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ABSTRACT

Three individual subfan-growth cycles shown to stack up over
time to form the Bengal Fan were recognized. Each of them
underwent the following three main evolutionary stages. Stage 1,
initial channel incision and amalgamation, was responsible for
forming channel-complex sets (CCSs) with lateral trajectories
and concomitant amalgamation with low aggradation. Stage 2,
vertical channel aggradation and the resultant creation of intra-
channel lows, was responsible for generating CCSs with vertical
trajectories and concomitant organized stacking with high aggra-
dation. Stage 3, channel avulsion and concomitant upstream
propagation of lobes and crevasse splays, was responsible for
developing crevasse splays and lobes. These three evolutionary
stages constitute a single subfan-growth cycle (i.e., an individual
single channel levee–lobe system). An abrupt shift of the channel
levee position separates one subfan-growth cycle from the next.
Different subfan-growth cycles stacked up over time gave rise
to the world’s largest submarine fan in the Bay of Bengal. The
pinch-out of lobes and splays onto levees because of the channel
avulsion during subfan evolutionary stage 3 created strati-
graphiconlap traps with the potential for large hydrocarbon
accumulations.

INTRODUCTION

Submarine channels are known as the primary conduits for the
delivery of clastic detritus from continents to deepwater basins
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(e.g., Liu et al., 2013; Peakall and Sumner, 2015; Zhang et al.,
2017). Deepwater lobes generally refer to sand-rich bodies accu-
mulating in semiconfined or unconfined deepwater settings (e.g.,
Deptuck et al., 2008; Pr�elat et al., 2009). The progressive stacking
of these two depositional elements builds submarine fans (Nor-
mark, 1970; Jobe et al., 2017; Bergmann et al., 2020). Submarine
fans have been the focus of extensive research since their discov-
ery in the 1950s (Menard, 1955; see also Shanmugam, 2016;
Deptuck and Sylvester, 2017 for a recent review). This is largely
because submarine fans (1) are the volumetrically largest sedi-
ment accumulations on Earth (e.g., the Bengal Fan as docu-
mented in this case) (Covault, 2011; Liu et al., 2013; Deptuck
and Sylvester, 2017; Zhang et al., 2017); (2) represent the second
largest global sink of the atmospheric carbon dioxide (Galy et al.,
2008); (3) can be petroliferous reservoirs (e.g., Richards et al.,
1998; Pettingill and Weimer, 2002; Deptuck and Sylvester,
2017); and (4) preserve critical paleoclimatic and paleoceano-
graphic information (Pr�elat et al., 2010; Covault, 2011; Picot
et al., 2016). Therefore, it is essential to understand the deposi-
tional elements and growth and evolution patterns of submarine
fans (Shanmugam, 2016; Deptuck and Sylvester, 2017).

Previous studies have suggested that the complex interplay of
allogenic and autogenic processes determine the evolution and
growth of submarine fans (e.g., Pr�elat et al., 2010; Dorrell et al.,
2015). The results of allogenic processes (e.g., eustatic fluctua-
tions, climatic changes, and sediment supply regimes, etc.) and
autogenic processes (e.g., adjustments toward an equilibrium gra-
dient) on submarine fan evolution and growth have been exten-
sively documented (e.g., Mutti and Normark, 1987; Lopez,
2001; Covault and Romans, 2009; Covault, 2011; Dorrell et al.,
2015; Covault et al., 2016; Picot et al., 2016). However, research
on modern submarine fan systems (e.g., the Amazon Fan docu-
mented by Lopez, 2001; the Zaire Fan documented by Picot et al.,
2016; and the intraslope submarine fan on the western Niger
Delta slope documented by Jobe et al., 2017) and their ancient
analogues (e.g., the Carboniferous Ross Sandstone highlighted by
Pyles, 2008; the Permian Skoorsteenberg Formation highlighted
by Pr�elat et al., 2009; and the middle to upper Pleistocene lower
Bengal Fan by Bergmann et al., 2020) have revealed that the evo-
lution and growth patterns of submarine fans are far from being
well understood.

Using commercially acquired three-dimensional (3-D) seis-
mic data sets and regional two-dimensional (2-D) seismic lines
from the world’s largest submarine fan in the Bay of Bengal
(Figure 1), the current study attempts to (1) document architec-
tural styles and repetitive growth patterns of the Bengal Fan at
the subfan scale (i.e., individual channel levee–lobe systems) and
(2) characterize stratigraphic relationships of individual Bengal
channel levee–lobe systems (i.e., subfans). Results from the
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present study help obtain a better understanding of
the initiation, growth, and decay of the world’s larg-
est detrital accumulation at the subfan scale.

GEOLOGICAL BACKGROUND OF THE
STUDY AREA

Ganges–Brahmaputra–Bengal
Source-to-Sink Systems

The study area lies in the Rakhine Basin along the east-
ern fringe of the Bay of Bengal, which is known as the
terminus of the world’s largest source-to-sink systems
(i.e., Ganges–Brahmaputra–Bengal sediment-routing
systems) (Figure 1). The Himalayan-sourced Ganges–
Brahmaputra river systems have a contributing
drainage area of greater than 2.0 · 106 km2. Ganges–
Brahmaputra river systems deliver terrestrial sediments
from the Himalayas down to the Bay of Bengal
(>4000-m water depth) (Kuehl et al., 2005; Pickering
et al., 2014; Romans et al., 2016; Blum et al., 2018)
(Figure 1). Their catchment areas have an average
denudation rate that is 12 times higher than the global
average denudation rate (Islam et al., 1999). The
Ganges–Brahmaputra–Bengal sediment-routing sys-
tem annually delivers more than 1 Gt of sediments to
the delta plain in India and Bangladesh: an estimated
70% of the total modern load is from the Brahmapu-
tra, whereas 30% derives from theGanges (Goodbred,
2003; Blum et al., 2018).

The transfer of terrestrial sediments from the shelf
down to Bengal deepwater is guided through the
Swatch of No Ground Canyon (e.g., Kudrass et al.,
1998; Schwenk et al., 2005; Rogers and Goodbred,
2010). The Swatch of No Ground Canyon has cut
headward across the broad Bangladesh shelf for nearly
150 km with its head in water depth of only 38 m
(Sweet and Blum, 2016). Such proximity between the
shorelines and canyon heads has yielded and main-
tained a direct connection between subaerial and sub-
marine segments of the Ganges–Brahmaputra–Bengal
sediment-routing system (see also Sweet and Blum,
2016). The proximity between shorelines and canyon
heads, together with westward-flowing, along-shelf
currents (Kuehl et al., 2005), cyclones (Michels et al.,
1998), storms (Kudrass et al., 1998), tidal currents
(Rogers and Goodbred, 2010), earthquakes (Michels
et al., 2003), and/or monsoonal pulses (Weber et al.,

1997), have facilitated the delivery of nearly one-third
of the sediment load of the Ganges River into the Bay
of Bengal, resulting in the world’s largest submarine
fans (2500 to 3000 km in length, 830 to 1430 km in
width, 2.8 to 3.0 · 106 km2 in area, 12.5 · 106 km3 in
volume, and 2.88 · 1016 t in the mass of sediments)
(e.g., Goodbred and Kuehl, 1999; Curray et al., 2002;
Goodbred, 2003; Kuehl et al., 2005) (Figure 1).

The present-day geometry of the Bengal Fan is a
complex of different channel levee–lobe systems,
each of which has been referred to as a “subfan” (Cur-
ray et al., 2002) and shows a considerable amount of
lateral shifting. However, it is believed that only a sin-
gle subfan was active at a given interval of geological
time (Curray et al., 2002; Bastia et al., 2010). A
gradient-based tripartite division of the Bengal Fan
into upper, middle, and lower subenvironments has
been proposed by Curray et al. (2002). The study
area is in the Rakhine Basin in the northeastern fingers
of the middle Bengal Fan. Three discrete channel
levee–lobe systems (i.e., subfans 1–3 in Figure 2A, B)
are well imaged by commercial 2-D and 3-D seismic
data utilized in this study. Among them, subfan 2 is
the focus of the current study (Figures 2A, B; 3).

Tectonostratigraphic Evolution of the
Bengal Fan

The initiation of the Bengal Fan was induced by the
collision between the Eurasian and Indian plates
and their associated uplift of the Himalayas in the
early Eocene (Yin, 2006; Bastia et al., 2010; Ma
et al., 2020). The Bengal Fan underwent two main
stages of the tectonostratigraphic evolution since its
initiation, including a rift stage from the early
Eocene to middle Miocene and a postrift stage from
the late Miocene to Holocene (Curray et al., 2002;
Bastia et al., 2010). Successions formed during
these two tectonostratigraphic evolutionary stages
are bounded at their bases by two basin-wide
unconformities dated as early Eocene and late Mio-
cene, respectively (Krishna et al., 2009; Yang and
Kim, 2014). The chronologically older unconfor-
mity dated circa 55 Ma (i.e., early Eocene) is recog-
nized as the Paleocene–Eocene hiatus by Curray
et al. (2003) and is traceable throughout the Bengal
Fan. This lower Eocene unconformity marks the
initiation of Indian collision, Himalayan uplift, and
Bengal Fan sedimentation.
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The chronologically younger unconformity dated
circa 8 Ma (i.e., late Miocene) was generated by the
intraplate deformation of the oceanic lithosphere
(Krishna et al., 2009; Yang and Kim, 2014; Ma et al.,
2020). The late Miocene to present deposition in the
Bengal Fan was significantly influenced by the colli-
sion between the Eurasian and Indian plates (Curray
et al., 2002; Bastia et al., 2010; Ma et al., 2020).
Seismically well-imaged channel levee–lobe systems
were well developed during the postrift period from
the late Miocene to Holocene, and are the focus
of the present study (i.e., subfans 1–3 seen on Figures
2, 3).

DATABASE AND METHODOLOGY

The 2-D and 3-D Seismic Reflection Data

The primary data set utilized in this study is 1000 km2

of 3-D seismic data, tied to regional 2-D seismic lines,
acquired from the middle Bengal Fan (Figure 1). The

Bengal 3-D seismic data have a bin size spacing of
25 m (in-line) by 12.5 m (cross-line). Both 2-D and
3-D seismic data sets have a sampling interval of 4 ms
and have been processed using a prestack hybrid
migration algorithm. They have a dominant frequency
of 20 to 30 Hz for the study interval of interest, yield-
ing a vertical resolution of 12.5 to 18.75 m (l/4) (l is
wavelength) and detection of 2 to 3 m (l/25). Both
2-D and 3-D seismic data were displayed using Soci-
ety of Exploration Geophysicists negative standard
polarity. A positive reflection coefficient corresponds
to an increase in acoustic impedance and is repre-
sented by a positive reflection event (Figures 2–6).
They were displayed using a red–white–black color
bar, where the low-impedance reservoir top is dis-
played as a peak (red) (Figures 2–6).

Seismic Stratigraphy and Geomorphology

The present study integrates classical 2-D seismic
stratigraphic analysis with the 3-D geomorphology

Figure 1. Regional map of the Bay of Bengal showing geographic context of the study area plan-view locations of seismic lines shown
in Figure 2 (labeled). Flattened horizontal seismic amplitude slices shown in Figure 3A and horizontal route-mean-square–attribute slices
presented in Figure 7 cover the full three-dimensional area marked by the red box. GB5 Ganges–Brahmaputra; R.5 River.
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approach, through which seismic stratigraphy and
geomorphology of the Bengal channel levee–lobe
systems were graphically delineated. The 3-D ampli-
tude volumes and root-mean-square (RMS)-attri-
bute cubes utilized in this study were produced
through two main steps (Figures 3A, 7). The first
step was to flatten the Bengal 3-D seismic amplitude
volumes using the seismic surface of Tft shown in
Figure 3B as the hanging horizon (0 ms). The second
step was to produce 3-D RMS-attribute volumes
using the flattened seismic amplitude volumes. The
3-D amplitude and RMS-attribute cubes, coupled
with 2-D seismic transects, were used to delineate
both plan-view and cross-sectional seismic manifes-
tations of the Bengal subfan 2 (Figures 2, 3).
Channel-complex sets (CCSs), which record indi-
vidual cycles of channel cutting, filling, avulsion, and
abandonment, are commonly the smallest channel
form resolvable in seismic reflection data (Gong et al.,
2021). This study is based mainly on seismic data
sets and thereby has a focus at the scale of CCSs.

In addition, Bengal seismic data sets are used to
quantify morphometric properties, architectural styles,
and growth patterns of the studied Bengal channel
levee–lobe systems.

First, bankfull geometries of the studied channels
have been quantified in terms of (1) bankfull channel
width (B)—measured as the maximum horizontal
distance between channel banks (Figure 3B); (2)
bankfull channel depth (H)—measured as the maxi-
mum vertical relief from the channel base in the axial
zone to the channel bank (Figure 3B); and (3) aspect
ratio (B/H)—computed by dividing B by H. Second,
cross-sectional geometries of levees coeval with the
studied channels were quantified in terms of (1) levee
width (W)—measured as the maximum horizontal
distance from the levee crest to its lateral termination
(i.e., the intersection between the levee base and the
upper bounding surface of the levees) (Figure 3B);
(2) levee thickness (T)—measured as the maximum
vertical distance from the levee crest to the levee
base (Figure 3B); and (3) width-to-thickness ratio

Figure 2. Regional two-dimensional seismic lines (see line locations in Figure 1) from the Bay of Bengal depicting the occurrence of
subfans 1–3. Among these three shown subfan-growth cycles, subfan-growth cycle 2 (black box labeled 3-D seismic survey in (B)) is the
focus of the present study. Note that these three subfan-growth cycles abruptly shifted and stacked up through time, giving rise to the
world’s largest submarine fan in the Bay of Bengal. 3-D = three-dimensional; Max5 maximum; Min5 minimum.
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(W/T)—computed by dividing W by T. Third, archi-
tecture and evolution of the studied channels have
been quantified in terms of stratigraphic mobility
number (M) and angle of channel-complex trajectory
(Tc), which are, respectively, defined by (Jerolmack
andMohrig, 2007)

M =
dx
dy

H
B

(1)

Tc = arctanðdy=dxÞ (2)

where dx and dy are lateral and vertical components
of a specific channel-growth pathway, respectively
(see also Jobe et al., 2016). Fourth, architectural
styles and growth patterns of the Bengal lobes and
crevasse splays are quantified by angle of onlap-point
trajectory (To), given by

(A)

(B)

Figure 3. Bengal subfan-growth cycle 2 (subfan 2) as seen (A) on the flattened horizontal seismic amplitude slice and (B) on the
strike-view seismic section. Plan-view locations of seismic lines shown in (B) (and in Figures 4; 5A; 6; 12A, B) are shown in (A). Tft, Tct, and
Tfb, respectively, denote the hanging horizon used to flatten the Bengal three-dimensional seismic database and the upper and basal
bounding surfaces of the studied Bengal channel levee complexes. Max5 maximum; Min5 minimum.
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To =arctanðdy0=dx0Þ (3)

where dx0 and dy0 are lateral and vertical components
of a given onlap-point trajectory, respectively (see
also Pellegrini et al., 2017).

SEISMIC STRATIGRAPHY AND
GEOMORPHOLOGY OF THE BENGAL
SUBFANS

In the study interval of interest, three subfan-growth
cycles are recognized on the Bengal Fan (Figures 2,
3). Each of them corresponds to a given channel
levee–lobe system and consists of four main seismic

facies (Figures 3–7). See Table 1 for a complete
description and interpretation of these four seismic
facies.

Seismic Stratigraphy and Geomorphology
of Bengal Channel Levee Complexes

Gull- and Wing-Shaped Seismic Facies
In the cross-sectional view, gull-shaped seismic facies
consist of lens-shaped, moderate- to high-amplitude,
discontinuous reflectors (Figures 3B, 4, 5A; Table 1).
They are bounded at their base by V- to U-shaped
basal bounding surfaces and cut deeply into underly-
ing strata (Figures 3B, 4, 5A; Table 1). Gull-shaped
seismic facies are collectively flanked by wing-shaped

Figure 4. Seismic lines along the depositional strike (line locations shown in Figure 3A) illustrating a cross-sectional seismic view of the
Bengal channel levee complexes seen as gull- and wing-shaped seismic facies. Max5 maximum; Min5 minimum.
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seismic facies that are composed of wedge-shaped,
low-amplitude, continuous reflections, forming a ty-
pical “gull-wing” seismic signature (Figures 3B, 4,
5A; Table 1). Morphologically, Bengal gull-shaped,
seismic facies have bankfull widths (B) of 200 to
799 m (averaging 442 m) and bankfull depths (H)
of 43 to 83 m (averaging 62 m) (Figure 8A), giving
rise to an aspect ratio (B/H) of 2.94 to 14.22 (averag-
ing 7.29) (Figure 8B). Wing-shaped seismic facies

occurring along their flanks are 7.9 to 15.2m (averag-
ing 12.2 m) in width (W) and 154 to 261 m (averag-
ing 224 m) in thickness (T) (Figure 9A), resulting in
a width-to-thickness ratio (W/T) of 46.95 to 59.77
(averaging 54.46) (Figure 9B).

In plan view, the central part of gull-shaped seismic
facies is expressed as single, narrow, tortuous, high-
amplitude, or high RMS-attribute bands (Figures 3A, 7,
respectively; Table 1). Gull-shaped seismic facies show

(A)

(B)

(C)

Figure 5. (A) Arbitrary seismic line showing an overall cross-sectional view of the Bengal deepwater channels. Stratigraphic positions of
seismic sections shown in (B) and (C) are labeled. (B, C) Seismic transects (see their stratigraphic positions in the black-boxed areas of
(A)) showing systematic temporal transition in Bengal channel-complex trajectories from initial lateral migration to subsequent vertical
aggradation (green and red circles, respectively). Max5 maximum; Min5 minimum.
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highly sinuous channel courses tens of kilometers long
(Figures 3A, 7). Wedge-shaped seismic facies are
imaged on plan-view geomorphic images as areally
extensive, low-amplitude accumulations (Figure 3A) or
lowRMS-attribute sheets (Figure 7; Table 1).

Geomorphological Interpretation
Gull-wing seismic signature is commonly taken as
the recognition criterion for channel levee complexes
on seismic sections (e.g., Janocko et al., 2013; Gong
et al., 2015), suggesting that Bengal gull- and
wing-shaped seismic facies can be best considered as
channel levee complexes (Figures 3, 4, 7; Table 1).
Bengal channel levee complexes occur in semicon-
fined settings (Figure 10A), with thickness ranging

from 60 to 90 m (197 to 295 ft) (Figure 10B). These
channel levee complexes thin toward the lateral
termination of the contemporaneous levees with
the thickest deposits occurring along the channel
thalweg, thereby showing a progressive decrease in
thickness away from the channel thalweg (Figure
10B). As shown in Figure 9A, the scatterplot of levee
width (W) against levee thickness (T) suggests that
W and T follow a power-law relationship, given as
equation 4:

T=30:303W0:7995
the coefficient of determination

R2=0:82, n= 28

 !

(4)

Figure 6. Seismic lines along the depositional strike (line locations shown in Figure 3A) showing cross-sectional seismic manifestations
of Bengal lobes recognized as sheet-like seismic facies. The shown Bengal lobes are onlapping the preceding channel levee complexes,
resulting in clear onlap-point trajectories and stratigraphic onlap traps. Max5 maximum; Min5 minimum.
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Seismic Stratigraphy and Geomorphology
of Deepwater Lobes

Sheet-Like Seismic Facies
In cross-sectional profile, sheet-like seismic facies are
typified by packets of parallel high-amplitude reflec-
tors (Figure 6; Table 1). They are tens to hundreds of
meters thick and display tabular cross-sectional geom-
etries (Figure 6; Table 1). Seismic reflectors associated
with sheet-like seismic facies occurring along the west
sides of the Bengal channel levee complexes (looking
downstream) are continuous and consist of uniform
amplitude and continuity for a very long distance,
whereas those occurring along the east sides of the
Bengal channel levee complexes (looking down-
stream) are slightly disrupted or hummocky in some
parts (Figure 6; Table 1).

In plan view, Bengal sheet-like seismic facies
occur along both flanks of Bengal channel levee com-
plexes (Figures 3A, 7, 11A). They extend in both
dip and strike views for tens of kilometers and
occupy an area of up to hundreds of square kilo-
meters (Figures 3A, 4, 5). Bengal sheet-like seismic
facies are expressed on the flattened, horizontal, seis-
mic amplitude slices as irregular, high-amplitude
accumulations (Figure 3A), and appear on flattened,
horizontal, RMS-attribute slices as irregular, high
RMS-attribute sheets (Figure 7; Table 1).

Geomorphological Interpretation
Sheet-like seismic facies recognized as packets of par-
allel, high-amplitude reflections are commonly inter-
preted to reflect lobes recording the backfilling of the
intrachannel lows (Figures 3A, 7, 11A; Table 1)

(A) (B)

Figure 7. (A) Uninterpreted and (B) interpreted flattened horizontal root-mean-square (RMS)–attribute slices (location shown in Figure
1) showing plan-view geomorphological manifestations of depositional elements associated with Bengal subfan-growth cycle 2, including
gull- and wing-shaped seismic facies, sheet-like seismic facies, and mounded onlapping-fill seismic facies.
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Table 1. Tabulation of Seismic Facies Descriptions and Interpretations

Seismic Facies

Cross-sectional Seismic Expression

Plan-View Appearance
Seismic
Examples

Sedimentological
InterpretationAmplitude Continuity Geometry

Gull-shaped
seismic facies

High Discontinuous Lenticular Single, narrow,
tortuous,
high-amplitude or
high-RMS bands

Figures 3–6, 12 Submarine
channels

Wing-shaped
seismic facies

Low Continuous to
discontinuous

Wedge-shaped Irregular
low-amplitude or
low-RMS
accumulations

Figures 3–6 Levees

Sheet-like seismic
facies

High to
moderate

Continuous to
discontinuous

Wedge-shaped Areally extensive
high-amplitude or
high RMS-attribute
sheets

Figures 4, 9 Deepwater lobes

Mounded
onlapping-fill
seismic facies

High to
moderate

Continuous to
discontinuous

Lobate High-amplitude or
high RMS-attribute
lobes

Figures 4, 11 Crevasse splays

Abbreviation: RMS = root-mean-square.

Figure 8. Scatterplots of (A) B against H and (B) B against B/H for Bengal deepwater channel-complex sets (CCS) with lateral and verti-
cal trajectories (upper and lower panels, respectively). R2 5 coefficient of determination.

GONG ET AL. 1441

Downloaded from http://pubs.geoscienceworld.org/aapgbull/article-pdf/106/7/1431/5627432/bltn19107.pdf
by Chenglin  Gong 
on 18 June 2022



(Lopez, 2001; Popescu et al., 2001; Deptuck and Syl-
vester, 2017). They exhibit a progressive decrease in
thickness toward the channel thalweg (i.e., an isopach
pattern opposite to that of Bengal channel levee sys-
tems) (Figure 10B vs. Figure 11B). Sheet-like seismic
facies composed of high-amplitude reflections are
also recognized on many other submarine fans world-
wide, such as the Amazon (Lopez, 2001), Danube
(Popescu et al., 2001), and Astoria Fans (Piper and
Normark, 2001). They are commonly seen to occur
at the base of channel levee systems and were related
to channel avulsions and resultant unchannelized tur-
bidity currents in topographic lows (Lopez, 2001;
Deptuck and Sylvester, 2017).

Seismic Stratigraphy and Geomorphology
of Crevasse Splays

Mounded Onlapping-Fill Seismic Facies
In depositional dip view, mounded onlapping-fill seis-
mic facies are represented by packets of continuous

to discontinuous, high-amplitude reflections and ex-
tend for tens of kilometers (Figure 12A; Table 1).
They are onlapping onto the preceding channel levee
complexes, showing clear onlap-point trajectories
(see onlap points marked as blue dots in Figure 12A).
In depositional strike view, mounded onlapping-
fill seismic facies are typified by packets of mod-
erately continuous, high-amplitude reflections with
mounded cross-sectional geometries and extend for
hundreds of meters to a few kilometers (Figure 12B;
Table 1).

In plan view, mounded onlapping-fill seismic
facies were preferentially developed on the external
bends of Bengal deepwater channels recognized as
gull-shaped seismic facies (Figures 3A, 7, 12). They
appear on seismic amplitude volumes as north-
south–trending high-amplitude accumulations (Fig-
ure 3A) and manifest on 3-D RMS-attribute cubes as
lobate-shaped, high RMS-attribute accumulations
(Figure 7) (Table 1). Mounded onlapping-fill seismic
facies are oblique to the thalweg of the preceding

Figure 9. Crossplots of (A) W versus T and (B) T versus W/T for levees associated with Bengal deepwater channels. R2 5 coefficient of
determination.
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channels seen as gull-shaped seismic facies (Figures
3A, 7). Their plan-viewmorphology changes upward
from lobate to elongate tongue-shaped geometries
(Figures 3A, 7). They occupy an area of up to tens of
square kilometers and are, thus, volumetrically smal-
ler than Bengal channel levee complexes or lobes
(Figures 3A, 7).

Geomorphological Interpretation
Mounded onlapping-fill seismic facies occurring on
the external bends of sinuous deepwater channels are
commonly interpreted as a body of sediment pro-
duced by a spreading, fanning, and collapsing flow
originating from a levee breach or crevasse spilling
out from a sharp bend of feeder channels (i.e., cre-
vasse splays) (e.g., Posamentier and Kolla, 2003;
Lowe et al., 2019). Accordingly, Bengal mounded
onlapping-fill seismic facies at the distal end of the
channel levee systems are interpreted as the equiva-
lent facies (Figures 3A, 7, 12; Table 1). Bengal cre-
vasse splays preferentially occur in intrachannel lows,
in which a lack of confinement most likely results in

the deposition of unchannelized turbidity currents
formed probably during the initiation of channel
avulsion events (Figure 12A).

QUANTIFICATION OF BENGAL SUBFAN
GROWTH AND EVOLUTION

The progressive stacking of channels, splays, and/or
lobes forms submarine fans (Normark, 1970; Dorrell
et al., 2015; Jobe et al., 2017). To understand how
Bengal deepwater fans were constructed, it is crucial
to quantify repetitive growth patterns of Bengal
channel levee complexes, splays, and lobes.

Quantification of Evolution and Growth
Patterns of Bengal Channels

Bengal Channel-Complex Trajectories
Architectural styles and growth patterns of the stud-
ied channel levee complexes have been quantified by
the stratigraphic mobility number (M) and the angle
of channel-complex trajectory (Tc). Two discrete

(A) (B)

Figure 10. (A) Time-structure map of the basal bounding surface of Bengal channel levee complexes (i.e., Tfb in Figure 3B) showing a
semiconfined setting for the development of subsequent Bengal channel levee complexes. (B) Isopach map of Bengal channel levee com-
plexes as documented in this case. Colors in (A) and (B), respectively, denote the depth (in milliseconds) and thickness (in meters). Notice
the progressive decrease in thickness away from the channel thalweg (i.e., a pattern consistent with the spatial pattern in topographic ele-
vation seen in (A)).
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patterns of Bengal channel-complex trajectories are
recognized (blue and red dots in Figure 13A, B,
respectively). The first population of channel kine-
matics contains CCSs that have migrated in a domi-
nantly lateral direction (blue dots in Figure 5B, C),
thereby displaying a channel kinematic referred to as
lateral channel-complex trajectories. Lateral channel-
complex trajectories have lateral components (dx) of
144 to 341 m (averaging 205 m) and vertical compo-
nents (dy) of 4 to 14 m (averaging 8 m), giving rise to
relatively low Tc of 1.14� to 4.70� (averaging 2.51�)
but to relatively high M of 2.63 to 8.14 (averaging
4.68) (Figure 13A, B).

The second population of channel kinematics is
composed of channel complexes that are strongly
aggradational and have accreted in a vertical direction
through time (orange dots in Figure 13A, B), there-
by exhibiting a channel kinematic referred to as
vertical channel-complex trajectories. Vertical channel-
complex trajectories have dx of 19 to 161 m (averag-
ing 67 m) and dy of 19 to 59 m (averaging 34 m),

resulting in relatively high Tc of 10.17� to 57.87� (aver-
aging 30.69�) but relatively low M of 0.06 to 0.93
(averagingM 0.31) (Figure 13A, B).

Twofold Subdivision of Bengal Channel-Complex
Trajectories and Stacking Patterns
Lateral channel-complex trajectories are confined
within the lower fill level of Bengal channels,
whereas vertical channel-complex trajectories seem
to be confined within the upper fill level (Figure 13).
Bengal channels seen on seismic sections shown in
Figure 13 are initially laterally migrating and then
return to vertically aggrading, resulting in a twofold
trajectory–regime subdivision into younger lateral
migration and older vertical aggradation. Previous
research on seismic, outcrop, and modeled examples
of deepwater channels have also documented the
widespread occurrence of such twofold, lateral-
vertical trajectory regimes (e.g., Peakall et al., 2000;
Labourdette, 2007; Sylvester et al., 2011; Covault
et al., 2016; Jobe et al., 2016).

(A) (B)

Figure 11. (A) Time-structure map of the upper bounding surface of the Bengal channel levee complexes (i.e., Tct in Figure 3B) showing
unconfined settings of intrachannel lows for the development of subsequent lobes and crevasse splays. (B) Isopach map of Bengal lobes
and developed during the deposition of Bengal subfan-growth cycle 2. The pinch-out of lobes and splays onto muddy levees created strati-
graphic onlap traps (SOTs). Colors in (A) and (B), respectively, denote the depth (in milliseconds) and thickness (in meters). Notice the
progressive increase in thickness away from the channel thalweg (i.e., a pattern consistent with the spatial pattern in topographic elevation
seen in (A)).

1444 Evolution and Growth Patterns of the Bengal Subfan

Downloaded from http://pubs.geoscienceworld.org/aapgbull/article-pdf/106/7/1431/5627432/bltn19107.pdf
by Chenglin  Gong 
on 18 June 2022



High and low M values are, respectively, indica-
tive of more abundant lateral migration and more
abundant vertical channel aggradation (Jobe et al.,
2016). According to this assumption, chronologi-
cally older Bengal CCSs with a high mean value of
M = 4.68 and chronologically younger Bengal CCSs
with a low mean value ofM = 0.31 are, respectively,
inferred to be abundant in lateral migration (i.e.,
amalgamation with low aggradation) and in vertical
aggradation (i.e., organized stacking with high aggra-
dation) (Figures 5, 13B). Morphologically, laterally
amalgamating CCSs have B of 200 to 511m (averag-
ing 361 m), H of 47 to 83 m (averaging 63 m), and
B/H of 2.94 to 9.73 (averaging 5.77) (blue dots in

Figure 8A, B). Vertically aggrading CCSs, in con-
trast, are 259 to 799 m (averaging 500 m) in B, 43 to
79 m (averaging 61 m) in H, and 4.33 to 14.22
(averaging 8.37) in B/H (orange dots in Figure
8A, B). Vertically aggrading CCSs are, thus, two to
three times wider than their laterally amalgamating
counterparts (Figure 8B).

Quantification of Evolution and Growth
Patterns of Bengal Lobes and Splays

Onlap-Point Trajectories of Bengal Lobes and
Splays
Submarine lobes recognized as sheet-like seismic facies
are onlapping onto the preceding Bengal CCSs,

(A)

(B)

Figure 12. (A) Depositional dip-oriented seismic line (see line locations in Figure 3A) showing the upstream propagation of Bengal
crevasse splays. Blue circles shown in (A) denote onlap terminations. (B) Depositional strike-oriented seismic section (see line locations in
Figure 3A) showing cross-sectional seismic expression of Bengal crevasse splays. Tct denotes the upper and basal bounding surface of the
studied Bengal channel levee complexes. Max5 maximum; Min5 minimum.
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resulting in lobe onlap-point trajectories (blue dots in
Figure 6). Lobe onlap-point trajectories have lateral
components of 0.43 to 3.05 km (averaging 1.13 km)
and vertical components of 17 to 63 m) (averaging
38 m), giving rise to trajectory angles (Tbo) of 1.03� to
3.28�, with a mean value of 2.22� and a standard devia-
tion of –0.69� (orange dots in Figure 14A, B).

Crevasse splays expressed as mounded onlapping-
fill seismic facies are onlapping onto an angular uncon-
formity of Tct (i.e., the upper bounding surface of
Bengal channel levee complexes), resulting in lobe
onlap-point trajectories (blue dots in Figure 12A). Lobe
onlap-point trajectories have lateral components of
0.23 to 1.53 km (0.14 to 0.95 mi) (averaging 0.77 km)
and vertical components of 10 to 47 m (averaging
21 m), resulting in trajectory angles (Tso) of 0.51� to
3.35�, with a mean value of 1.89� and a standard devia-
tion of –0.79� (blue dots in Figure 14A, B).

Upstream Propagation of Bengal Lobes and Splays
Bengal lobes are onlapping the preceding Bengal
channel levee complexes and display relatively high-

angle onlap-point trajectories (reported as Tbo of
1.03� to 3.28�, with a mean value of 2.22�) (Figures
6, 14B), pointing to active propagation of lobes. Sim-
ilarly, Bengal crevasse splays are also onlapping the
preceding Bengal channel levee complexes and
exhibit rising onlap-point trajectories (having a rela-
tively high angle of 0.51� to 3.35�, with a mean value
of 1.89�), also showing active upstream propagation
of lobes and splays (Figures 12A, 14B).

GROWTH AND EVOLUTION PATTERNS OF
BENGAL SUBFANS

Chronological Order of Bengal Subfan
Elements

Three major subfan-growth cycles (subfans 1–3)
were recognized in the study interval of interest in
the Bengal Fan (Figure 2). Lobes are seen to drape
over the channel levee complexes (see onlap termi-
nations indicated by the blue dots in Figure 6) but

Figure 13. Scatterplots of (A) dx against Tc and (B) Tc against M for Bengal deepwater channels with lateral and vertical trajectories.
R2 5 coefficient of determination.
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are onlapping toward the lateral termination of Ben-
gal levees. This, in turn, suggests that lobes are chro-
nologically younger than channel levee complexes. In
the same way, crevasse splays are also onlapping
toward the thalweg of Bengal channels (Figure 12A),
indicating that they are chronologically younger than
channel levee systems. However, no stratigraphic
relationships between lobes and crevasse splays are
seen. This prevents determining the chronological
relationship between lobes and crevasse splays.
Therefore, the assumption is that lobes and crevasse
splays are chronologically synchronous.

Repetitive Patterns of Bengal Subfan
Evolution and Growth

This study uses Bengal subfan-growth cycle 2 as an
example to explore the evolution and growth patterns
of the Bengal Fan at the subfan scale. Our results sug-
gest that a single subfan-growth cycle underwent the
following three evolutionary stages (Figure 15): (1)

initial channel incision and amalgamation, (2) vertical
channel aggradation and resultant creation of intra-
channel lows, and (3) channel avulsion and concomi-
tant formation of lobes and splays. Bengal subfan
evolutionary stage 1 is recorded by lateral channel-
complex trajectories (Figures 5B, C; 15). Stage 2 is
illustrated by vertical channel-complex trajectories
(Figures 5B, C; 15) and by the presence of intrachan-
nel lows along both flanks of topographic highs as seen
on the time-structure map of the upper bounding sur-
face of channel levee complexes (Figure 11A). Bengal
subfan evolutionary stage 3 is recorded by onlap-point
trajectories of lobes and splays and by changes in thick-
ness of lobes and splays coinciding with the spatial
pattern in the topographic elevation of the upper bou-
nding surface of the preceding Bengal channel levee
complexes (right versus left panels of Figure 11).
These three evolutionary stages constitute a single
subfan-growth cycle, which built an individual subfan
(i.e., a single channel levee–lobe system) (Figure 15).
Typically, an abrupt shift of the channel levee position

Figure 14. (A) Crossplots of dx0 and dy0. (B) Scatterplots of dx0 versus To.
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separates a subfan-growth cycle from the next (Fig-
ure 2). Different subfan-growth cycles stacked up over
time, giving rise to the world’s largest submarine fans
in the Bay of Bengal (Figures 2, 15).

IMPLICATIONS

There are two significant implications from the obser-
vations and results of the current research. First, the

role of autogenic constraints on fan growth and evolu-
tion is not well constrained (Lopez, 2001; McHargue
et al., 2011; Dorrell et al., 2015). We recognized three
individual subfan-growth cycles (subfans 1–3 in Fig-
ure 2), which stacked up over time to form the world’s
largest submarine fan systems in the Bay of Bengal
(Figures 2, 15). Our autogenic models of Bengal Fan
growth can provide an alternative interpretation of fan
growth and evolution that can apply to the predictive
models of submarine fan architectures.

Figure 15. (A) Conceptual model showing how the Bengal Fan grows and evolves at the subfan scale. Note that the pinch-out of lobes
and splays onto muddy levees created stratigraphic onlap traps. (B) Seismic transects (line location shown in Figure 3A) illustrating the
repetitive patterns of Bengal subfan evolution and growth at the subfan scale. Note that three evolutionary stages constitute a single
subfan-growth cycle, which, in turn, led to an individual subfan (i.e., a single channel levee–lobe system).
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Second, industry and academic practitioners wit-
nessed a step change in the volume of oil and gas
found in giant stratigraphic and combination traps
(Prather, 2003). The central problem with many
stratigraphic and combination traps is to make the
subtle traps obvious. What is still needed is much bet-
ter seismic visualization of the reservoirs themselves
(Prather, 2003). Our results and observations suggest
that stratigraphic pinch-out of lobes and splays onto
levees resulting from the subfan-growth stage 3 can
serve as lateral trapping elements (see onlap points
marked as blue dots in Figure 6 and onlap edges of
lobes in Figures 6 and 15). The downlap of subse-
quent levees onto lateral trapping elements (i.e., sand
pinch-outs) most likely act as a competent top seal
and prevent hydrocarbons from leaking out, forming
stratigraphic onlap traps (Figures 11B, 15B). These
stratigraphic onlap traps within intrachannel lows
have the potential for large hydrocarbon accumula-
tions (Figures 11B, 15B). They may be common and
represent potential drilling targets onmany other con-
tinental margins worldwide.

CONCLUSIONS

Seismic reflection data from the middle Bengal Fan
were used to explore fan growth and evolution at the
subfan scale, contributing to a better understanding
of fan deposition and stratigraphy. Three subfan-
growth cycles were recognized, each of which is rep-
resented by an individual channel levee–lobe system
and underwent three main evolutionary stages: (1)
initial channel incision and amalgamation, (2) verti-
cal channel aggradation and resultant creation of
intrachannel lows, and (3) channel avulsion and con-
comitant propagation of lobes and crevasse splays.
Bengal subfan evolution from stages 1 to 2 was
recorded by the temporal transition in channel-
complex trajectories from lateral migration to subse-
quent vertical aggradation and the gradual transition
in channel stacking patterns from early amalgamation
with low aggradation to late-stage organized stacking
with high aggradation. Bengal subfan evolution from
stages 2 to 3 is documented by onlap-point angles of
0.51� to 3.35� (averaging 2.08�) and by the transition
in thickness of lobes and splays coincident with the
spatial pattern in topographic elevation. The pinch-
out of lobes and splays onto levees developed during

subfan-growth stage 3 most likely created stratigra-
phic onlap traps with the potential for large hydro-
carbon accumulations.
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