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 
Abstract—Seismic analysis of bedforms has proven to be one of 

the best ways to study deepwater sedimentary features. Canyons are 
known to be sediment transportation conduit. Sediment wave are 
large-scale depositional bedforms in various parts of the world's 
oceans formed predominantly by suspended load transport. These 
undulating objects usually have tens of meters to a few kilometers in 
wavelength and a height of several meters. Cyclic steps have long 
long-wave upstream-migrating bedforms confined by internal 
hydraulic jumps. They usually occur in regions with high gradients 
and slope breaks. Cyclic steps and migrating sediment waves are the 
most common bedform on the seafloor. Cyclic steps and related 
sediment wave bedforms are significant to the morpho-dynamic 
evolution of deep-water depositional systems architectural elements, 
especially those located along tectonically active margins with high 
gradients and slope breaks that can promote internal hydraulic jumps 
in turbidity currents. This report examined sedimentary activities and 
sediment transportation in submarine canyons and provided 
distinctive insight into factors that created a complex seabed canyon 
system in the Ceara Fortaleza basin Brazilian Equatorial Margin 
(BEM). The growing importance of cyclic steps made it imperative to 
understand the parameters leading to their formation, migration, and 
architecture as well as their controls on sediment transport in canyon 
thalweg. We extracted the parameters of the observed bedforms and 
evaluated the aspect ratio and asymmetricity. We developed a 
relationship between the hydraulic jump magnitude, depth of the 
hydraulic fall and the length of the cyclic step therein. It was 
understood that an increase in the height of the cyclic step increases 
the magnitude of the hydraulic jump and thereby increases the rate of 
deposition on the preceding stoss side. An increase in the length of 
the cyclic steps reduces the magnitude of the hydraulic jump and 
reduces the rate of deposition at the stoss side. Therefore, flat stoss 
side was noticed at most preceding cyclic step and sediment wave. 
 

Keywords—Ceara Fortaleza, sediment wave, cyclic steps, 
submarine canyons.  

I. INTRODUCTION 

UBMARINE canyon are steep V-shaped walled (Shepard 
1981) erosional feature, one of the most obvious deep-

water seabed features on continental break down slope. They 
act as conduits for sediment transfer from the continental 
shelf/inter slope accommodation space to the deep-sea abyssal 
[1]-[4]. Canyons are common on continental slopes [5], 
shelve-incising canyons commonly develop across tectonically 
active continental margins and are most abundant along the 
western margins of both South America and North America 
[6], [7]. Submarine canyons evolve through geological time 
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channelizing sediment gravity flows [8] that originated mostly 
from the continents due to tectonism and earthquake [8]. 
Canyons and gullies are an integral part of slope morphology 
on continental margins (e.g. [9]-[11]). Gullies are straight 
regularly spaced channel [12], formed by erosional processes 
11], [13] or depositional processes [14]. The evolution of 
submarine canyon has been extensively discussed [15]-[18]. 
Submarine canyon origin and processes for transporting 
sediment is not fully understood [19]. 3D seismic 
interpretation remains the best method to analyze their 
evolution. Canyon architectural elements [20], [21] include 
large delta front valleys at the trough of a prograding seafloor 
slope settings; long fan valley that flow seawards to the 
abyssal. The capability of the canyons to act as sedimentary 
conduits depends largely on the rate of sediment supply at 
their heads [18] as well as the erosional processes at the 
canyon thalweg. Canyons are formed by erosive processes 
[22] that could as well give rise to bedforms such as sediment 
waves, antidunes and cyclic steps. This could influence the 
evolution and morphology of a canyon [23] such as working 
or reworking of the levee overbank. Canyons and gullies were 
seen to contain frames of crescent-shaped bedforms 
interpreted as cyclic steps [24], signifying the existence of 
sedimentary gravity flows in supercritical regime. 

A bedforms are formed by interaction of a flow with the 
seafloor, including turbidity currents, thermohaline bottom 
currents, and tidal flow [25], [26]. The bottom of many 
continental shelves is covered with regular large-scale patterns 
of elongated bedforms with wavelengths ranging from several 
hundreds of meters to a few kilometers [27], [28]. Bedforms 
are common features in the submarine [29]. Understanding 
into the changing geometry, growth and migration of 
bedforms could give us an insight into the processes that 
initiate bedform architecture in Deepwater [30]. Bedforms 
derived from canyons deposit are present in much of the deep-
water depositional settings [23], [31], [32], such as canyon-
channel thalwegs, levee-overbanks, and channel-lobe-
transition-zones [23], [31]-[34]. Most bedforms migrates 
upstream [35]-[38]. Several authors have studied sediment 
waves in different depo-belts such as continental slopes and 
rises e.g. [39], abyssal plains e.g. [40], deltas (e.g. [41]), 
canyons and channels (e.g. [42]) and volcanic flanks (e.g. 
[43]), continental shelves (e.g. [44], [45]). Sediment wave 
[35]-[37], is a submarine depositional feature that indicates 
channel lobe transition [38], [46], [47] where the channels are 
no longer confined by their levees. Sediment waves bedform 
are typically tens of meters to few kilometers in wavelength 
and few meters in wavelength height [35], [45]. The larger 
ones commonly appear in seismic profiles as gently 
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undulating, slightly climbing bedforms [48]. Most sediment 
waves originated from turbidity current [32], and are classified 
as bottom current sediment waves or turbidity current 
sediment waves. Bedforms migrate by eroding the upstream 
(stoss) side and deposition of fine-grained sediment on the 
downstream lee side through eddy current (interaction 
between water and the seabed classified bedforms based on 
their origin, migration direction, grain size and crest shape. 
Series of slowly collapsing and upstream migrating bedforms 
are referred to as cyclic steps [48]. Partially periodic wave-like 

bedforms [49] have wide range of asymmetry [48] (Fig. 1). 
The lee side abruptly drops steeply passing through a 
hydraulic jump before re-accelerating on flat stoss side, the 
flows are supercritical at the lee sides and subcritical at the 
stoss sides of the bedforms [50], [51]. Cyclic steps could also 
result due to turbidity current initiated by slope instability 
[52]. Upslope and downslope asymmetry are a characteristics 
of low and high energy settings, respectively, for both 
sediment waves and cyclic steps [48].  

 

 

Fig. 1 Schematic drawing of a train of downslope asymmetrical cyclic steps (flow from left to right), beneath a turbidity current. It was 
assumed that turbidity current is accelerating from subcritical from the left border of the drawing, reaching the critical Froude number (Fr=1) at 
the crest before its further acceleration down the lee side of the bedform. The hydraulic jump is situated in the trough at the toe of the lee side. 
On the stoss side, flow depths are high and velocities low causing deposition and back-set bedding. On the lee side, the lower flow depth and 
higher flow velocities lead to erosion or limited deposition. Imbalance between the lee and stoss sides triggers upstream migration combined 

with possible aggradation. Modified from [23], [48] 
 

Direct methods [45], [53], experimental methods [50], [51], 
[54] and numerical models [50], [55], [56], currently used for 
bedforms observation are not only inadequate but cannot be 
applicable to deep water bedforms analysis. Such observations 
will only reveal results that are based on analysis of deposits 
that has residual stratigraphic/geological records. There is an 
absence of unanimity on terminology and how deepwater 
bedforms should be interpreted [26], [45]. Seismic analysis of 
sediment wave has only been presented by few authors e.g. 
leveed channel systems in the Makassar Strait [57], deep-
water Niger delta [57], Orinoco sediment wave field [58]. 
Seismic interpretation of bedforms has proven to be one of the 
best methods to understand how bedforms are formed and has 
enhanced the understanding of how it could be interpreted.  

In this paper, we review the geomorphological evolution of 
bedforms as a mechanism for sediment transport in a 
submarine canyon thalweg and the relationship between the 
observed erosional features (e.g. gullies) and depositional 
features (e.g. waveforms) on the seabed. Here, we present a 
new 3D seismic dataset of the Ceara basin to study salient 
detailed sedimentary activities across the study area that are 
only recognizable in a very high-resolution bathymetric map. 
The improved high-resolution multi-beam echo sounders and 
3D seismic data enables imaging the seafloor’s complex 
nature to be unraveled (e.g. [17], [59]-[61]), this has further 
expanded the understanding of submarine slope features. We 
provide distinctive insight into the external factors that 
encourage bedforms transition and sediment transfer that 
could influence the evolution of Ceara Fortaleza basin. We 
reconstruct paleo-topographic features through a detailed 
mapping of seismic horizons/features. Sediment waveform 
was exported from the seismic volume of the study area 

(petrel platform) to global mapper where the cross-sectional 
parameters of the sediment wave (such as stoss side and the 
lee side) were extracted.  

II.  GEOLOGICAL SETTING 

Ceara Fortaleza Basin (Figs. 2 D & E) covers an area of 
65,000 km2 [62] offshore the city of Fortaleza (80 km north 
(pgs) (Brazil), with a water depth of 400 m [63] in the 
northeastern BEM (Fig. 2 D) [64]. The equatorial Africa and 
South America separation occurred during early cretaceous 
times [63], [65]-[68], and the Equatorial Atlantic opening 
occurred during Aptian-Albian [17], [69]. The post-breakup 
tectono-sedimentary evolution has been interpreted as 
behaving like an abnormal rifted margin such as the East 
Brazilian coast, with the main subsidence mechanisms driven 
by thermal and isostatic subsidence [63]. The separation of the 
Pangaea Supercontinent resulted in the formation of the 
Brazilian Cretaceous Rift System, forming passive continental 
margins and the Brazilian marginal basins (Fig. 2 A) [17], 
[70]. The Basin has three stages of evolution: rift (Neocamian-
Eo-Aptian), post-rift (Neoaptian-Eo-Albian), and continental 
drift (Albian-Holocene) stages (Fig. 2 B) [71]. The rift, post-
rift, and continental drift stages are characterized by 
continental, transitional, and marine megasequence deposits, 
respectively [17], evolution of the tectonic regime varies from 
predominantly normal (distension) to predominantly strike-
slip (transtension and transpression) regime [63].  

III. DATASET AND METHODOLOGY 

The dataset used for this interpretation is released by PGS, 
acquired at a water depth of 2000 m – 3000 m. The data 
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consist of high-quality 3D standard geometry seismic volume 
with bin dimensions (acquisition): 6.25 x 25 m, bin 
dimensions (processing): 12.5 x 25 m. The seismic lines were 
acquired with eight streamers each of length 6000 m with a 
separation distance of 100 m shot at 25 m intervals and 9000 
ms record length. The dataset was processed via a fully ray-

traced Kirchhoff Pre-Stack Time Migration (PSTM), Radon 
and residual. The dominant frequency of the dataset is 30 Hz, 
considering an average sediment interval velocity of 2000 m/s, 
the vertical 0 shows that the seismic volume is of high 
resolution. 

 

 

Fig. 2  A) Digital elevation model of the Equatorial Atlantic margin (edited from Petrel software) showing the BEM, B) Ceara Fortaleza Basin 
offshore the city of Fortaleza showing the study area 3D seismic section edited from [72] 

 
As main methodology, we used the seismic interpretation/ 

regional mapping of the major horizons/stratigraphic intervals 
done through the Petrel platform. Major seismic horizons were 
identified and mapped, and the horizon surface map was 
created. RMS amplitude map and spectral decomposition was 
created, and reconnaissance of the dataset was done to know 

the potential presence and extension of the channel-lobe 
system. To reveal the thalweg debris mass flow, attribute 
computation/frequency decomposition – extracting and the 
range of frequency from the spectrum (taking the boundaries 
of the lobe) was done. To show the structural and stratigraphic 
edges of the lobe, the dominant frequency range and structural 
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decomposition based on edge detection approach (RGB 
blending) was done, and we delineate it and define the level of 
compartmentalization (Though we had a challenge to interpret 
the seismic sequence that define the compartment). The 
internal architecture of the identified bodies such as the lobe, 
channel and debris flow, was recognized in the seismic section 
as disrupted or chaotic low amplitude seismic facies 
underplayed by basal share surface of continuous reflection 
representing the failed mass. 

The sediment waveform was exported from petrel platform 
to global mapper software where large bedforms and cyclic 
steps were evaluated and the parameters of each bedform were 
extracted. For each bedform, parameters were taken along a 
profile over the crest of the bedform; the stoss and lee slope 
length/angles, regional slope (slope of the entire bedform), 
degree of asymmetry (stoss length divided by lee length), 
wavelength and height were measured according to [73]. 

 

 

Fig. 3 Terminology and morphological properties calculated on bedforms observed on the delta slopes. (A) Plan view illustrating where the 
profiles were taken along the bedforms. (B) Profile view illustrating the different properties measured along the bedforms. (C) Delta 

terminology used in this study edited from [73] 
 

 

Fig. 4 Uninterpreted and Interpreted seismic section of Inline 1576 
crossing the sediment wave region 

IV. RESULT 

A. Seabed Architectural Elements  

The seismic section of the study area (Fig. 4) and seabed 
morphology surface map (Fig. 5 A) allow us to identify three 
canyons that incised the continental slope. Two active modern 
channels incised the seabed between canyon 1 and canyon 2, 
these brought about two different portions of sediment wave 
lobe deposit. The canyons are parallel to each other, they have 
low sinuosity, their width and depth vary with the water depth, 
the width of the canyons increase with an increase in water 
depth and the depth of the canyon incision increases towards 
the continent. The canyons have U-shape morphology 
characterized by several forms of bedforms at the thalweg, 
ranging from crescentic bedforms, cyclic steps and sediment 

wave. Most of the bedforms in the study area are tilting 
towards the north-west of the study area, this flow parameters 
are an obvious characteristic that could give us a hint that the 
flow direction of the canyons is from southeast to north west.  

Undulated seabed bedform, similar to the ones described as 
Barerchan dunes [74], was observed on the seabed. The 
observed undulated furrows-like features (Fig. 5 A) have been 
completely draped at the distal area by a paleo-sediment wave 
but the furrows are still visible at the proximal part of the 
study area. The drape was incised by the two slim active 
channels (Figs. 5 A-C). The seismic section (Fig. 4) shows 
that the wall of canyon 1 has a wavy-like morphology, and a 
slump like bright transparent and chaotic seismic character at 
the lower left side wall, believed to have resulted from weak 
failure of sediment wave deposit. Canyon 1 has an average 
depth of 350 m and width of 1.8 km at the proximal end and 
narrows to 1.2 km and the distal part. Canyon 2 is believed to 
be more recent among the canyons and has the lowest 
sinuosity. Canyon 2 has the highest bright RMS amplitude 
reflection in the area, including its thalweg and overbank. The 
overbank shows cyclic steps and over spilling into the flank of 
canyon 1 with some evidence of canyon 1 wall collapse. 
Canyon 2 has semicircular crescentic bedforms and cyclic 
steps at its thalweg. The high amplitude chaotic reflection 
(Fig. 5 B) allows us to interpreted the crescentic bedform at 
the canyons thalweg to be composed of coarse grain sand 
sediment and the sediment waves are sandy occurring at 
latitude: 3o 43’ 2.6 and longitude: 37o 34’ 55.5. Two or more 
ends of the crescentic bedforms crest are pointing downslope 
and migrating downslope away from the flow source. The 
high amplitude reflection at the distal end of the two sides of 
the canyon wall could indicate that the sandy lobe was cut 
through by a high incision channel flow and divided the lobe 
into two parts, and has displaced some of the sand deposit 
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from the paleo sandy sediment wave to the two sides of the 
channel. Canyon 2 is the smallest canyon with an average with 
of 0.8 km and depth of 150 m. The space between canyon 2 
and canyon 3 is characterized with various sizes of mounds 

and furrow like undulations, it is at the northwestern end of 
the study area, it has the largest canyon width of 3.5 km and 
an average depth of 500 m.  

 

 

Fig. 5 (A) Seabed surface map showing Canyon 1, 2 & 3 (B) RMS Amplitude map of the Seabed showing high amplitude RMS sandy 
reflections at the canyons thalweg, hydraulic jumps and cyclic steps (C) surface map of horizon H1 below the seabed indication the base of the 

sediment wave lobe. (D) Seismic section of random line 1 showing symmetric sediment wave cyclic steps and hydraulic jump (E) Seismic 
section of Xline 2585 showing the sediment wave deposit at the channel thalweg 

 
The seismic section (Figs. 5 D & E) gives us an insight into 

sediment wave interaction with canyons deposits. Patches of 
high amplitude reflection seen at canyon 3 thalweg (on the 
RMS surface map Fig. 5 B) could be due to sandy sediment 
swept from a canyon 2 levee and overbank. The elevated wall 
of canyon 3 could be responsible for shielding more of the 
sand sediment from migrating into the north western region 
serving as a sediment trap.  

To critically analyze the observed bedforms in the study 
area, we grouped the bedforms into three sets (set A, set B, set 
C). Set A is the sediment wave bedform at the mouth of the 
recent active channel S2 (Fig. 6 set A, Figs. 5 A-C), set B is 
the crescentic bedforms and sediment wave on channel canyon 
2 thalweg (Fig. 6 set B), set C is the lager bedforms including 
cyclic step and furrows (Fig. 6 set C). The height of the 
sediment wave in Set A is between the range of 32 m and 1.33 
m and the maximum asymmetricity ration is 140, the sediment 
wave lobe of set A has an average slope of -3.58o. The height 
of Set B sediment wave is between the ranges of 54.23 m and 
4.5 m with an average slope of -5.14o. Set C has a height range 
between 194 m and 9.5 m and an average slope of -4.78o. The 
combined graphical analysis of the sediment wave parameters 
is summarized in Fig. 7. 

 

V. DISCUSSION AND CONCLUSION  

A. Bedforms in Submarine Canyons 

The origin of bedforms in submarine canyons has been 
debated [81], and many studies now suggest that they are 
formed by supercritical density flows (Froude number > 1) 
and cyclic steps [32], [33], [76], [86]. Bedforms observed in 
this study share analogous morphological characteristics as 
those studied in similar depobelts, where terms such as 
furrows, undulations, erosional scours, antidunes, dunes, sand 
waves, sediment waves, crescent-shaped bedforms, and cyclic 
steps were investigated [18], [33], [36], [38], [75]-[79]. The 
presence of elongated scours and scars on the seabed canyon 
flanks (Figs. 4 and 5) could suggest that continental break 
(deltafront) failure is responsible in initiating sediment density 
flows. The deeper canyons (Fig. 4) must have been eroded 
into the continental shelf during relative sea-level falls, which 
carries sediment from the shelf to the slope and into lower 
basin. The abrupt reduction of the canyon walls could be 
connected to failure of steep canyon walls which thereafter 
lead to mass movement with the evidence of slump and debris 
flow (Figs. 4 and 5). Coarse-grained deposits such as spillover 
lobes L1 & L2 (Figs. 5 B and 6 set C1) and crevasse splays 
have been observed on outer bend levees e.g. [80]. 
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Fig. 6 Profile of sediment wave region: (A) set A, (B) Set B, (C) set C without hydraulic jumps, (D) Set C with hydraulic jumps 
 

The crescentic bedforms observed in this study are often 
similar to bedforms observed in many submarine canyon and 
channel environments (Figs. 5 B, 6 B) [41], [73], [76], [81], 
[82]. Slope angle controls the gravitational driving force for 
sediment density flow; thus, the likelihood of a density flow 
becoming supercritical typically depends on slope angle [83]; 
density flows have been qualified as supercritical if the slope 
settings that is steeper than 0.6° [84], 1.15o [3], greater than 4o 
[73]. Stratification, as observed in the region of cyclic steps 
between the depth of 1.3(twt) and 2.0 s(twt) (Figs. 5 D & 6 set 
C) could be as a result of a high energy density flow that gave 
rise to cyclic steps and hydraulic jump. Submarine buried 
channel distortions (Fig. 9) are responsible for the lack of 
internal stratification at the deeper segment (Figs. 8 and 9). 
Deposit is formed from a very dense and coarse-grained near-
bed layer at the base of the gravity [33] or because of strongly 
decreased bed traction due to a hydraulic jump [85]. 
Subcritical density flow could occur when the stoss side is 
comparatively flat compared to the subsequent wave, so that 
the erosional steep lee side produces supercritical density 
flows, as explained in cyclic steps (3). Hitherto, it has been 
postulated that the gap between small and large sediment 
waves is related to flow stratification [83], which builds on an 
established relationship between supercritical flow discharge 
and cyclic step lengths [32], [33]. 

Upstream migrating bedforms have been regarded to as 
cyclic steps [33]. We assigned each downward steeply 
dropping lee side of the bedform to be hydraulic fall (f) (1). 
This is the flow passing through a hydraulic jump before re-
accelerating on the flat stoss side. This dune-shaped feature 
migrates upflow by the lee-side erosion and the stoss-side 
deposition, created by high energy turbidity current flow from 
the continental break (Fig. 5 D Random line). At a depth range 
of 1.3 ms to 1.8 ms, five cyclic steps were identified numbered 
1 to 5 (Fig. 5 D) with dimensions (length l x height h x 
hydraulic fall f) as listed in Table I. The second and third 

cyclic steps are averagely symmetrical. The hydraulic jump 
magnitude m (Fig. 1) (2) depends on the depth of the hydraulic 
fall. The depth of the hydraulic fall f is directly proportional to 
the length l of a cyclic step and inversely proportional to the 
height h (rate of deposition) as it is the energy of supercritical 
flow that controls the deposition at the stoss side that is: 

 

 𝑓 𝛼 ௟

௛
             (1) 

 
Using the magnitude m of the hydraulic jump (that controls 

sediment deposition at stoss side) as constant of 
proportionality; we have: 
 

𝑓 ൌ
௟

௛
𝑚            (2) 

 
So that: 

 

𝑚 ൌ ௙௛

௟
            (3) 

 
TABLE I 

PARAMETERS OF CYCLIC STEP 

Cyclic step L(m) h(m) F(m) l/h(m) m(m) 

1 2370 84 488 28.21429 17.2962 

2 890 95 488 9.368421 52.08989 

3 891 95 366 9.378947 39.02357 

4 1167 47 285 24.82979 11.47815 

5 1735 50 150 34.7 4.322767 

 

An increase in the height of the cyclic step means increase 
in the magnitude of the hydraulic jump, and thereby increases 
the rate of deposition on the preceding stoss side. Conversely, 
an increase in the length of the cyclic steps reduces the 
magnitude of the hydraulic jump as well as the rate of 
deposition at the stoss side, therefore a flat stoss side could be 
noticed at the preceding cyclic step. Giving rise to a dense and 
coarse-grained near-bed layer at the base of the gravity current 
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[45], [83] or a strongly decreased bed traction due to a 
hydraulic jump [85]. Similar morphology could be recognized 
at deeper depth indicating that similar process occurred in the 
past. The disorderly draped pattern observed in buried channel 
CH-2 (Fig. 9) could be due to the buried undulated furrows 
that was subsequently draped by sediment wave. The paleo-
draping process forced two different parallel buried channels 
(Fig. 9, CH-2) to converge at some point and was also forced 
to bifurcate as it travels down. Looking at the draping style on 
the seabed stoss deposition, seismic section Xline 2584 (Fig. 5 
E) and the surface map H1 (Fig. 5 C ) of the sediment wave 
base, we could infer that the draping style is thickening 
downward while the sediment wave is thickening upward. 
Hydraulic jumps are increasingly recognized as an important 
part of depositional and erosional processes on the continental 
margin (e.g., [4], [31]). Several periods of hydraulic jumps 
were identified in this dataset (Figs. 5 D, Fig. 6). Flows over 
the cyclic steps are supercritical towards the lee face and 
decelerates at the hydraulic jump in the trough, there exist a 
waxing to critical flow at the stoss side near the crest but 
quickly become supercritical flow at the lee side. This process 
gave rise to deposition rough surface on the stoss side due to 
slowing of the flow energy and offloading of sediment (Fig. 6 
set C). Mud-dominated currents tend to deposit the bulk of 
their suspended load downstream of the hydraulic jump [87]. 
We correlated each set (A, B, C) by plotting the height of the 
sediment wave against the wavelength (Fig. 6) in line with the 
proposition of [24]. The degree of asymmetricity of a 
sediment wave was evaluated by likening it to cyclic step 
aspect ratio findings by [33]. He postulated that aspect ratio is 
controlled by lee and stoss slope. We plotted the lee side slope 
length to the slope length of the stoss side. Set A, B & C 
sediment wave (Fig. 6) have an average slope of -3.58, -5.14 
& -4.94. There is a good correlation between the wave height 
and wavelength (Fig. 11 Set A, B & C). The R2 values of sets 
A, B and C are approximately 0.17, 0.10, 0.2, respectively. 

We further combined the three sets of sediment wave (Fig. 6 
Combined set A, B & C H:L), the correlations show that the 
height of the sediment wave increased and migrates 
downslope (e.g. [88]).  

All the sediment waves have comparable morphologies and 
are considered as small-scale cyclic steps compared with those 
observed in the marine environment [24], [31], [86]. Some 
discrepancy in the points that does not fall in line with the line 
of best fit could be due to variations in flow properties, flow 
thickness and sediment grain size [45]. In the case of cyclic 
step, the slope of the lee side increase density flows that have 
influence on the cyclic step origin and the magnitude of the 
hydraulic jump. The degree of asymmetricity is plotted in Fig. 
6 set A-asymmetricity, Set B-asymmetricity, Set C-
asymmetricity. The points plotted on Fig. 7 show a close 
correlation and further justify the prominence of density flow 
in the area. The graph of set A is more of symmetrical. 
Sediment wave asymmetry is observed mostly on the lower 
slope areas, while set B is more of crescentic wave on the 
channel thalweg and Set C is made of large scale bedform like 
a cyclic step & larger sediment wave. Most of the stoss sides 
of set B and set C (Fig. 7) are thick and table like flat, have 
their stoss side length increases because density flows require 
longer distances to become critical on lower slopes [73]. The 
lee side/angle is steeper than the stoss side with R2 values of 
0.05 and 0.09 with linear equation of y = 0.208x + 78.688, y = 
0.3958x + 498.49, respectively. The linear equations indicate 
that the wavelengths are longer. Generally, longer wavelength 
and subsequent higher asymmetry are observed at the lower 
slope towards the NE-NW end of the dataset; at this point, 
ocean current could be the most driving force. 

It could be inferred that the rate of erosion of the lee side 
depends on the acceleration of the flow, which further depends 
on the slope of the lee side; this in turn increases bedform 
heights on the stoss side due to deposition of the eroded 
sediment when the flow decelerates into the subcritical zone. 
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Fig. 7 Relationship between bedform morphological parameter 
 

 

Fig. 8 Surface map and seismic section of seabed undulations 
showing how the morphology is transmitted to the deeper section 

B. Bedforms and Debris Flow 

Among the various geophysical techniques available for 
characterizing debris flows, 3D seismic attributes have proven 
to be some of the most useful tools [90]. The space between 
the boundary canyons are characterized by scour-undulated 
furrow-like features; this indicated that weak slope collapse 
has taken place in the past. The debris flow is defined by low-
amplitude, parallel internal reflections that down lap onto 
underlying strata (Fig. 8). The initial sediment transport 
mechanism was debris flow seen from the transparent seismic 
reflection of the horizon mapped below the seabed (Figs. 5 C 
and 8). The seismic profiles show chaotic and disrupted strata 
and the accompanied slide surfaces within debris flow deposit 
and were separated from the much more continuous facies of 
non-MTD deposits such as described by [90]. The debris flow 
in the interval of interest (Fig. 9) lies on the remnants of older 
mass-transport deposits (MTDs) and buried channel system 
that might have been active at different times. Wedge ramps 
and flats indicate changes in the morphology of shear surfaces 
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in deeper MTDs, which relate to local stress fields and 
directions of transport during mass-wasting events [91]. Mass 
movement in the area is commonly debris flow and mudflow 
complemented by bedforms at the later stage, though from the 
medial parts most of the flow became relatively high energy 
fluidized similar to [92], this could be attributed to the lack of 
levee growth because the energy of the flow could not allow 
significant over bank deposit to aggrade. 

C. Sediment Transfer 

The use of Petrel perturbation impulse response brings to 
the surface sediment response to external changes, it indicates 
reaction of the dynamic sedimentary geologic processes 
relating to changes in the nature of sediments and the 
deviation of sediment movement/deposit in the basin over 
time from its normal state. Impulses can be characterized with 
different stratigraphic layers [89] or paths, caused by an 
outside influence most likely gravity. We considered the 
sediment wave region to model the architecture of sediment 

transfer architecture (Fig. 10) of the study area. We considered 
picked horizon surfaces at the sediment wave region only, 
namely: Seabed (seabed) horizon and Horizon H1 (lobe base) 
at a depth of circa 2.7s (twt). We use the petrel software 
impulse response tools to model sediment dynamic reaction 
with respect to burial depth. The bright red reflection (Fig. 10) 
represents a sandy sediment migration path. Sediment impulse 
response at H3 (the deepest horizon) is muddled most likely 
due to erosive events or unconsolidated sediment movement. 
The bright red reflections are seen to be moving from NE to 
NW but not as organized as the stratigraphic layer above it. 
Horizon H2 has more organized impulse reflection, the chaotic 
nature could be due to the channel’s incisions at that layer. 
The response on the seabed indicates the present-day sediment 
movement from the NE to the NW of the study area, this could 
further support the reason why we have lighter seismic 
amplitude reflection at the northwestern part of the study are 
and gradually increase towards the northwest.  

 

 

 

Fig. 9 Seismic section of BB’ across sediment wave region, showing the interpretation of buried channels 
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The four low sinuosity buried channels (CH-1, CH-2, CH-3, 
CH-4 Fig. 11) observed were arranged in an alternating 
manner like a lobe like tributaries with the thalweg composed 
of high amplitude (coarse grained sand sediment) reflection. 
The high amplitude seismic reflection at the channels thalweg 
could give us a clue and further support the argument that the 

region was composed of buried sand sediment most likely 
from the paleo-sediment wave and it has been known that 
sediment wave deposits are sandy. The undulated ripples like 
feature within the channels indicated that a bottom currents 
sediment wave contributed in transporting sediment. 

 

 

Fig. 10 Petrel perturbation impulse response of: (A) Seabed, (B) Horizon H1, (C) Horizon H2, (D) Horizon H3 showing sediment transfer 
impulse response from NE to NW 

 
Assigning volume attributes such as acoustic impedance 

properties to the sand filled channels and surrounding and 
interbedded mud and clay layers could give us the general 
morphology of buried channel architecture [93]. We applied 
four different volume attributes, namely: Relative Acoustic 
impedance, Variance volume attribute, Amplitude contrast 
volume attribute and Reflection intensity volume attribute 
(Fig. 11) The orientation of the buried channels was tending 
from north-east to north-west, which could invariably imply 
the sediment transport orientation. 

VI. CONCLUSION 

 Sediment transport in canyon thalweg occurs as slowly 
migrating downstream processes are maintained by 
bedforms pointing upstream.  

 Sediment waves in the study area migrate upward at the 
initiation stage, as it aggrades to the critical point, it 
collapses downstream to support the actual sediment 
transportation downstream. 

 High amplitude coarse-grained reflections at the canyon 
thalweg shows that the most sediment waves have 
morphology signifying up current transport as in 
antidunes, while just a few collapsing or leftover waves 
appear to migrate down-current in the manner of dunes. 

Wavelength is seemingly certainly correlated to low 
velocity. Sand-rich sediment waves show quite different 
wavelength-to-height relationships to those formed 
dominantly of gravel as recorded in some articles. 

 Waves prograde by depositing on up-current sides, 
including deposition of thicker and more frequent sand 
bodies. 

 Large sediment waves such as cyclic steps were 
interpreted as supercritical flow bedforms, [32], [33]. This 
study brings to bear that bedforms such as cyclic steps are 
common signals of hydraulic jumps in submarine canyon, 
channel, levee-overbank, and channel lobe transition (Fig. 
5) [31]-[33]. 

 The hydraulic jump magnitude depends on the depth of 
the hydraulic fall. The depth of the hydraulic fall is 
directly proportional to the length of the cyclic step and 
inversely proportional to the height h (rate of deposition) 
at the stoss side. 

 An increase in the height of the cyclic step means an 
increase in the magnitude of the hydraulic jump and 
thereby increases in the rate of deposition on the 
preceding stoss side. Conversely, an increase in the length 
of the cyclic steps reduces the magnitude of the hydraulic 
jump as well as the rate of deposition at the stoss side, 
therefore a flat stoss side could be noticed at the 
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preceding cyclic step.  
 

 

Fig. 11 (a) Relative Acoustic impedance 
 

 

Fig. 11 (b) Variance volume attribute volume attribute 
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Fig. 11 (c) Amplitude contrast volume attribute 
 

 

Fig. 11 (d) Reflection intensity volume attribute 
 

 Mass movements in the area are commonly debris flow 
and mudflow complemented by bedforms at the later 

stage. 
 In this study, Petrel perturbation impulse response was 
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used to indicate reactions of the dynamic sedimentary 
geologic processes relating to changes in the nature of 
sediments transport in a canyon, such as bringing to the 
surface paleo sediment response to external changes, 
indicating that the morphology of the canyon also 
contributed to the sediment transfer direction from NE to 
NW. 

 More study is encouraged to identify the facies in the 
channel lobe transition and cyclic steps and the role of 
supercritical flow and hydraulic jumps in lower slopes on 
the basin floor and the evolution of deep-water 
depositional systems.  
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