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a b s t r a c t

High-resolution 3D seismic data analysis was integrated with a calibrated well and biostratigraphy data
to present the first overview of a buried Pleistocene canyon system on the upper slope of the eastern
Niger Delta, the Galabor Canyon. Attribute maps of specific horizons allow documenting the changing
morphologies and infill lithologies of two main branches of the canyon through two stages of activity
separated by a reference horizon dated at 0.99 Ma based on well calibration. At the upper slope, growth
faults dissect the canyon heads, the catchment of which encroaches a network of valleys incised on the
outer shelf. The canyon fill is composed of muddy channels and mass-transport deposits, largely derived
from the collapse of canyon walls and sand-rich bodies forming a tract sourced by shelf-edge deltas at
the outlet of the incised valleys. High-density turbiditic processes likely control the distribution of sand
bodies along the canyon, ranging from tributary fans on the upper slope to 6 km-wide meander belts on
the middle slope. The sandy deposits accumulate in minibasins formed along the canyon path, down-
stream of the subsiding hanging wall of the growth faults and upstream of shale ridges that damp the
flow in the canyon. These results show that canyons can be major targets for sand reservoir exploration
on the upper slope of large muddy deltas.
© 2024 Sinopec Petroleum Exploration and Production Research Institute. Publishing services by Elsevier
B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Submarine canyons are geologic features that erode the conti-
nental shelves and slopes (Daly, 1936) creating pathways for sedi-
ment routed to the deep-water environment by mass-wasting
(Godwin and Prior, 1989; Normark and Carlson, 2003) and turbi-
ditic flows (Shepard, 1981; Normark et al., 1993; Lee et al., 1996;
Poulsen et al., 1998; Pratson et al., 1994; Harris and Whiteway,
2011; Jobe et al., 2011; Zhou et al., 2015). The morphology of

submarine canyons is influenced by erosional and depositional
processes (O'Grady et al., 2000), involving changes in the canyon
profile due to tectonic or magmatic processes (e.g. Li et al., 2016).
They commonly have a V-shaped cross-section close to their head,
passing down-slope to a U-shape along with a decrease in erosion
and onset of deposition (Daly, 1936; Lastras et al., 2009).

The knowledge of the geomorphology of submarine canyons has
increased through the years (Hagen et al., 1996; Antobreh and
Krastel, 2006 Lastras et al., 2007). At the small scale, channel pro-
cesses are recognized (Covault et al., 2014; Paull et al., 2011). The
related coarse-grained bar forms are considered potential reser-
voirs (Normark et al., 1993; Barrett et al., 1998; Andrea et al., 2000;
Kolla et al., 2001; Mayall and Stewart, 2001; Mayall and O’Byrne,
2002; McHargue, 2001; Posamentier and Kolla, 2003). The related
sandy channel complexes are expected to occur mainly on the
lower slope (Abreu et al., 2003; Deptuck et al., 2003). This is why
reservoir prospection generally does not target the infill of the
upper canyon reaches, composed of muddy sediments collapsed
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from the canyon walls. This is further obvious in the case of mud-
dominated deltas as the Niger Delta.

However, Prather et al. (2012) suggested that in an “above-
graded” slope such as the Niger Delta slope (i.e., where seafloor
“possesses downslope high profile, and shows subtle changes in
depositional gradient resulting in low-relief stepped or terraced
topography”), sand deposition might take place mainly on the mid-
slope. Some sand could be deposited on the upper slope but with
poor preservation potential. In Prather et al. (2012), the possibility
of trapping sand in the slope was not considered as the result of
canyon processes but rather the occurrence of ponded basins
formed in the piggyback of gravitational thrusts. Steffens et al.
(2003) demonstrated that shale-based stepped slopes (e.g., Niger
Delta slope) had little ponded basins. So far, no study has been
carried out concerning the interplay between canyon processes and
gravity tectonics to elucidate the mechanisms of sand trapping
upward in the delta slope. This is the purpose of the present
research.

Based on high-quality 3D seismic data and two key well logs,
this article investigates the geomorphology of a Pleistocene sub-
marine canyon (the Galabor Canyon system, GCS). The seismic-
scale landforms and processes are examined using attribute maps
and their evolution through time and space using 2D sections. A
tentative reconstruction of the canyon formation and evolution at
the upper slope is proposed, highlighting the interplay of shale
tectonics and turbiditic processes in forming sandy geobodies of
economic importance.

2. Geological background

The Cenozoic Niger Delta Basin is located on the West African
margin in the Gulf of Guinea (Fig. 1) and is considered a classical
shale tectonic province (Wu and Bally, 2000). It covers an area of
approximately 140,000 km2 with a maximum thickness of 12 km
(Allen, 1965; Evamy et al., 1978; Doust and Omatsola, 1989). The
delta is one of the largest regressive ad thickest deltas globally
(Tuttle et al., 1999) and is situated at the southern end of the Benue
Trough, which originated during the breakup of the African and
South American plates in the early Cretaceous (Whiteman, 1982).
The delta depocenter, located onshore, is about 12 km thick, with

sediments ranging in age from Paleocene to Present (Fig. 1).
The top unit consists of up to1.5 km thick continental sands of

the Benin Formation (Avbovbo, 1978; Doust and Omatsola, 1989).
The Niger deltaic successions are divided into three largely dia-
chronous lithostratigraphic units (Fig. 2). The basal up to 7 km thick
Akata Formation consists of prodelta to marine shales and is
overlain by up to 3.5 km thick Agbada Formation delta front of
siliciclastics and interbedded turbidite sand layers. The Delta pro-
gradations encompassing those formations extend over more than
200 km.

Continuous deposition in the basin and gravitational tectonics
controlled the development of three structural zones, from shallow
water to deepwater areas (Fig. 3). The extensional zone, encom-
passing the modern delta plain and continental shelf, is charac-
terized by normal faults that trigger deep-seated marine shale
diapirism (overpressured Akata Shale Fm. usually serving as
detachment level). The translational zone, corresponding to the
upper and middle slope, is dominated by mobile shales and intra-
slope basins (Doust and Omatsola, 1989; Morley and Guerin,
1996). The compressional zone, in the lower slope to the deep ba-
sin, is characterized by reverse faults and detachment folds
(Damuth, 1994; Cohen and McClay, 1996; Connors et al., 1998;
Morgan, 2004; Bilotti et al., 2005; Corredor et al., 2005).

The influence of shale tectonics on the Niger Delta slope results
in shale/thrust-cored structural highs that are flanked by several
mobile shale withdrawal intra-slope basins and actively interact

Fig. 1. Location of the study area within the Niger Delta Basin showing the present-day
canyons (arrows) and approximate location of paleo-canyons (Opuama, Agbada and
Afam) and main structural domains (in white). On average, the shelf edge (dotted line)
is at 100 mwater depth. The deep basin is at 4000 mwater depth. Emerged delta plain
is in green. Adapted from Rouby et al. (2011).

Fig. 2. Regional stratigraphic chart of the Niger Delta Basin (modified after Corredor
et al., 2005). Each formation is diachronous. The present study is focused on the
Quaternary part of the Agbada Formation (i.e. the canyons).
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with gravity-flow sediment (Damuth, 1994; Morgan, 2004; Bilotti
et al., 2005; Corredor et al., 2005; Wiener et al., 2010; Prather
et al., 2012). The eastern Niger Delta slope has a dynamic equilib-
rium because the movements of mobile shale create constant
structural highs smoothed by gravity-flow sediment that accumu-
lates in the adjacent intraslope basins (Bakare, 2006; Prather et al.,
2012; Clark and Cartwright, 2012; Chima et al., 2019). These shale
structures might also control the morphology of submarine can-
yons and reservoir architecture (Deptuck et al., 2012; Prather et al.,
2012; Jolly et al., 2016; Hansen et al., 2017; Chima et al., 2019).

Several submarine canyons of various sizes have been identified,
from active to near-surface buried ones (Fig. 1), to older ones buried
deeper in the Oligo-Miocene series in the Niger Delta Basin (Burke
et al., 1972; Petters, 1984; Damuth, 1994; Billman, 1992). Deptuck
et al. (2003, 2007) and Olabode and Adekoya (2007) explored
Pleistocene canyons of the western part of the delta, where
turbidity currents have been documented or inferred since the
pioneering work of Burke et al. (1972). Longshore drifts caused by
the southwesterly wind supply sediment to canyons entrenched
close to the shoreline (e.g. Avon and Mahin canyons, Fig. 1), then
evolving to gravity flows and low-density turbidites. Flow pro-
cesses and the relationship to channel-belt aggradation were
approached starting with 3D reflection seismics (Deptuck et al.,
2007), while Abd El-Gawad et al. (2012) used a 3D numerical

model to simulate turbiditic current. The latter authors concluded
that seafloor topography had firm control over turbidity current
dynamics. The most recent studies of the Niger Delta Pleistocene of
modern canyons all focus on the western part, documenting
channel facies geometries (Adeogba et al., 2005; Jimoh et al., 2018)
or related fluid migration (Benjamin et al., 2015).

3. Data and methods

3.1. Seismic data and calibration

The available dataset for this study includes 4500 km2 of 3D
“high-resolution” seismic data encompassing the shelf edge and
upper to middle slope in the Galabor minibasin area (Fig. 4). The
seismic data set is a 3D “Pre-Stack-Time-Migration cube”with a bin
spacing of 12.5m� 12.5m. The vertical sampling rate of the dataset
is 4 ms. Considering that the dominant frequency of the data in the
shallower part (about 1 s below the seabed; our reference interval
for this study) is 38 Hz with an average velocity of about 1.7 km/s,
the resolution is 10e12 m. The convention of the seismic data is
zero-phased and in normal polarity (American standard) with an
increase of impendence corresponding to a pick (positive
event ¼ black), while a decrease of impedance corresponding to a
trough (negative event ¼ red).

The seismic data are calibrated lithologically and bio-
stratigraphically based on data of two boreholes located on the
upper slope (Fig. 5; more wells are present in the study area but are
not logged in the study interval). The well records provide appro-
priately scaled gamma-ray, density, resistivity, and sonic logs. The
gamma-ray logs helped delineate lithofacies (sand and shale;
Fig. 5), while the density and sonic logs are used to generate syn-
thetic seismic traces as shown in Fig. 5 to perform a precise seismic
well-tie. The latter helped evaluate the seismic response of inter-
sected lithologies. Cuttings collected from Well-1 provide
biostratigraphic information that helps to calibrate the age of the
seismic record. Calcareous nannofossils biozone boundaries follow
generally maximum flooding surfaces (Morley, 1996; Adeonipekun
et al., 2016). The lowermost occurrence of Gephyrocapsa (Top
NN19a, Calcareous Nannofossil) delineates the Middle Calabrian
boundary at about 1.1 My. In addition, two main Key Surfaces
(maximum flooding surfaces) were picked at the base of the Gal-
abor Canyon's incisions, which can be correlated over most of the
seismic volume. Other key surfaces have been interpreted from
previous studies done on this sector of the eastern Niger Delta by
Jermannaud et al. (2010) and Riboulot et al. (2012).

The sandy submarine channel deposits infilling the canyons are
characterized by high tomoderate seismic reflectivity and high root
mean square (RMS) amplitudes on 3D maps (Posamentier and
Kolla, 2003; Catuneanu, 2006). The seismic-stratigraphic analysis
approach of Mitchum and Vail (1977) and the 3D geomorphology
methods of Posamentier and Kolla (2003), as well as Richardson
et al. (2011) were adopted. Unconformities and condensed sec-
tions (MFS) have been picked extensively following the seismic
well-tie in the 3D dataset. Previously described depositional ar-
chitectures in the Niger Delta include turbidite systems, hemi-
pelagites, and mass-transport deposits (MTDs). In this study, MTDs
were observed and recognized based on shear surfaces which
delimit the overlying deformed and chaotic materials and the un-
derlying, relatively continuous and undisturbed materials (Alves
and Lourenço, 2010; Gamberi et al., 2011, 2015) and by the pres-
ence of rugose/irregular topographic tops (Richardson et al., 2011).

Restoration of some horizons prior to their deformation was
performed using the Move™ software, namely in order to recon-
struct the paleoslope dip of canyon thalwegs.

Fig. 3. Structural map of the Eastern Niger Delta. The red square is the study area at
the transition between the extensional (shelf) and compressional (toe of slope) zones.
After Rouby et al. (2011).
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3.2. 3D seismic geomorphology

The 3D seismic geomorphological assessment relies on attribute

maps as coherency, spectral decomposition, or root means square
(RMS) amplitudemaps (Posamentier and Kolla, 2003; Hansen et al.,
2017; Catuneanu, 2006). These maps are used to figure out the
geometry and interpret the lithology of geobodies (e.g. Chopra and
Marfurt, 2007; Taner et al., 1994). In this study, the RMS, spectral
decomposition, and coherency attributes were applied as a routine
to the 3D seismic data using Sismage™ software. The RMS attribute
computes the square root of the sum of squared amplitudes over a
specific geological interval of interest (called horizon) and aids in
observing geometries of geobodies characterized by multiphase
events as channels/complexes (Catuneanu, 2006). A 30e60 ms
(two-way time, twt) window was needed to extract the charac-
teristics/geometries of the studied geobodies (at least 2 phases
picked across the targeted horizon). These values consider the
seismic resolution, the sampling rate of the data and the size of the
objects to be identified. The spectral decomposition and the co-
herency attributes maps are extracted from the picked horizons.
The frequencies selected for the spectral decomposition (RGB
blending) were derived from frequency analysis of the interval of
interest in the 3D seismic volume based on Peyton (1998). The
coherency attribute emphasized the autocorrelation of trace by
trace and was mainly used to delineate structural and stratigraphic
discontinuities such as faults, mobile shales, pockmarks, shelf edge
delta and other geological features (Elliot, 1986, 1989). Although all
the attributes mentioned above were used to explore the horizons
picked in this study, the spectral decomposition maps showed
better imaging and therefore were chosen to illustrate this contri-
bution. In the next sections they are called “seismic maps” for the
sake of simplicity.

4. Results

4.1. Outline

Seabed morphology reflects mainly slope processes because
most of the seismic data-set is located within an upper-slope
environment (Fig. 4). In the subsurface, two horizon maps are
highlighted in this study (Fig. 6). Details of the geomorphologic
features are provided by zooming on those horizon maps (Fig. 7).
The first map, 100ms twt beneath the seabed, provides a detailed

Fig. 4. Seabed bathymetry and morphology of the study area derived from coherency attribute map. The highlighted features have equivalents buried within the first 2 km of
sediment in the study area.

Fig. 5. Gamma-ray record (GR) of wells tied to seismic profiles showing the higher
amplitude of sand (yellow) as compared to mud (green). A seismic synthetic trace is
shown for well 1 down to Okpok canyon (A). This calibration is used as a template for
Galabor Canyon (B). CS1 ¼ canyon system 1 (dominantly muddy) and CS2 ¼ canyon
system 2 (dominantly sandy). Location of the two wells (Well 1 & Well 2) in Fig. 4.
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image of the slope by the end of Galabor Canyon infilling. The
second one, around 500ms twt beneath the seabed, is the Top
Calabrian Maximum Flooding Surface, a reference marker (MFS
0.9 Ma) separating two stages of the canyon evolution, canyon
systems 1 and 2 (CS1 and CS2, Fig. 8). The general stratigraphic and
structural organization between the horizon maps is illustrated by
large-scale seismic cross sections (Figs. 8 and 9). Isochron maps
evaluate the interplay of structures on sedimentation (Fig. 10).
Combined with the seismic maps, seismic profiles account for
interpreting the preserved geobodies (Figs. 11 and 12). A tentative
restoration of the topography of the canyon system is proposed
(Fig. 13). Finally, the combined data are used for reconstructing
paleogeographic maps of the canyon system (Figs. 14e16).

4.2. Seabed morphology

The shelf edge in the study area is regular and abrupt at about
180 m below sea level (Fig. 4). There are pronounced average slope
values and local variations due to the presence of shale ridges. The
upper slope is stepped by curvate faults (with concavity toward the

slope) or en-echelon fault scarps (Fig. 4) and scattered by chaotic
mounds, corresponding to the top of MTDs. The faults are the
cropping part of large growth faults systems well imaged on the
seismic data. The middle slope comprises shale ridges, 5e10 km
wide and >1 km thick, surrounded by gullies and fault scarps
(Fig. 4). The lower slope, which extends much beyond the study
area, is characterized by elongated slope-parallel shale ridges, up to
20 km long and 7 km wide, that corresponds to the top of thrust
folds and roughly limit the upslope extent of active canyons (Fig. 4).
Pockmarks are present in the middle to lower slope, where they
form elongated fields parallel to the buried canyons water escape
features due to compaction or extending from their head upward in
the slope (Fig. 4). Most of those elements have counterparts in the
subsurface. The modern canyons in this area are initiated at the
outlet of ponded minibasins at the junction between the middle
and the lower slope (in about 900 m water depth, Fig. 4). The
seismic profiles across thesemodern canyons show that their banks
crosscut hemipelagic deposits, supporting the idea that they are
active.

4.3. The buried canyon system

4.3.1. Keys for canyon tracing
The bulk of the deposits in the 1s twt within the studied interval

is mud, as documented by the wells, forming in seismic cross sec-
tions layers of continuous reflectivity (increasing in amplitude to-
ward the surface due to a lesser attenuation; Fig. 8). These layers are
folded inwide synclines and narrow anticlines, the latter coinciding
with the shale ridges at the seabed, sometimes traversed by giant
pockmarks (Figs. 8 and 9, see their aspect in seismic maps in
Fig. 7F). The hemipelagic deposits are interstratified with the
buried canyon fill, which is dominantly composed of sand, as evi-
denced by well logs (Fig. 5). The canyon system is defined as such
because it corresponds to a system of (mostly) erosionally-based
sandy fairways (Fig. 8). In the rest of the studied seismic volume,
approximately at the same depth beneath the seabed, there are
other major erosional unconformities, mainly expressed atop of
anticlines but these are not overlain by sand, rather by hemipelagic
muds (Fig. 9). At the border of major shale ridges, these erosional
unconformities clearly correspond to slope failures, up to 10 km in
lateral extent and 0.4 s twt in height (e.g. the one in Figs. 9 and 6A).
These unconformities might correlate with an increase in sand
content in the conformable succession infilling the minibasins
(Fig. 9). In that case, the sand is neither considered as a canyon
fairway because it is not organized in large bodies nor bounded by
an erosional unconformity. The Pleistocene Galabor Canyon system,
about 70 km long and 500 ms twt thick, is buried beneath ca. 500
ms twt of hemipelagic sediments (Fig. 8). It rises downslope to the
seabed to merge with the two modern canyon heads located in the
SW of the study area (Fig. 6). While the sandy fairways are well
imaged on seismic maps that intersect them (Fig. 6B), they still can
be detected on maps extracted from the muddy seal above them,
based on the numerous pockmarks that follow their route.

4.3.2. Canyon route
The Galabor Canyon system is composed of two tributary

branches (east and west), each about 35 km long, that can be
mapped from the reference horizon map (Fig. 6B). The reference
horizon corresponds to a final stage of maximum entrenchment
and subsequent infill of the canyon, and this is why it provides a
good image of the two branches. These branches roughly follow the
lower part of the synclines (Fig. 10 left). Below and above the
reference horizon, the synclines (minibasins) also contain channels,
but these are mostly unconfined (ex. Fig. 12A2). The analysis of
these bodies is beyond the scope of this contribution that instead

Fig. 6. Spectral decomposition maps of a horizon 100 ms twt below seabed (above)
and the reference horizon within the Galabor Canyon system (bottom), about 500 ms
twt below the seabed. The structural highs (shale ridges, thrusts) and lows (minibasins
and canyon fairways) are well expressed near seabed and, for most of them, already
marked during the canyon evolution. The dotted red line delineates the canyon area
(detailed in Fig. 10). The green frames are the locations of specific features detailed in
Fig. 7. The blue lines correspond to the cross sections in Figs. 8 and 9, and the yellow
circles represent the locations of well 1 and 2.
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Fig. 7. Geologic features of the two reference horizons on spectral decomposition maps (from three frequency bands: red-70 Hz, green-55 Hz, blue-40 Hz): (A)Feeder channels, (B)
channel belts, (C) deep incision, and (D) MTD in the reference horizon as well as (E) gullies and (F) pockmarks in the horizon 100 ms twt below seabed. See the locations in Fig. 6.

Fig. 8. Interpreted seismic cross section highlighting the main geologic features of the Galabor Canyon system on the upper slope. The purple surface aged at 0.99 Ma (tied to well 2)
corresponds to an abandonment stage between two periods on canyon incision and is used as the reference horizon. The key surfaces at 1.8 Ma and 1.1 Ma are maximum flooding
surfaces which are keys surfaces in the 3D seismic (Jermannaud et al., 2010).
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focuses on the climax cut-and-fill stage of CS1 (Fig. 8). The two
canyon branches are separated by shale ridge one (SR1), which still
bounds minibasins after the burial of the canyon (Fig. 8). They
merge south to SR1 to form a single trunk that is further deflected
by shale ridge two (SR2) and finally crosscuts the SW tip of the
elongated shale ridge that limits themiddle and lower slope (Figs. 6
and 10).

4.3.3. Shape of incision
The canyon branches are mostly linear, except for their upper

reaches, which are composed of the coalescence of smaller tribu-
taries. This is especially the case for the upper reaches of the
western canyon branch, which comprises 3 main tributaries,
0.5e2 km wide (Fig. 10, in the A2 section). Dimensions of the
canyon main incisions are measured from several cross-sectional
profiles and compared with thalweg parameters in the related
areas, such as slope gradient and sinuosity (Figs.10 and 12; Table 1).
Due to the presence of stepped terraces, the canyonwidth increases
from the bottom upwards, and also from its head downslope, from
about 1 km up to 5 km (Fig. 12). The canyon depth increases along
with its width, from 150 ms twt (A2 in Fig. 12) to 250 ms twt (D3 in
Fig. 12). These are estimates based on the elevation of canyon walls
that are onlapped by a continuous succession of strata. This is not
necessarily a synchronous increase downslope. For instance, in the
examples given, the maximum depth in D3 is that achieved at
maximum incision during CS2, while in A2, it is the maximum
incision achieved during CS1. The canyon floor has a V shape,
passing to a U shape in specific areas that are also where the aspect
ratio (W/T) is maximum for both CS1 and CS2 (Table 1). These
sections are in the vicinity of shale ridges (compare Figs. 10 and 12),
as shown by the more pronounced deformation of the basement
hemipelagic strata (Fig. 12). Canyon necks, which are areas of
abrupt narrowing and entrenchment of the canyon, are also found
to occur where the canyon crosscuts an elongated shale ridge. The
basement beneath canyon necks is affected by faulting and
shrinking (Fig. 11A and 12D1 & D2).

4.3.4. Growth faults
Three major growth faults were at play in controlling canyon

head morphology and location in the studied area (F1 to F3 in
Fig. 15). Descriptions of the base of the canyon and reference ho-
rizon were compared to show the timing of fault activity as faults
are sealed at various elevations depending on the age of their last
play. F1 is coeval to CS1 east of the shale ridges, while F2 and F3 are
coeval to CS2. F1 and F2 are connected to two different tributaries

of the eastern canyon branch, while F3 is connected to the western
branch. The throw of F1 and F2 are 330 m and 150 m, respectively.
Other faults of lesser throw (F4 and F5) are downslope across the
canyon route.

4.4. Canyon-fill deposits

4.4.1. Appraisal of sandiness
The sand bodies at the reservoir scale are grouped in larger-scale

depositional geometries that can be described regarding their
planform geomorphology from seismic maps that follow time ho-
rizons (Table 2, Figs. 6, 7, 10 and 14). The spectral decomposition
map of the reference horizon shows well the route and pattern of
sand preserved in the system, as this horizon is the one where the
most contrast between the canyon fill and the surrounding inter-
fluve deposits occurs (Fig. 8). The sand content increases with
reflectivity (i.e. seismic amplitude: lighter tones in Figs. 6, 7, 10 and
14). The chaotic structure of some deposits, including the occur-
rence of steep surfaces, can also generate bright spots on seismic
maps, the interpretation of which must then take into account the
information collected from seismic cross sections (e.g. they are
more numerous at the deformed top of shale ridges). The sand
accumulated over >100 ms twt in the seismic volume is commonly
composed of discontinuous and high amplitude packages of re-
flectors (HARs, Figs. 11 and 12), the stratigraphic organization of
which compares with the geomorphology of inset bodies in seismic
maps.

4.4.2. Channelized tributary fans
The upper slope comprises several tributary feeder channels

that route and concentrate the sand toward the lower part of the
canyon. They form fan-shaped sand sheets in the canyon head, the
width of which decreases toward the canyon trunk (Fig. 10A1).
Conversely, the seismic amplitude in maps of these deposits de-
creases upward until they fringe out in the mud of the canyon head
(compare thickness in A1 and B1 in Fig. 11). This indicates that at
the apex of the sand sheets, the elementary sand bodies are rela-
tively thinner than the imaged horizon (so, a few meters). In plane
view, the elementary bodies form commonly rhombic bars a few
hundred meters wide, bounded by small channels. These bodies
merge to form a frondescent network (Fig. 7A). In cross sections,
these sand bodies are aggrading in flat-bottom units up to 150 ms
twt thick, with high amplitude reflections (HARs, Fig. 11A1 and B1).
They are surrounded or traversed by a series of downdip parallel
gullies, about 700 m in wavelength (Fig. 7E). These gullies, which

Fig. 9. Section showing the confinement of one minibasin between shale ridges. The normal faults are cogenetic with the shale ridge. Canyon systems and unconformities atop the
shale ridges correlate with sandy deposits in the minibasin.
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are also found outside the canyon system, extend about 20 km off
the shelf-edge and are oriented toward the axis of minibasins that
lie between shale ridges (Fig. 6). The feeder channels tributary fans
progressively transform downslope into channel belts (Fig. 14).

4.4.3. Large channel belts
The sand in the middle slope is dominantly trapped in large

braided to meander channel bars that infill the largest and deepest
canyon sections. The largest meandering channel belt is formed by
the end of CS1 in the eastern canyon branch (Figs. 10 and 14). In the
reference horizon seismic map, the individual channels, up to
500 m wide, amalgamate to form channel belts up to 3 km wide
(Fig. 7B and 14, and Table 2). The high seismic amplitude in this
horizon suggests that the thickness of sand in the meander bars
exceeds 10ms twt. In cross-sections, these channel belts build up to
300 ms twt sandy facies with HARs (Fig. 11), either isolated in a
muddy pile or amalgamated (Fig. 12). Where their thickness is
maximum, they commonly show a cut-and-fill pattern (e.g. Baztan
et al., 2005), with channel incisions up to 100 ms twt (Fig. 12D3).
The channels in these sand-dominated belts are commonly plugged
by mud, which makes them easy to follow on the seismic maps and
to evaluate their sinuosity (ranging from 1.1 to >1.5; Tables 1 and 2)
and evolution (Fig. 14). The lowest part of CS1 also contains large
sinuous channel cut-and-fill structures (Fig. 12), without clear
lateral accretion of channel bars, and the channels here have an
overall lesser sinuosity.

4.4.4. Muddy MTDs
MTDs are up to 7 km in lateral extent and 100 m high. They are

found either on the muddy slopes of the shale ridges, extending
down to the center of minibasins (Fig. 8); or within the canyon fills
(Fig. 12). On seismic maps, they are easily recognized from their
lobate shape and the deformation features at their top (Fig. 7D). On
cross sections, they have a pattern of discontinuous low to middle
amplitude reflections and a conformable to erosional base (Fig. 9)
and the irregular overall convex top surface (Fig. 11). Seismic
amplitude of MTDs is relatively low in cross-sections, suggesting a
homogenous, mostly muddy material, but can be high locally in
seismic maps due to the roughness of their top surface. In the
canyon fills, they are commonly intercalated with muddy channels
within overall cut-and-fill units (Fig. 12).

5. Discussion

5.1. Restoring the Galabor Canyon profile

The canyonmorphology is based on the restoration of the initial
geometry of CS2 by flattening the Mid-Calabrian horizon along a
slope fitted to the modern average slope of the seabed in the study
area (Fig. 13). The original depositional canyon system thalweg dip
was estimated by executing a 2D structural restoration of an axial
seismic profile along the canyon. This was achieved using depth
converted seismic data, which was analyzed and restored using the
MOVE™ structural analysis tool. The workflow for this restoration
involved firstly remapping the faults along the seismic line to
achieve zero displacements at the canyon thalweg seismic marker
(Fig. 13a). The structurally restored line was stripped back to the
thalweg and decompacted using standard values based on the

Fig. 10. Left: Isochron map of the reference horizon. The highs correspond to shale ridges, the lows to canyon fairways and minibasins. GCH: Galabor Canyon head. GWB: Galabor
Western branch. GEB: Galabor Eastern branch. IB: Intraslope Basin. SR1: Shale ridge 1. SR2: Shale ridge 2. The dotted red line corresponds to the extent of the seismic map displayed
to the right. Right: crop of the spectral decomposition map of the reference horizon across and around the Galabor Canyon fairways. The channel belts, dominantly composed of
sand, are displayed in white, while the rest of the horizon, dominated by mud, is displayed in dark colours. Locations of seismic sections in Figs. 11 and 12 are indicated in blue and
red, respectively. The white circles on the isochron map represent the locations of wells 1 and 2.
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expected bulk stratigraphy. Based on the final restoration and
bearing in mind the uncertainties, it can be suggested that the
canyon thalweg had an approximate dip of ~0.4� to the south. This
value is similar to Amazon Canyon, Mahin and Avon Canyons in the
Niger Delta Basin (Hansen et al., 2017). It can be concluded that the
trapping of sand in the upper slope in the Galabor Canyon is not
owed to a primary geomorphic control.

5.2. Source and transport of sand

On the Niger Delta slope, as in many other margins, the hollows

left behind by slope failures are suspected to be the origin of can-
yons (Lee et al., 2007; Shipp et al., 2011). The buried Galabor Canyon
heads aremostly bounded upslope by curvate growth faults located
at the shelf edge that likely created steep indents in the upper slope
similar to slope failures (A1 in Fig. 11). The hanging wall of those
faults comprise the toe of detached shelf-edge deltas. These shelf-
edge deltas are locally preserved above MTDs, suggesting that the
growth fault was already active and that the deltas prograded in the
canyon catchment. The bottom sets of the delta pass downslope to
the HARs and sand sheets formed by the tributary fans. Such a
relationship between growth faults and the catchment of canyon

Fig. 11. Strike sections of the western branch of the Galabor Canyon in the upper and middle slope (see Fig. 10 for location). Dotted and plain blue lines mark the base and top of the
canyon, respectively. The purple line marks the reference horizon. The canyon head, hosting sandy channels (high amplitude package reflectors - HARs), is indented in the shelf
edge, where it connects to shelf-edge deltas (A1). The canyon section is condensed, thinner and sandier, whereas the canyon crosscuts shale ridges (B1, D). Otherwise, the canyon fill
is isopachous, with little change downslope (C).
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Fig. 12. Cross sections of the western branch of the Galabor Canyon (see Fig. 10 for location). The reference horizon separates the lower (CS1) and upper (CS2) units.

Fig. 13. Composite seismic section along the thalweg of the Galabor Canyon (blue profile in Fig. 10), restored at the canyon thalweg from (A) fault throw and (B) folding and
compaction.
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heads has already been noted by Anomneze et al. (2020). Although
the investigated area is restricted to a small part of the outer shelf,
there might be a connection between the shelf-edge deltas and
incised valleys of the outer shelf that might have supplied the sand
to the system during sea-level falls (Fig. 6A).

The gently, tangential offlapping clinoforms of the shelf-edge
deltas suggest a relatively low energy mechanism of dispersal of
the sand, which contrasts with the gullies and bars preserved in the
sand sheets built up immediately downstream in the canyon head.
The bottom of the fault cliffs at the head of the sand sheets would
likely be the location of hydraulic jumps, the cause of an abrupt
increase in flow energy and erosion as suggested by observation in
modern canyons heads (e.g. Guiastrennec-Faugas et al., 2021) and
integrated in field-based facies models (Mutti et al., 2003). In the
Levant basin of the Mediterranean, the rise of growth faults is
observed to trigger cyclic hydraulic jumps flows (Maselli et al.,
2021). Erosional events (gullies) would alternate with deposi-
tional ones (bars) through an overall by-pass-dominated system.
This is consistent with the downslope transfer of most of the sand
to the channel belts.

The sandy nature of the meander channel bars along the system
(about 50 km observed in length) and the scarcity of sand in other
geobodies shows that only a minor part of the sand load may be
spilled over the channel banks and that the flow remained
concentrated, confined within the channels, promoting their fast
migration. The numerous muddy channel plugs that help to

delineate the migration steps indicate that although lateral accre-
tion is dominant, avulsion is a common process within the channel
belt (Fig. 14). The continuous erosive character (large inertia) of the
flows downslope is further supported by their overscouring in the
neck areas of the canyon, as well as their maintenance at present-
day low in the slope (Fig. 7C). Bottom flows would locally compete
with landsliding in the process of canyon erosion, the latter being
evidenced by the abundance of MTDs in the canyon fairways
(Damuth and Flood, 1983; Gardner et al., 2003; Pickering et al.,
1986; Posamentier and Kolla, 2003), especially in CS1.

This interpretation of the sourcing of sand in the canyon system
emphasizes the control of faulting; the sand stock is already
available. However, the sub-continuous activity of flows necessary
for building up so large channel belts discards the idea that sand
should be remobilized during faulting events only. A connection
with rivers would have favoured hyperpycnal flows to form during
river floods (Twichell and Roberts, 1992; Mulder and Alexander,
2001; Petter and Steel, 2006; Lastras et al., 2009; Bourget et al.,
2010; Mulder and Chapron, 2011; Zhou et al., 2020). Such river
connection makes most sand-bearing canyons active during sea-
level lowstands.

The dominant meandering pattern of the large channels in the
channel belts is common in other systems connected to high-
suspension load river mouths (see examples in Deptuck and
Sylvester, 2018). A large meandering channel system similar to
the CS2 is also described in the western Niger Delta Pleistocene

Fig. 14. Channel belts in CS2 within the eastern branch of the Galabor Canyon. The left images are closeups of the red frames. The drawing on the right (green frame located in
Fig. 10) interprets the eastward shift and change in sinuosity of the channels in time. SR1: shale ridge 1. F4: fault (see Fig. 15).
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Benin-major canyon by Deptuck et al. (2007). Implicitly, all those
sand-rich canyon cuts and fills correspond to lowstand systems
tracts, as demonstrated in many other case studies (e.g. Petters,
1984; Mann et al., 1992; Antobreh and Krastel, 2006; Babonneau
et al., 2002). Close to the study area, the base of the Okpok
canyon (name first mentioned in this manuscript) was also related
to a major sea-level fall event (MIS 58; Jermannaud et al., 2010).

5.4. Tectonic control of sand trapping

Although the seismic cross sections suggest that most of the
deformation (folds, namely) is post-depositional, there are
numerous tiny sediment wedges in the stratigraphic pile. The fact
that the canyon fairways are lying within the synclines demon-
strates that their topography was already there at the time of the
onset of CS1 for routing the sediment downslope. Continued
deformation led to the entrenchment of the canyon across

elongated shale ridge and the formation of canyon necks (canyon
antecedence) with locally sharp bents, as is common in actively
deforming slopes (Laursen and Normark, 2002).

A striking feature of the canyon shape in the cross-section is the
flat (U-shape) bottom in C2 and D3 (Fig. 12). These are areas tilted
(toward the east for C2, toward the slope for D3) due to the uplift of
nearby shale ridges. At maximum incision of CS1, the tilts must
have deflected the flow laterally so that this levelling should be
acquired. Another consequence of this synsedimentary deforma-
tion is decreased channel sinuosity within the laterally deflected
channel belts east of SR1 (Fig. 14; Table 1D2 and D3). This suggests
that in this area, the overall slope gradient of the channels
increased in the meantime (Table 1D2). The succession of narrow
V-shaped andwide U-shaped sections along the canyon, in contrast
with the Jobe et al. (2011) model, would not be a criterion of
equilibrium to the base level. They would rather be a tectonic
control. The V-shape sections with an irregular bottom correspond

Fig. 15. Left: spectral decomposition maps of the canyon base (top) and reference horizon (bottom). Right: geomorphologic interpretation. The apparent thickness of the faults is
due to the map projection. The yellow circles represent the locations of wells 1 and 2 on the spectral map.
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to canyon shrinking across active compression structures (Fig. 11D1
and Fig. 12D2).

The deformation increments are difficult to address based on
the wedging of the hemipelagites in the synclines but more easily
based on the relationships between growth faults activity and ac-
commodation. The major growth faults control topographic knick
points of the thalweg profile and the thickening up of overlying
deposits in the hanging wall compartment (Fig. 11A). Thickness
maps calculated between reference horizons for CS1 and CS2 are
used to evaluate accommodation (Fig. 16), assuming that the slope
profile remained similar during all that time. These maps are a way
to realize that growth faults mainly controlled accommodation. The
activity of F3 during CS2 triggered the formation of the western
canyon branch (Fig. 15), which was not active during CS1. There is
also an interplay between the accommodation created by

subsidence in the hanging wall of the faults and that created by
uplifting the shale ridges. For example, while the throw of F2
during CS2 was lesser than that of F1 during CS1, the head of the
eastern branch accommodated twice as many sediments in CS2
than in CS1 (Fig. 16). This is because the sediment routed down-
stream was damped its topographic barrier again and trapped in
place due to the rise of shale ridge 1 during CS2. The frondescent
pattern of the eastern canyon head in CS2, wider and shorter than
that in CS1, expresses this localized trapping.

Similarly, CS2 in the western branch accommodated much
sediment in the canyon head segment within the minibasins
created along the canyon route between F3 and shale ridge 1. In the
subsiding depocenters of minibasins, the size, sinuosity and amal-
gamation of meander bars are at maximum. This is the effect of
suspension trapping, which is best exemplified in the minibasins

Fig. 16. Isopach maps of CS1 (left) and CS2 (right). The depocenters correspond to areas of canyon fairways and minibasins. SR1: Shale ridge 1. SR2: Shale ridge 2. See Fig. 10 for
location.

Table 1
Geomorphologic parameters of the cross sections at intervals along the canyon system.

Canyon profiles cross-
section profile

Thickness (m) Average
thickness (T) (m)

Width (W) (m) Aspect Ratio
(W/T)

Thickness (T)
(m)

Width (W) (m) Aspect ratio
(W/T)

Average
slope (�)

Sinuosity of
canyon thalweg

Entire canyon
system (CS)

Canyon system
One (1)

Canyon system
One (1)

Canyon system
Two (2)

Canyon system
Two (2)

A2 475 175 1500 9 300 5500 18 5 1.2
B2 325 175 1200 7 150 2500 17 6 1.6
C2 325 175 2600 15 155 4000 27 3 1.1
D2 425 200 1400 7 225 2600 11 11 0.9
D3 450 225 3150 14 225 3500 16 6 0.8

Table 2
Geomorphic elements of deposits in the Galabor Canyon system.

Niger Delta slope Slope gradient (Maximum) (�) System area size Large-scale geometry lateral extent Connectivity

Upper slope 5 Feeder channels Triangular sand-sheet Medium
5e10 km wide 1e2 km

Upper - Middle slope 3 Channel belts Bars: Braided (SI ¼ 1.2) to meander (SI:1.6). Levees High
6 km wide 3e5 km
300 m thick Each channel up to: 400 m wide
>45 km long 50 m thick

Middle slope: Lower part of the canyon 11 Low sinuous channels 800 m Wide Unknown
20 m thick
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flanking shale ridge 1 (Fig. 9). It is also consistent with the fact that,
in this area, the canyon slope decreases (as in the C2 gradient of 3 in
Table 1), and correlatively deposition must increase.

The tectonic shrinking of thalwegs and tilting of the canyonwall
in the vicinity of faults or shale ridges could probably result in
reoccurring sliding and slumping of MTDs (Restrepo-Correa and
Ojeda, 2010). The lesser amount of sand in the canyon fills as
those locations question whether it was bypassed or damped up-
stream. The section downslope of the elongated ridge has a minor
content of sandy channel belts (Fig. 12D3), which supports the
latter interpretation. The damping of turbiditic currents due to
ponding, reflection or constriction of the flow against topographic
obstacles has been documented and modeled (e.g. Alexander and
Morris, 1994; Patacci et al., 2015). This implies a turbiditic flow of
the same height as that of the topographic barrier (about 100 ms
twt, cf. Fig. 9). On the other hand, the large cut-and-fill architecture
in MTDs argues in favour of a sub-continuous flow of large inertia
that keeps the passageway open for the excess sand to be routed
toward the deep basin.

5.5. Exploration significance

Analysis of the canyon head suggests, as in many other cases,
that river-laden hyperpycnal flows, or gravity flows triggered by the
faults at the shelf edge, would be responsible for the sand delivery
to the Galabor Canyon. Abundant literature mentions turbidites as
part of canyon fills (Carminatti and Scarton, 1991; Normark et al.,
1993; Lamb and Davis, 2003; Posamentier and Kolla, 2003;
Anderson et al., 2006; Prather, 2003), with sometimes emphasis
put on their reservoir properties (Webb, 1981; Mayall and Stewart,
2001; McHargue, 2001; Mayall and O’Byrne, 2002; Gaudin et al.,
2006). However, these canyon reservoirs were identified within
canyon systems in the mid, lower, and abyssal plain (Prather, 2003;
Carminatti and Scarton, 1991; Peres, 1993). In the present study,
canyons buried in the upper to middle slope of a large, mud-rich
delta proved to host large amounts of sand. Their housing, mostly
muddy hemipelagic sediments, and the abrupt updip termination
of the reservoir against the mud wall of the growth faults, make the
canyon fills reservoirs prone to accumulate ascending hydrocar-
bons fluids. It should be noted that well-1, which penetrated the
Okpok canyon directly underlying the Galabor Canyon, discovered
gas. Beyond this, the presented results allow us to draw more
specific conclusions regarding reservoir geobodies and facies.

The canyon system is not a simple casing of sand at all scales.
The multistorey organization of either confined (entrenched in the
canyon) or unconfined (more conformable in the fairway of the
minibasins) sandbodies is indebted to base-level changes, the
analysis of which goes beyond the scope of this contribution. The
steppy fault activity pattern indicates the canyon system's subdi-
vision in CS1 and CS2. However, within those systems, the cut-and-
fill controls may follow either eustatic cycles or autocyclic
geomorphic changes such as those common in fluvial or turbiditic
systems. The terraced canyonwalls, locally corresponding to minor
unconformities within the multistorey canyon fill, reflect those
base-level rises and falls (Fig. 12C and D). The longest-term control
may be the encroachment of shelf-edge deltas onto the upper
slope, likely triggering overloading and collapse.

Interestingly, the response of the initiation of the canyon as
more or less continuous gravity flows in the long term (although
discontinuous at the scale of high-frequency eustatic cycles) is not
instantaneous trapping of sand. As observed in other canyons of the
Niger Delta slope (Damuth, 1994; Deptuck et al., 2003, 2007), CS1
has more muddy channels (except for occasional intercalation of
low sinuous channels), while CS2 has more sand (Fig. 12). The mud
in CS1 is mixed with MTDs derived from the collapse of canyon

walls where they are steep, a feature common in other largemuddy
slopes (as in the Amazon or Mississippi: Godwin and Prior, 1989;
Normark and Carlson, 2003). These MTDs can locally be reworked
through cut-and-fill by the turbiditic flows (Weber and Duakoru,
1975). This is likely the result of the long-term evolution of the
canyon system toward a graded profile, allowing the upslope
propagation of channel belts. The largest reservoir in the system is,
therefore, at the top of the entire canyon system, where it reaches
approximately 6 km inwidth and 300m in thickness (Table 1), with
a channel plugs 400 m wide and 50 m deep (Fig. 7B).

The pockmark pathways paving the horizons above the canyon
sandy fairways suggest a connection to escaping overpressured
fluids from the sandy geobodies. Pockmarks are craters formed on
the seabed by fluid seeps (King and MacLean, 1970). These fluid
escape structures suggest that at least part of the sandy deposit was
under-compacted for a long time after deposition occurred. Despite
the moderate overburdening (0.5 s twt), differential compaction
between the sand andmudwas significant, as suggested by the lens
shape of the isolated channel belts in cross sections and some
topographic inversions of channel fill (Fig. 12; Chopra and Marfurt,
2012). The high sedimentation rate (5 m/1000 yrs, as compared to
50 cm/1000 yrs on most passive margins) explains why the hem-
ipelagic mud remains oversaturated at depth and, therefore,
ductile. The shale ridges are tight folds formed by the extrusion of
ductile materials, locally evolving toward diapirs traversed by giant
pockmarks. These features are thought to form due to the over-
pressure imposed by overlying denser sediments with an high
sedimentation rate and improper dehydration of formations
(compaction desequilibrium mechanism, Short and Stauble, 1967).
The overall permeability of the overburden thus questions the
quality of the muddy seal of the turbiditic reservoir.

6. Conclusions

Analysis of attribute maps and cross-sections from 3D, high-
resolution seismic data calibrated on two well logs provide new
insights into the geomorphology and sedimentary infill of the
Pleistocene Galabor Canyon, buried down to 2 s twt in the mud-
dominated upper slope of the Eastern Niger Delta.

The area covered by the analyzed seismic volume corresponds
to a network of minibasins formed between extensional faults at
the shelf edge and toe thrust folds. Before that gravitational
deformation, the Pleistocene Galabor Canyon encroached the shelf
edge, which is now offset by the lower part of the delta slope. The
summary of the results of the seismic study is as follows:

(1) The buried canyon system has two branches, merging in one
minibasin due to the interplay of mud diapirs (shale ridges)
that controlled the canyon route. The head of each of those
branches is connected to an incised valley in the shelf by way
of a growth fault. When the connection was active, the sand
was supplied to the canyon during lowstands of sea level.

(2) The canyon valleys have a V-shaped section in the canyon
head area or canyon necks across the shale ridges. They have
a U-shaped section in unconfined areas or areas tilted by the
growth of shale ridges. The V-shaped canyon segments are
dominantlymud-filled bymass-transport deposits, while the
U-shaped segments are dominantly sand-filled.

(3) The preserved sand bodies correspond to sand sheets
bounded by erosion surfaces in the canyon catchments,
forming channelized tributary fans. The tributary fans pass
downslope up to 6 km wide and 300 m thick meander
channel belts encased within the canyon walls. Hyperpycnal
flows might have controlled sand transport and concentra-
tion through the system. Aggradation of the deposit was
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larger in depocenters formed in the hanging wall of the
growth faults or between rising shale ridges due to a
decrease in slope gradient and damping of the flow.

(4) Two stages of canyon incision and infilling are observed,
forming superimposed reservoirs separated by a continuous
mud formed during the Calabrian (~0.9 Ma) maximum
flooding. During the first stage, the canyon was mainly filled
by muddy channels and mass-transport debris from the
canyon wall collapse. Most of the sand was deposited during
the second stage when diapir development was maximum.
This suggests that topographic confinement favoured flow
concentration and likely spillover of fine-grained deposits.

(5) A pavement of pockmarks traverses the mud seal of the
sandy canyon and fills across 0.3 s twt, ascertaining the high
fluid pressure and permeability in the canyon reservoir.
Further, the perfect encasement of the sand and their abrupt
updip termination against the shelf edge growth faults make
them a potential target for hydrocarbon exploration.
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