum value of 25 at 33 km. Between 33 and 44 km, the ratio shows a
decreasing trend towards the northeastern edge, where it reaches a minimum value of 18 (Fig.
11d).

5. Discussion
5.1. Controls on the evolution of the Cretaceous submarine channel system

Submarine channels respond to sea-level change, sediment flux, tectonics, and climate,
and have a significant impact on the sedimentary architecture of continental margins (Reading
and Richards, 1994; Wu et al., 2018). Several factors can be suggested as the principal controls
on the development of the Late Cretaceous submarine channel system in the study area. This
encompasses tectonics, relative sea-level fluctuations, fluvial sediment supply, and slope
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gradient. Here, these factors are examined first in terms of whether and how they might have
influenced the evolution of the submarine channel system.

5.1.1. Influence of tectonic movement

Most basins in the South Atlantic and West and Central Africa continued to evolve after
the Lower Cretaceous rifting, often as a result of thermal subsidence (SPT, 1995). There was a
major phase of regional deformation in the Santonian/early Campanian, probably related to the
change in velocity and direction of African plate motion, coinciding with the progradation of
oceanic spreading north of the Bay of Biscay (Binks and Fairhead, 1992). The continental shelf
was exposed to large-scale erosion and there was sufficient sediment supply. A large amount
of sediment was transported to the basin in deep-water, providing the material conditions for
the development of gravity flow and forming the deep-water fan at the Campanian. Between
the latest Cretaceous/earliest Tertiary, the West African margin may be uplifted, re-exposed
and major erosion occurs with the development of an angular unconformity (KC-4). In response
to the sudden increase in sediment supply and rapid progradation, the deep-sea area tends to
form a large-scale, multistage overlying channel-levee system (Iboum et al., 2016).

5.1.2. Relative sea-level fluctuations

The Maastrichtian is synonymous with sea-level rise and the widening of the Atlantic
Ocean, driven by continental drift (Le, 2012 and Sterling, 2010). As a result, deposition in the
study area changed from the basin-bottom fans during the Campanian (KC-3) to the more
incised submarine channel systems during the Maastrichtian (KC-4) (Fig. 5). The KC-4 surface
associated with channel system corresponds to the Cretaceous-Tertiary erosional surface or
BLCU (Base Late Cretaceous Unconformity) reported by Lawrence et al. (2002) throughout
the margin. According to the global eustatic curve of Haq et al. (1987), the channel system in
the study area developed during a long-term rise in relative sea level during the Maastrichtian
although punctuated by occasional declines in relative sea level.

5.1.3. Fluvial sediment supply

It is known that following the Santonian tectonic event, a large amount of terrigenous
sediment was transported to deep-water basins, forming a widely developed deep-water gravity
channel system in the Maastrichtian (SPT, 1995). During this time, sediment supply from the
Sanaga River also played a significant role in controlling the development of the two-stage
submarine channel systems. Coarse clastic sediments are therefore predicted to have been
extensively deposited in the study area, particularly in the vicinity of the Sanaga River (SPT,
1995). The infilling of the submarine channel system in this study reflects a deltaic (Sanaga and
Nyong) origin of the sediments deposited on the continental shelf margin in the northeast of the
study area. The NE-SW trending channels mapped in this study indicate that sediments
originate primarily to the northeast (Figs. 9 and 12). This corroborates the interpretation made
by Meyers et al. (1996), Iboum et al. (2016), and Yugye et al. (2021).

5.1.4. Paleotopographic gradient

Paleotopographic gradient features appear to have played a key role in controlling the
internal architecture and fills of the submarine channel in the Late Cretaceous. The highest
amplitudes observed in the map view characterize areas of lower channel gradient, while the
lowest amplitude channel amplitude areas are in the upslope to the mid-slope of the channel
and characterize the high gradient (Fig. 9). Thus, the amplitude change may reflect a change in
lithology from fine to coarse-grained deposits (Sullivan et al., 2000; Morend et al., 2002). In
the case of the slope segments x, the low amplitude lithofacies corresponds to fine-grained
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deposits. On the other hand, when the slope is low (segment z), high amplitude lithofacies
indicate deposits of coarse-grained deposits (Figs. 9 and 12). This type of sedimentary
submarine channel fill is similar to the indented sedimentary channel fill suggested by Li et al.
(2020).

5.2. Implications for hydrocarbon exploration in deep-water Kribi-Campo sub-basin

Turbidite channel systems are one of the most common types of hydrocarbon reservoirs
found along the West Africa margin and elsewhere (Weimer et al., 2000). Therefore, the
discovery of these late Cretaceous submarine channels system, have implications for
hydrocarbon prospectivity in the deep-water Kribi-Campo sub-basin.

The early-stage channel consists of coarse grain sediments alternating with fine grain
sediments rather than being isolated on a basal erosional surface, suggesting multiple barriers
and possible thief zones at the base of the channel (Figs. 8 and 9; Mayall et al., 2006). In
addition, the late-stage channel is predominantly fine-grained. However, the presence of coarse-
grained sediments in the early-stage channel originating from erosive energetic flows may
result into good reservoirs in the study area (Loule et al., 2018; Sterling, 2010; Jobe et al., 2011).

Sediment transport models indicate that grain size distribution, as well as slope gradients,
are key variables dictating the presence of good reservoir development (McCaffrey and Kneller,
2001; Stevenson et al., 2015). The coarse-grained sediments of the early-stage channel in this
study were deposited along the low slope gradients (segment z) and the fine-grained sediments
were deposited in the high slope gradients (segment x) (Figs. 9d and 12). As a result, the channel
system with gentle gradients and coarse-grained sediments offers the highest potential for
hydrocarbon discoveries (McCaffrey and Kneller, 2001; Stevenson et al., 2015).

Another potential application of this study lies in the well-log motif of the submarine
channel system where various stages of channel evolution have distinct logs responses (Fig. 8).
The basal coarse-grained lags of the early-stage channel in well W1 show a large kick in GR
and display a serrate GR log motif with some blocky/bell-shaped intervals (Well W1 in Fig. 8).
The late-stage channel fills are mainly characterized by a serrate GR motif with some low-
amplitude bell-shaped GR intervals (Fig. 8a). The log responses observed in this study is similar
to those reported from other slope channel systems (e.g., Fig. 11 of Mayall et al., 2006; Fig. 10
of Li et al.2021). This suggests that evolutionary stages and associated 2D or 3D reservoir
elements of submarine channel systems may be recognized from 1D vertical log patterns or
sections.

6. Conclusions

Integrated analysis of a high-resolution, 3D seismic reflection dataset and borehole data
from the deep-water Kribi-Campo Sub-basin, offshore Cameroon has revealed a submarine
channel system that developed during the Late Cretaceous. The channel system is U-shaped,
56 km long with a maximum width and height of 5 km and 197 m respectively within the study
area. The submarine channel system consists of two parts: (1) the early-stage channel with a
linear morphology and: (2) the late-stage channel located within the early channel which is
narrower with a sinuous morphology. The geometry and internal characteristics are primarily
controlled by tectonics, relative sea-level change, sediment supply and slope topography. The
filling of the channel system occurred during a long-term Maastrichtian relative sea-level rise,
punctuated by falls in relative sea level. The filling of the channel may reflect a delta-fed origin
for the sediment deposited on the continental shelf margin. The lithology of the sediments
throughout the system is dominated by fine-grained sediments although there are lesser
indications of coarse-grained areas and has a northeast origin that constitutes the sediment
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supply. Decreasing slope gradient favours coarser-grained deposits primarily along the axis of
the channel system, while a strong slope gradient leads to the deposition of fine-grained
sediments. This insight into deep-water channel morphology is important for facies prediction
and efficient development of deep-water channel reservoirs especially as hydrocarbon
exploration transits into deeper waters.
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Figure captions

Figure 1: Superimposed relief and bathymetric map of Cameroon, showing the location of the
study area. Insert map on the left-hand corner of the map shows the location of Cameroon in
the Gulf of Guinea. The 3D block, which we studied is outlined in red box, while the red cirles
with black outlines labelled P1 and P2, represent well locations (Modified from Le et al., 2014;
Loule et al., 2018; Le, 2021).

Figure 2: Stratigraphic column of the Kribi-Campo sub-basin showing the tectono-sedimentary
phases and global mean sea level (Modified from Pauken, 1992; Lawrence et al., 2002; CGG
Robertson, 2015; Iboum Kissaaka et al., 2016).

Figure 3: a) A seismic cross section showing the definition of width and depth as used in this
paper. The distances between two intersection points on the top surface and the left/right
boundary are defined as the width, the vertical distance between the thalweg and the top surface
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as the depth. b) Schematic diagram showing the definition of the along channel length and
channel thalweg.

Figure 4: a) Regional seismic line through W1 well showing the entire basin successions and
channel complex deposits identified within the dataset. Ten Horizon name (KC-1 to KC-9 and
the seafloor) are identified in the study area based on Le (2012); Iboum et al. (2016) and Loule
et al. (2018). b) Seismic section, taken perpendicular to regional dip, showing the channel
complex deposits in study interval. The location of the seismic section is shown in Fig. 1. c)
Depth conversion scheme.

Figure 5: Seimic stratigraphy of the slope. The submarine channel system is located within unit
(SU2) and deep-water fan is located within (SU1) in the study interval.

Figure 6: a) Isochronal map of the KC 03 horizon. b) Isochronal map of the KC 04 horizon. c)
Isopach map of Late Cretaceous between KC 03 and KC 04.

Figure 7: a) Seismic profile showing the channel geometry is U-shaped and iso-proportional
slice used to unravel the internal architecture of the channel. b) and ¢) Channel system is
composed of two stages: early-stage channel and late-stage channel. SF1 is coarse while SF2 is
fine sediments. The submarine channel is 56 km long and 3-5 km wide with an incision depth
of 89-197 m.

Figure 8: Characteristic of study unit from the well-seismic calibration, a) Wireline logs
(gamma ray (GR), neutron, density, and resistivity) for well W1 through the submarine channel
system. b) submarine channel time slices showing two incision stages and flattened horizon
KC-04.

Figure 9: Variance and RMS seismic attributes and their interpretations, of the various slices
within the early-stage channel and late-stage channel (see Figure 7a). The seismic attributes
analysis shows the distribution of several types of sediments deposited during the evolution of
the submarine channel system. The late-stage channel is narrower and is more sinuous

Figure 10: Series of line drawings of seismic profiles oriented perpendicular to the orientation
of the submarine channel system (every other profile shown, from 1km spaced profiles). Notice
the variation in the geometry and infill of the channel system along the slope

Figure 11: Quantitative analysis of the submarine channel system. a) Width of early-stage
channel and late-stage channel. b) Early-stage channel and late-stage channel depth profile. c)
Aspect ratio (width/depth) of the early-stage channel and late-stage channel. d) Depth profile
of channel thalweg along the channel.

Figure 12: Diagram of the deposition facies in the study area showing the temporal and spatial
evolution of the Late Cretaceous submarine channel. a) Turbidites fan came into being first
before the formation of the early-stage of the channel which characterized by Sand-prone
sediments and some Clay-prone sediments. b) Then, late-stage channel deposit is narrow and
Is more sinuous characterized by Clay-prone.

Table captions

Table 1: Description and the interpretation of the seismic facies observed in the submarine
channel system in study interval.

Table 2: The result of morphological analysis along the submarine channel system.
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Table 1

Seismic facies

Seismic profile

Schematic

Description

Plan/map view

Interpretation

SF1

Chaotic, high amplitude,
discontinuous reflections,
basal lags usually confined
within a V- or U- shaped
erosional surface

Coarse-grained
channel fill

SF2

Low to high amplitude,
discontinuous to chaotic
reflections, with a U- or V-
shaped external geometry

Fine-grained
Channel fill

SF3

Semi transparent, low
amplitude, semi-continuous
to continuous reflections

Pelagics sediments

SF4

high- to low-amplitude,
continuous, parallel to
subparallel reflections

Levee deposits

SF5

High amplitude seismic facies
displaying an aggradational
pattern with parallel and
good continuity reflectors

Turbidites fan
system
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1146

1147
1148

Table 2

Downslope -

Intervals
1(0-12 km) 2 (12-33 km) 3 (33-44 km)
Measurements
Channel gradient (°) 2.64 2.02 0.40
Thalweg depth (m) 4188-4820 4820-5463 5417- 5522

Early/Late stage
Channel width (m)

3224-4677/1094-2865

2879-5573/1452-3802

3483-4260/1115-3300

Early/Late stage
Channel depth (m)

89-171/ 41-79

109-179/45-98

112-197/59-103

Aspect Ratio
Early/Late Channel

25-42/21-42

26-51/25-54

18-34/18-42
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