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The characteristics and evolution of different types of channel-complex sets (CCSs) have long attracted attention
from both academia and the oil industry. 3D seismic data from the world’s largest submarine fan in the Bay of
Bengal allow the exploration of morphology, architecture, and evolution of a Pleistocene submarine channel
system from inception to abandonment. Four types of architectural elements are recognized, including feeder and
distributary channel-complex set (CCS), levees, bend cutoffs, and incised and unincised crevasse splays. Three
types of CCSs are recognized: (1) erosional non-leveed CCSs with the lowest values of channel width (W),
thickness (T), and cross-sectional area (C,) (mean values of W= 153 m, T =20 m, and C, = 2613 m2); (2) graded
CCSs with the highest values of W, T and C, (mean values of W = 745 m, T = 89 m, and C, = 49183 mz); 3)
aggradational leveed CCSs with intermediate values of W, T and C, (mean values of W = 476 m, T = 56 m, and
Cq = 21968 m?). Graded CCSs and aggradational leveed CCSs have overbank levees, crevasse splays and bend
cutoffs, whereas erosional non-leveed CCSs lack these features. Such architectural difference in overbank de-
posits suggests a channel evolution pattern of initial incision (erosional non-leveed CCSs) and then aggradation
(graded and aggradational leveed CCSs), resulting in a pattern of incision-to-aggradation channel evolution. An
increase-then-decrease in channel morphometrics (represented by W, T, and C,) from erosional non-leveed CCSs
with the lowest mean values of W, T, and C, to graded CCSs with the highest mean values of W, T, and Cg, and
finally to aggradational leveed CCSs with the intermediate mean values of W, T, and C, suggest that the incision-
to-aggradation channel evolution is related to waxing-then-waning energy cyclicity. Submarine channel turbidity
flows during the waxing energy phase became progressively more energetic and increasingly more erosional,
producing erosional non-leveed CCSs. Instead, submarine channel turbidity flows during the waning energy
phase were more diluted and increasingly more depositional, thereby producing aggradational leveed CCSs. The
phase of peak environmental energy was most likely accompanied by most energetic turbidity currents, resulting
in graded CCSs. Results and observations from the current study contribute to a better understanding of archi-
tectural complexity and evolution of submarine channels.

1. Introduction the major conduits for the delivery of large amounts of sediment, nu-
trients, pollutants, and organic carbon down to deep-water areas (Galy

Submarine canyons and channels have been the focus of extensive et al., 2007; Hughes Clarke, 2016; Symons et al., 2017; Hage et al.,

research since their discovery in the 19th century (e.g., Buchanan, 1887;
Daly, 1936; Shepard and Emery, 1941; Peakall and Sumner, 2015; Fil-
dani, 2017). They can be up to several to tens of kilometers wide, and
can extend for tens to thousands of kilometers on the modern seafloor
(Peakall and Sumner, 2015; Heijnen et al., 2020). They play the role of

2020). Sediment gravity flows in submarine channels pose a threat to
undersea pipelines and telecommunication cables that carry 95% of
transoceanic data traffic (Carter et al., 2009). Deposits in submarine
channels preserve critical signals of paleoceanographic and paleocli-
matic information from their source regions, and therefore act as an
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Fig. 1. (A) Regional map of the Ganges-Brahmaputra sediment-dispersal system showing regional map-view location of 2D seismic profile shown in Fig. 2 and the
geographic context of the study area in the Rakhine Basin (IBR = Indo-Burman Range, Godavari R. = Godavari River, and Krishna R. = Krishna River). (B) 3D
perspective of the modern seafloor showing plan-view locations of seismic line shown in Fig. 3, and RGB spectral decomposition-attribute and RMS amplitude maps

shown in Fig. 4-8.

archive for the Earth’s history (Prins and Postma, 2000; Clift and Gae-
dicke, 2002). Submarine channels are the primary elements building the
largest sedimentary accumulations of the planet (i.e., submarine fans)
(Peakall and Sumner, 2015; Gong et al., 2022), and can form major
subsurface oil and gas reservoirs in locations worldwide with consid-
erable economic and strategic significance (e.g., Kolla et al., 2001;
Abreu et al., 2003; Posamentier and Kolla, 2003; Mayall et al., 2006;
Janocko et al., 2013).

The past two decades witnessed significant advances in the sedi-
mentological understanding of submarine channels and their associated
architectural elements, including channel fills (e.g., Deptuck et al.,
2003, 2007; Mayall et al., 2006; Clark and Cartwright, 2011; McHargue
et al., 2011; Janocko et al., 2013; Oluboyo et al., 2014; Bouchakour
etal., 2022), lateral accretion packages (Abreu et al., 2003; Mayall et al.,
2006, 2010; Kolla, 2007; Wynn et al., 2007; Janocko et al., 2013; Bou-
chakour et al., 2022, 2023), non-turbiditic mass-transport complexes
(Deptuck et al., 2003; Tek et al., 2021), terraces (Babonneau et al., 2004;
Hansen et al., 2017), and levees (Posamentier and Kolla, 2003; Kane
et al., 2007; Jobe et al., 2015; Mitchell et al., 2021a, 2021b). In recent
years, an increasing effort has been made to understand flow dynamics
and structures of turbidity currents operating within submarine chan-
nels, through direct field measurements (e.g., Azpiroz-Zabala et al.,

2017; Paull et al., 2018) and detailed time-lapse seabed surveys (e.g.,
Vendettuoli et al., 2019; Heijnen et al., 2020).

During the last few decades, architecture, morphometrics, and evo-
lution of submarine channels have been an important research focus (e.
g., Schwenk et al., 2005; Hubbard et al., 2011; Fildani et al. et al., 2013;
Sylvester and Covault, 2016; Guiastrennec-Faugas et al., 2021). Despite
their significance and many years of study, a clear understanding of
submarine channel evolution and stratigraphic architecture from
inception to abandonment remains elusive (Sylvester and Covault, 2016;
Guiastrennec-Faugas et al., 2021). Using commercially acquired 3D
seismic datasets from the world’s largest submarine fan in the Bay of
Bengal (Fig. 1), we attempt to: (1) explore how channel architectures
and morphometrics evolve from their inception to abandonment; (2)
investigate three types of channel-complex sets (CCSs) and their char-
acteristics; and (3) investigate the evolution of CCSs and their controls.
Addressing these research objectives will enable a better understanding
of architectural complexity and evolution of submarine channels.

2. Geological background of the study area

The study area is located in the Rakhine Basin in the northeastern
fringe of the upper Bengal Fan (Fig. 1A). The Bengal Fan is the largest
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Fig. 2. Uninterpreted and interpreted regional 2D seismic profile (see Fig. 1A for line location) showing the regional occurrence of three channel-levee systems in the
Pliocene-Quaternary succession of the Rakhine Basin. Note that only a single channel-levee system was active at a given interval of the geological time.

submarine fan system in the world, with a length of ca. 3000 km, a width
of ca. 1000 km, a maximum thickness of up to 16.5 km below the
Bangladesh shelf, and an area of up to 3 x 10 km? (Curray et al., 2003;
Yang and Kim, 2014). It was initiated by the collision of India with Asia
and subsequent uplift of the Himalayan mountain range and Tibetan
Plateau in the Middle Paleocene to Early Eocene (Curray et al., 2003).
The Bengal Fan was fed by terrigenous clastic sediments eroded from the
Himalayas, which have shed into the Bay of Bengal through the
Ganges-Brahmaputra sediment-routing systems, with a sediment load of
ca. 1.2 x 10° t/year (i.e., Earth’s largest modern-day source-to-sink
sediment-dispersal system) (Blum et al., 2018). The Bengal Fan repre-
sents the terminal sink of the world’s largest source-to-sink systems (i.e.,
Ganges-Brahmaputra-Bengal sediment-routing systems) (Fig. 1A) (Blum
etal., 2018; Pickering et al., 2020). The Bengal Fan can be classified as a
fine-grained, mud-rich submarine fan system (Mattern, 2005), with sand
content estimated to be less than 30%, as revealed by cores of the IODP
Expedition 354 (Bergmann et al., 2020).

The formation and evolution of the Rakhine Basin in the north-
eastern fringe of the upper Bengal subfan were related to the oblique
convergence of the Indian and Burmese Plates and subsequent westward
migration of the developing accretionary wedge (Indo-Burma Range)
since the Paleocene (Ma et al., 2020; Zhou et al., 2020). The Rakhine
Basin is a Tertiary foredeep basin, and was filled by
Cretaceous-Quaternary deposits, with a maximum thickness of up to

12000 m (Yang and Kim, 2014; Ma et al., 2020; Zhou et al., 2020). The
Neogene to Quaternary Rakhine Basin is dominated by sediment
gravity-flow deposits consisting of fine massive sandstones, fine silt-
stones, and dark gray mudstones (Ma et al., 2020; Zhou et al., 2020).

Deepwater systems, including channel-levee systems, lobes and
mass-transport complexes, developed during the Neogene to Quaternary
(Yang and Kim, 2014; Ma et al., 2020; Zhou et al., 2020). Two
basin-wide unconformities (i.e., T30 and T20) are recognized in the
Pliocene-Quaternary succession of the Rakhine Basin (Fig. 2A) (Ma
etal., 2020; Gong et al., 2022). T30 and T20 refer to the basal bounding
surfaces of Pliocene and Quaternary, respectively (Fig. 2A) (see Ma
et al., 2020 for a detailed seismic-well tie). The Quaternary interval is
the shallowest and best-imaged stratal interval with seismically
well-imaged channel-levee systems that are the focus of the present
study (Fig. 2B).

3. Data and methodology
3.1. Three-dimensional (3D) seismic data

The primary data of this study consists of 3D seismic data, acquired
from the Rakhine Basin by Chinnery Assets limited Company (polygon
with solid outline in Fig. 1A). 3D seismic survey covers an area of ca.
1400 ka, with a water depth ranging from 1125 to 2025 m (Fig. 1B).
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Fig. 3. Uninterpreted (A) and interpreted (B) seismic transects (see Fig. 1B for line location) illustrating horizon stack containing 100 surfaces (numbered 1 to 100 in
chronological order). Note that upper and basal bounding surfaces of the shown channel-levee system are used to constrain the PaleoScan geomodel of geological
consistency for stratal slicing. (C) Seis profile showing stratigraphic positions of seismic attribute maps shown in Fig. 4-8. CCSs seen in seismic attribute maps of
Fig. 4 (25th horizon), Fig. 5 (35th horizon), Fig. 6 (58th horizon), Fig. 7 (67th horizon), and Fig. 8 (76th horizon) are here referred to as CCS1, CCS2, CCS3, CCS4, and

CCS5, respectively.

The 3D seismic data used in this study are in the time domain, have been
processed with zero phase, and have a bin size spacing of 25 m (in-line)
by 12.5 m (cross-line). They have a frequency bandwidth ranging from
10 to 55 Hz and a dominant frequency of 30 Hz for the study interval. 3D
seismic data are tied to regional 2D seismic lines shown in Fig. 2. Both
2D and 3D seismic datasets have a sampling interval of 4 ms, and have
been processed using a pre-stack hybrid migration algorithm. They are
displayed using SEG positive standard polarity, where a positive
reflection coefficient is represented by a central peak (black in color)
(Fig. 2). They are displayed using a red-white-black color bar, where the
low-impedance reservoir top is displayed as a trough (red in color)
(Fig. 2). 3D seismic data were used to document morphometrics, ar-
chitectures and evolution of Quaternary deep-water channels shown in
Fig. 2.

3.2. Full-volume 3D seismic interpretation

The workflow for full-volume 3D seismic interpretation of the stud-
ied channels consists of: (1) defining and mapping upper and basal
bounding surfaces of deep-water channel systems documented in this
study (Fig. 3A); (2) creating horizon stack containing 100 surfaces using
PaleoScan™ (Fig. 3A); and (3) integrating seismic attribute maps with

cross-sectional seismic transects to characterize morphometric attri-
butes, architectures, and evolution of the studied submarine channel
systems. We used two ways to reduce the uncertainties of automatic
generation of horizon stacks from 3D seismic datasets. Firstly, we
carefully mapped and manually picked the same stratigraphic levels of
both basal and upper bounding surfaces of the documented channel
systems (green and blue solid lines in Fig. 3B) throughout the whole
study area. Secondly, these two horizons were taken as the chro-
nostratigraphic markers and frameworks for the creation of auto-tracked
channel surfaces, using PaleoScan™ (cf. Paumard et al., 2020). Horizon
patches in PaleoScan™ Model-Grid were computed and constrained by
basal and upper bounding surfaces of the documented channel systems.
They are also editable and polarity-consistent, either in peak, trough,
zero-crossing, or inflection points (Paumard et al., 2019, 2020). Horizon
stack with 100 auto-tracked channel surfaces was numbered 1 through
100 in a chronological order (Fig. 3B). Five representative channel
surfaces (25th, 35th, 58th, 67th, and 76th horizons in Fig. 3C) were
selected to establish seismic attributes maps.

Seismic attribute volumes were computed from 3D seismic volume,
including spectral decomposition and the root mean square amplitude
(RMS) (Figs. 4-8). Spectral decomposition transforms seismic data into
the frequency domain (Othman et al., 2016; Howlett et al., 2021). In this
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Fig. 4. RGB spectral decomposition-attribute and RMS amplitude maps taken along the 25th PaleoScan horizon (see Fig. 3C for their stratigraphic position) showing
the representative seismic geomorphology of erosional non-leveed CCS1 and its associated architectural elements. Please refer to Fig. S1 for uninterpreted attribute

maps shown in this figure.

study, three different frequencies centered at 15 Hz, 31 Hz, and 56 Hz
were mapped on 100 surfaces from horizon stack shown in Fig. 3. These
three different frequencies of 15 Hz, 31 Hz, and 56 Hz were, respec-
tively, assigned to red, green, and blue on RGB color blending viewer of
PaleoScan™ (Figs. 4-8). RMS attributes calculate the square root of the
sum of the time-domain energy, and therefore offer the enhanced
visualization of the geomorphology of small-scale architectural elements
(Posamentier et al., 2022).

3.3. Morphometric attributes

This study is based mainly on commercially acquired 3D seismic
data, and the smallest channel form resolvable on seismic reflection data
is channel-complex set (CCS) (Mayall et al., 2006, 2010; Edwards et al.,
2017; Gong et al., 2021; Bouchakour et al., 2022, 2023). Thus, this study
focuses at the scale of CCSs.

Morphometric attributes of the studied CCSs include width of CCS
(W), thickness of CCS (T), aspect ratio of CCS (W/T), cross-sectional area
of CCS (Cy), and sinuosity of CCS (S;). Specifically, (i) W is measured as
the maximum horizontal distance between channel walls; (ii) T is
considered to be the maximum vertical distance from the channel base
to the top of the channel banks; (iii) W/T is defined as CCS width divided

by CCS thickness; (iv) C, refers to the cross-sectional area measured
perpendicular to the direction of CCS (see also Qin et al., 2020); and (v)
Si is defined as the ratio of the centerline length (thalweg length) to the
corresponding straight-line distance (straight path) of CCS (Bridge,
2003). Measurements of W, T, C,, and S; were carried out at the incre-
ment of 1.25 km (along the centerline of the studied CCSs) away from
the starting points marked as white dots in Figs. 4-8 (0 km
along-channel distance), resulting in 37 data points for each of the five
studied CCSs. Depth measurements of these morphometric attributes
were estimated, using 2000 m/s for the shallow siliciclastics in the study
interval of interest and 1500 m/s for the seawater.

4. Architectural elements of the studied channel systems
Four main types of architectural elements are identified in the study

area, based on RMS amplitude and RGB spectral decomposition attribute
maps integrated with seismic profiles (Figs. 4-8; Table 1).

4.1. Feeder and distributary channel-complex set

This architectural element is distinguished in cross-section by
concave-up scours filled by moderate-to high-amplitude discontinuous
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Fig. 5. RGB spectral decomposition-attribute and RMS amplitude maps extracted from the 35th PaleoScan horizon (see Fig. 3C for their stratigraphic position)
illustrating the representative seismic geomorphology of erosional non-leveed CCS2 and its associated architectural elements. Please refer to Fig. S2 for uninterpreted

attribute maps shown in this figure.

to chaotic reflectors (Figs. 9-11; Table 1). It occurs in seismic attribute
maps as narrow and sinuous fairways extending tens of kilometers
(Figs. 4-8), and exhibits two markedly different patterns in cross-
sections (Figs. 9-11; Table 1). The first seismic-reflection pattern oc-
curs in upstream segments of the documented channels (Figs. 4-8), and
is characterized by channel-shaped, high-amplitude discontinuous re-
flections flanked by low-to moderate-amplitude and continuous re-
flections, forming a typical “gull-wing’’ seismic signature (Figs. 9 and
10). The second seismic-reflection pattern occurs preferentially in the
downstream segments of the documented channel systems (Figs. 4-8). It
is expressed as channel-shaped, high-amplitude discontinuous re-
flections with a lack of seismic resolvable levees (Fig. 11).

The two patterns described above share a similar seismic geo-
morphology in many other studies that have labelled them as submarine
channels (e.g., Mayall et al., 2006; Janocko et al., 2013; Oluboyo et al.,
2014; Gong et al., 2021; Howlett et al., 2021; Tek et al., 2021). Similar to
Doughty-Jones et al. (2017), Howlett et al. (2021), and Tek et al. (2021),
we interpret the areally larger submarine channels as feeder CCSs
flanked by “gull-wing” levees (Table 1). These feeder CCSs are linked
downstream to areally smaller submarine channels that can be best
considered as distributary CCSs (i.e., streams branching off and flowing

away from a main feeder channel) (Table 1) (e.g., Doughty-Jones et al.,
2017; Howlett et al., 2021).

4.2. Bend cutoffs

This architectural element associated with the documented channel
systems appears in seismic sections as lenticular, high-amplitude
discontinuous reflections, and is blanketed wholly by low-amplitude
reflections (cool color-shaded lens in Fig. 10; Table 1). It is manifested
in attribute maps as cutoff meander loops of high-sinuosity leveed
channels (i.e., neck cutoffs or bend cutoffs) (Figs. 6-8; Table 1). These
elements are seen to occur preferentially along the upstream segments of
the documented channel systems imaged in Figs. 6-8.

Posamentier and Kolla (2003) and Janocko et al. (2013) have sug-
gested that cutoff meander loops of high-sinuosity, leveed channels can
be considered as bend cutoffs. We, therefore, interpret the
above-mentioned seismic reflection patterns as the same architectural
elements (i.e., bend cutoffs) (Figs. 6-8). The documented bend cutoffs
represent the abandoned channel forms that preserve the last stage of
meandering, and are a few kilometers wide, and are highly sinuous
(Figs. 6-8).
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Fig. 6. RGB spectral decomposition-attribute and RMS amplitude maps extracted from the 58th PaleoScan horizon (see Fig. 3C for their stratigraphic position)
visualizing the representative seismic geomorphology of graded CCS3 and its associated architectural elements. Please refer to Fig. S3 for uninterpreted attribute

maps shown in this figure.

4.3. Levees

This architectural element associated with the documented channel
systems is composed of low-amplitude, continuous seismic reflections
showing wedge-shaped cross-sectional geometries (Figs. 9-11; Table 1).
It is seen to occur along both sides of the studied channels, and decreases
in thickness away from the channel axis (Figs. 9-11; Table 1). In plan
view, this architectural element is imaged on RGB spectral
decomposition-attribute maps as areally extensive (i.e., 10s-100 s km?),
dark colored accumulations and on RMS amplitude images as blue, low
RMS amplitude accumulations (Figs. 4-8).

Similar seismic character is widely referred to overbank levees by
many authors (e.g., Posamentier and Kolla, 2003; Deptuck et al., 2003,
2007; Oluboyo et al., 2014; Oluboyo et al., 2014; Hansen et al., 2017;
Howlett et al., 2021; Bouchakour et al., 2022). The studied levees were
formed when turbidity currents exceed the confinement height of the
documented CCS, thereby spilling and delivering fine-grained sediments
onto channel overbank environments (Hansen et al., 2015, 2017). They

are a few to several kilometers in width, and are tens to a few hundreds
of meters in height (Figs. 9 and 10).

4.4. Incised and unincised crevasse splays

This architectural element associated with the documented channel
system is made up of wedge-shaped, moderate-to high-amplitude
seismic reflections (yellow color-shaded areas in Figs. 9 and 10A;
Table 1). It thins and downlaps towards its fringes (Figs. 9 and 10A;
Table 1). This architectural element occurs in attribute maps as un-
confined lobate features that often derive from sharp bends of high-
sinuosity channels (i.e., feeder CCS) (Figs. 4-8; Table 1).

Based on seismic characteristics and planform distribution patterns,
wedge-shaped, moderate-to high-amplitude seismic reflections with
lobate morphology can be interpreted as crevasse-splay elements (Pos-
amentier and Kolla, 2003; Janocko et al., 2013; Maier et al., 2013; Lowe
et al., 2019) (Figs. 9 and 10A; Table 1). Two main types of crevasse
splays are recognized, including incised and unincised splays. The
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Fig. 7. RGB spectral decomposition-attribute and RMS amplitude maps extracted from the 67th PaleoScan horizon (see Fig. 3C for their stratigraphic position)
delineating the representative seismic geomorphology of aggradational leveed CCS4 and its associated architectural elements. Please refer to Fig. S4 for uninterpreted

attribute maps shown in this figure.

former is typically incised by small distributary CCSs, whereas the later
is devoid of any channel incision (Fig. 6A to 8A). The documented
crevasse splays are a few to several kilometers in width, and a few to
several tens of meters in height (Figs. 6-9, and 10A).

5. Architecture and morphometrics of channel-complex sets

The entire submarine channel system as documented in this study
contains five main channel-complex sets (CCS1 to CCS5), each of which
records a specific morphology and stratigraphic architecture, as dis-
cussed below.

5.1. Geomorphology and architecture of CCS1

CCS1 is well illustrated by RGB spectral decomposition-attribute and
RMS amplitude maps extracted from the 25th surface of the PaleoScan
horizon stack (Figs. 3 and 4). Morphologically, CCS1 has width (W) of
92-197 m (averaging 139 m) (Figs. 12 and 13A), thickness (T) of 12-22
m (averaging 18 m) (Fig. 12A and 13B), aspect ratio (W/T) of

4.88-14.20 (averaging 7.32) (Fig. 13C), cross-sectional area (Cg) of
1013-6479 m? (averaging 2613 m?) (Fig. 12B and 13D), and a sinuosity
(S;) ranging from 1.00 to 2.02 with a mean value of 1.02 (Fig. 14A).
Stratigraphically, CCS1 is located at the lowermost stratigraphic
level of the studied seismic interval (Figs. 3 and 9 to 11). The chrono-
logically oldest CCS1 is not flanked by seismically resolvable levees,
crevasse splays or bend cutoffs (Figs. 9-11; Table 2). In map view, CCS1
is characterized by a lack of coeval crevasse splays and/or bend cutoffs
(Fig. 4; Table 2), but contains two avulsion nodes (blue dots in Fig. 4).

5.2. Geomorphology and architecture of CCS2

CCS2 is visualized by RGB spectral decomposition-attribute and RMS
amplitude maps extracted from the 35th surface of the PaleoScan hori-
zon stack (Figs. 3 and 5). Morphologically, CCS2 has W of 133-266 m
(averaging 188 m) (Figs. 12 and 13A), T of 17-34 m (averaging 24 m)
(Fig. 12A and 13B), W/T of 5.83-10.46 (averaging 7.85) (Fig. 13C), C,
of 2146-6479 m? (averaging 3655 m?) (Fig. 12B and 13D), and S; of
1.00-2.11 (averaging 1.30) (Fig. 14A).
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Fig. 8. RGB spectral decomposition-attribute and RMS amplitude maps extracted from the 76th PaleoScan horizon (see Fig. 3C for their stratigraphic position)
illustrating the representative seismic geomorphology of aggradational leveed CCS5 and its associated architectural elements. Please refer to Fig. S5 for uninterpreted
attribute maps shown in this figure.
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Table 1
A summary of architectural elements associated with the documented channel systems as observed in seismic sections and on RGB spectral decomposition-attribute
maps.
Cross-sectional seismic manifestations Planform seismic geomorphology Planform line drawings
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Fig. 9. Seismic profiles along the depositional dip (see Fig. 4-8 for their map-view locations) offering seismic reflection patterns of the documented CCS1 to CCS5
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Stratigraphically, CCS2 occurs above CCS1 and is located at the
lower stratigraphic level of the studied channel system (Figs. 3 and 9 to
11). Similar to CCS1, CCS2 is also characterized by a lack of seismically
resolvable levees and other overbank elements such as crevasse splays
and/or bend cutoffs (Figs. 9-11). In map view, CCS2 is manifested in
seismic attribute maps as moderate-sinuosity trains of scours, and con-
tains six avulsion nodes along its entire length (Fig. 5; Table 2).

5.3. Geomorphology and architecture of CCS3

CCS3 is documented by RGB spectral decomposition-attribute and
RMS amplitude maps extracted from the 58th surface of the PaleoScan
horizon stack (Figs. 3 and 6). Morphologically, CCS3 has W of 461-1102
m (averaging 745 m) (Figs. 12 and 13A), T of 49-128 m (averaging 89
m) (Fig. 12A and 13B) (Fig. 12A and 13B), W/T of 6.76-11.22 (aver-
aging 8.56) (Fig. 13C), C, of 18057-88027 m? (averaging 49183 m?)
(Fig. 12B and 13D), and S; of 1.00-3.69 (averaging 1.44) (Fig. 14A).

Stratigraphically, CCS3 is located in the middle stratigraphic level of
the studied channel system (Figs. 3 and 9 to 11). In marked contrast to
CCS1 and CCS2, CCS3 is flanked by concomitant levees (Figs. 9-11;
Table 2); which appear in seismic attribute maps as uniform to patchy
low-amplitude zones on both sides of the CCS3 (Fig. 6). In map view,
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CCS3 is accompanied by crevasse splays and bend cutoffs, and contains
three avulsion nodes along its entire length (Fig. 6; Table 2).

5.4. Geomorphology and architecture of CCS4

CCS4 is illustrated by RGB spectral decomposition-attributes and
RMS amplitude maps extracted from the 67th surface of the PaleoScan
horizon stack (Figs. 3 and 7). Morphologically, ranges in W, T, W/T, C,,
and S; of CCS4 are, respectively, 203-757 m (averaging 476 m) (Figs. 12,
13A) and 16-93 m (averaging 57 m) (Fig. 12A, 13B) and 5.75-19.07
(averaging 9.25) (Figs. 13C), 2882-42268 m? (averaging 22679 m?)
(Fig. 12B, 13D) and 1.01 to 4.00 (averaging 1.54) (Fig. 14A).

Stratigraphically, CCS4 is located just below the uppermost part of
the studied system (Figs. 3 and 9 to 11). In marked contrast to CCS1 and
CCS2, CCS4 is flanked by areally extensive levees (Figs. 9 and 10), which
are imaged in seismic attribute maps as regionally extensive, uniform to
patchy high-amplitude zones on both flanks of CCS4 (Fig. 7). However,
these levees are areally larger than levees asymmetrically developed
along both flanks of CCS3. In map view, CCS4 is flanked by both incised
and unincised crevasse splays, and is characterized by frequent occur-
rence of channel bend cutoffs and prominent avulsions (i.e., four avul-
sion nodes) (Fig. 7; Table 2).
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profiles shown in this figure.

5.5. Geomorphology and architecture of CCS5

CCS5 is well delineated by RGB spectral decomposition-attributes
and RMS amplitude maps extracted from the 76th surface of the Pale-
oScan horizon stack (Figs. 3 and 8). Morphologically, CCS5 exhibits W of
310-772 m (averaging 476 m) (Figs. 12 and 13A), T of 24-89 m
(averaging 56 m) (Fig. 12A and 13B), W/T of 6.06-15.94 (averaging
9.05) (Fig. 13C), and C, of 5587-49901 m? (averaging 21257 m?)
(Fig. 12B and 13D); and is characterized by a high S; of 1.01-3.88, with a
mean value of 1.64 (Fig. 14A).

Stratigraphically, CCS5 is located at topmost part of the studied
channel succession (Figs. 3 and 9 to 11). Similar to CCS4, CCS5 is also
flanked by areally extensive levees (Figs. 9 and 10; Table 2), and is
therefore highly aggradational and strongly levee confined. In map
view, CCS5 is accompanied by frequent occurrence of crevasse splays
and bend cutoffs, and is characterized by prominent development of
avulsions (i.e., four avulsion nodes) (Fig. 8; Table 2).

6. The types and evolution of the studied channel-complex sets

The analysis of morphometrics and architectures of the successive
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channel-complex sets (CCSs) of CCS1, CCS2, CCS3, CCS4, and CCS5
suggests a differentiation of three types of CCSs, as discussed below.

6.1. The types of the documented CCSs and their characteristics

A statistical comparison of W, T and C, among CCS1 to CCS5 suggests
CCS1 and CCS2 to be statistically distinctive from the other examples
(Figs. 12, 14B and 14C, and 14D). As shown in Figs. 12, 14B and 14C,
and 14D, CCS1 and CCS2 are characterized by the lowest values of these
variables (represented by W of 89-266 m with mean value of 153 m
(Fig. 14B), T of 12-34 m with mean value of 20 m (Fig. 14C), and by C,
of 1013-6479 m? with mean value of 2613 m? (Fig. 14D; Table 3).
Stratigraphically, CCS1 and CCS2 are stratigraphically expressed as V-
or U-shaped, initial erosional conduits capable of eroding the pre-
channel substrate (Figs. 9-11; Table 2), which, in turn, most likely
fostered negative accommodation below the original equilibrium profile
and its resultant erosional CCS (Kneller, 2003). Moreover, they are
stratigraphically expressed as purely erosional features imaged as
channel-shaped scours with no evidence of concomitant levees, and
have straight to low-sinuosity fairways and low aspect ratios (Figs. 9-11;
Table 2), all of which are compatible with characteristic features of
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erosional CCS documented by Kneller (2003) and Janocko et al. (2013).
A lack of concomitant levees suggests a further reinterpretation of these
erosional CCSs to be erosional non-leveed CCSs.

A statistical comparison in W, T and C, among CCS1 to CCS5 shows
CCS3 to be statistically distinctive from the other two types of CCSs
(Figs. 12, 14B and 14C, and 14D). As shown in Figs. 12, 14B and 14C,
and 14D, CCS3 is characterized by the highest values of these three
parameters (represented by W of 461-1102 m with mean value of 745 m
(Fig. 14B), T of 49-128 m with mean value of 89 m (Fig. 14C), and by C,
of 18057-88027 m? with mean value of 49183 m? (Fig. 14D), suggesting
that CCS3 tend to be widest, deepest, and areally largest (Table 3).
Stratigraphically, CCS3 is accompanied by crevasse splays and bend
cutoffs, and is characterized by abundant lateral migration without
significant channel-floor aggradation (Figs. 9-11; Table 2). The abun-
dant lateral migration reflects little or no possibility for the documented
CCS3 to aggrade, nor the tendency to erode (Kneller, 2003). Such pro-
cesses, in turn, forced CCS3 to migrate laterally at the elevation of the
equilibrium profile (Kneller, 2003), giving rise to graded CCSs (Kneller,
2003). Moreover, CCS3 are characterized by abrupt lateral offset of
sinuous channel fairways, downstream sweep of meander-bends, and
bend cutoffs (Figs. 9-11; Table 2), all of which are wholly compatible
with the overall characteristics of graded CCSs (i.e., abundant lateral
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migration without significant channel-floor aggradation and the occur-
rence of bend cutoffs and lateral-accretion features) (Kneller, 2003).

A statistical comparison in W, T and C, among CCS1 to CCS5 suggests
that CCS4 and CCS5 have intermediate values of these parameters
(represented by W of 203-772 m with mean value of 476 m (Fig. 14B), T
of 16-93 m with mean value of 56 m (Fig. 14C), and by C, of
2882-49901 m? with mean value of 21968 m? (Fig. 14D), suggesting
that CCS4 and CCS5 tend to be wider, deeper, and areally larger, as
compared with CCS1 and CCS2 (Table 3). CCS4 and CCSS5 are, therefore,
statistically distinctive from erosional non-leveed CCSs of CCS1 and
graded CCSs of CCS3 (Figs. 12, 14B and 14C, and 14D). Strati-
graphically, CCS4 and CCS5 are highly aggradational, and strongly
confined by levees, and have persistently accreted in a vertical direction
through time (Figs. 9-11; Table 2), which, in turn, fostered new ac-
commodation above the original equilibrium profile and its resultant
aggradational leveed CCSs (Kneller, 2003). Moreover, CCS4 and CCS5
are imaged as single, well-defined, highly sinuous threads that migrated
rather little, or commonly remain more or less fixed in position as they
aggraded (Figs. 4 and 5, 9 to 11). These two lines of observations of CCS4
and CCS5 are wholly compatible with the overall characteristics of ag-
gradational leveed CCSs (i.e., aggradational succession of leveed,
sinuous CCSs) (Kneller, 2003; Janocko et al., 2013). The close
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association with concomitant levees suggests a further reinterpretation
of these CCSs to be aggradational leveed CCSs.

6.2. The evolution of the documented CCSs and its controls

A conceptual model consisting of three main evolutionary stages of
stages 1-3 is proposed to explain the evolution of the studied channel
systems in the Bay of Bengal (Fig. 15). An increase-then-decrease in
channel morphometrics (represented by W, T, and C,) from erosional
non-leveed CCSs with the lowest mean values of W, T, and C, (stage 1),
to graded CCSs with the highest mean values of W, T, and C, (stage 2),
and finally, to aggradational leveed CCSs with the intermediate mean
values of W, T, and C, (stage 3) makes it reasonable to infer that the
channel evolution from stages 1-3 can be related to a waxing-then-
waning energy cyclicity (Fig. 15; Table 3).

Stage 1 corresponds to the waxing phase of a waxing-then-waning
energy cyclicity, which is characterized by a gradual increase in flow
velocity, erosive power, and flow energy (Fig. 15) (Kneller and Branney,
1995; Kneller, 2003). During this waxing energy phase, submarine
channel turbidity flows became more energetic, much sandier, and
increasingly more erosional (Kneller and Branney, 1995; Kneller, 2003;
McHargue et al., 2011). Such properties of submarine channel turbidity
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flows were recorded and evidenced by narrowest, shallowest, and
areally smallest characteristics of erosional CCS1 and CCS2 expressed as
purely erosional features (Figs. 9-11, and 15; Table 3). The intense
erosion initiated the development and formation of straight to
low-sinuosity conduits from an initially featureless slope (i.e., the con-
dition of pre-channel substrate), giving rise to erosional non-leveed CCSs
of CCS1 and CCS2 (Figs. 4, 5, 9 to 11, and 15; Table 2). Previous studies
have also shown that straight, non-leveed conduits most likely created
the initial conditions for channel formation (Schwenk et al., 2005; Gee
et al., 2007; Sylvester et al., 2012; Maier et al., 2013; Deptuck and
Sylvester, 2017).

Stage 2 corresponds to the phase of peak environmental energy in the
waxing-then-waning energy cyclicity (Fig. 15). During this energy
phase, submarine channel turbidity flows were most energetic, and
therefore promoted the abrupt lateral offset of channel fairways (Kneller
and Branney, 1995; Kneller, 1995, 2003; McHargue et al., 2011),
developed graded CCSs characterized by abundant lateral migrations,
crevasse splays and bend cutoffs (Figs. 6 and 9 to 11, and 15; Table 2). A
transition in CCS morphometrics from erosional non-leveed CCSs (CCS1
and CCS2) with the lowest mean values of W, T, and C, to graded CCSs
(CCS3) with the highest mean values of W, T, and C, most likely reflect
an increment in flow property from waxing to waning (Fig. 15; Table 3).
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CCS3 records an evolution from pre-existing non-leveed CCS1 and CCS2
to leveed CCSs (Figs. 9-11, and 15; Table 2), which are also interpreted
to have evolved from non-leveed, erosional conduits by Gee et al.
(2007), McHargue et al. (2011), and by Janocko et al. (2013).

Stage 3 corresponds to waning phase of a waxing-then-waning en-
ergy cyclicity, which is characterized by a gradual decrease in flow ve-
locity, erosive power, and flow energy (Fig. 15) (Kneller, 1995; Kneller
and Branney, 1995). During this waning energy phase, submarine
channel turbidity flows became more diluted, muddier, and increasingly
more depositional. Such submarine channel turbidity flows encourage
rapid channel-floor aggradation (Kneller and Branney, 1995; Kneller,
1995, 2003; McHargue et al., 2011), giving rise to aggradational leveed
CCS4 and CCS5 characterized by abundant channel-floor aggradation
and the widespread occurrence of crevasse splays and bend cutoffs
(Figs. 7-11, and 15; Table 3; Table 2). A transition in CCS morpho-
metrics from graded CCSs (CCS3) with the highest mean values of W, T,
and C, to aggradational leveed CCSs (CCS4 and CCS5) with the inter-
mediate mean values of W, T, and Cj, reflect a decrement in flow prop-
erty from waxing to waning (Fig. 15; Table 3). Due to high rate of
channel aggradation, overspill and flow stripping were dominant,
resulting in volumetrically significant levees occurring along both flanks
of CCS4 and CCS5 (Figs. 9-11, and 15; Table 2). Such upward increment
in overbank levees (i.e., the amount of aggradation) occurs synchro-
nously with the upward increment in CCS sinuosity (S;) from stages 1-3,
suggesting that channel evolution is not necessarily driven by flow
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magnitude (e.g., Sylvester et al., 2011), but that channel evolution may
be driven by meander development decreasing the local gradient and
promoting deposition.

The above-mentioned waxing-then-waning energy cyclicity most
likely triggered first incision (stage 1), then extensive lateral migration
(stage 2), and finally abundant vertical aggradation (stage 3) of the
studied channel systems (Fig. 15; Table 2). Such incision-to-aggradation
pattern of a submarine channel evolution was recorded by incising-to-
aggrading trajectory of a channel system (sensu Covault et al., 2016).
Similar patterns of submarine channel evolution were also interpreted
by McHargue et al. (2011), Figueiredo et al. (2013), and Hodgson et al.
(2016) as the product of cycles of waxing-to-waning flow energy
cyclicity.

7. Conclusions

3D seismic data from the world’s largest submarine fan in the Bengal
Fan are utilized to address morphological and architectural properties
and evolution of a channel-levee system on the northeastern fringe of the
upper Bengal Fan.

Four main types of architectural elements of the documented chan-
nel systems are recognized: (1) feeder and distributary CCSs, (2) bend
cutoffs, (3) overbank levees, and (4) incised and unincised crevasse
splays.

Three types of CCSs are recognized: (1) erosional non-leveed CCS1
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Table 2

A comparison in architecture and evolution among different types of channel-complex sets, based on RGB spectral decomposition-attribute and RMS amplitude maps
extracted from a horizon stack with 100 surfaces.

Type Example Cross-sectional Planform morphology Associated Evolution event Growth pattern
geometry element
Erosional non- CCS1 Small V-shaped Straight to slightly Isolated channel 2 avulsion nodes, no Erosion
leveed CCSs scours, without sinuous fills overspill and flow
levees stripping
CCS2 Small U- to V-shaped =~ Moderately sinuous Isolated channel 6 avulsion nodes, no Amalgamation, with prominent
scours, without fills overspill and flow avulsions and abrupt lateral offset of
levees stripping channel fairways
Graded CCSs CCS3 Gull-wing channel Highly sinuous Crevasse splays 3 avulsion nodes, Lateral migration, with abrupt lateral
form, with smaller and bend cutoffs overspill and flow offset of channel fairways
levees stripping
Aggradational CCS4 and Gull-wing channel Highly sinuous, with Crevasse splays 4 avulsion nodes, High aggradation, with slight lateral
leveed CCSs CCS5 form, with larger the increased sinuosity ~ and bend cutoffs prominent overspill and offset of channel fairways
levees flow stripping
Table 3
A comparison in S;, W, T, and C, among different types of channel-complex sets, based on a set of 185 data points. Please refer to Tables S1-S5 for detailed data.
Type Example CCS width (W, m) CCS thickness (T, m) CCS cross-sectional area (Cq, m?)
Range Mean Median Range Mean Median Range Mean Median
Erosional non-leveed CCSs CCS1 and CCS2 89-266 153 155 12-34 20 19 1013-6479 2613 2319
Low Low Low
Graded CCSs CCS3 461-1102 745 761 49-128 89 93 18057-88027 49183 51792
High High High
Aggradational leveed CCSs CCS4 and CCS5 203-772 476 487 16-93 56 61 2882-49901 21968 22635
Intermediate Intermediate Intermediate
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Fig. 15. Schematic illustration of the evolution of the studied channel systems and its relation to a waxing-then-waning energy cyclicity.

and CCS2 characterized by lowest mean values of W =153 m, T=20m,
and C, = 2613 m? and by a lack of concomitant levees; (2) graded CCS3
characterized by the highest mean values of W = 745 m, T = 89 m, and
Cq = 49183 m? and by abundant lateral migration; and (3) aggradational
leveed CCS4 and CCS5 characterized by medium mean values of W =
476 m, T = 56 m, and C, = 21968 m? and by abundant vertical aggra-
dation of leveed, sinuous CCSs.

A channel evolution pattern of first incision, then extensive lateral
aggradation, and followed by the abundant vertical aggradation was
related to the waxing-to-waning flow energy cyclicity, as evidenced by
an increase-then-decrease in channel morphometrics (represented by W,
T, and C,) from erosional non-leveed CCSs, to graded CCSs, and finally,
to aggradational leveed CCSs.

During the first waxing energy phase, turbidity flows were more
energetic, and increasingly more erosional, resulting in intense erosion
and producing erosional non-leveed CCSs characterized by the lowest
mean values of W, T, and C,. During the second phase of peak envi-
ronmental energy, turbidity currents were most energetic, giving rise to
abrupt lateral offset of CCSs and resultant graded CCSs characterized by
the highest mean values of W, T, and C,. During the waning energy
phase, turbidity flows were more diluted and increasingly more depo-
sitional, resulting in rapid channel-floor aggradation and resultant ag-
gradational leveed CCSs characterized by the intermediate values of W,
T, and Cj,.
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