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Abstract
An analogy between submarine channels and fluvial rivers has existed for long, especially on the basis of planform and
morphometry. Underlying this broad resemblance are the minute disparities that shape and control these systems. In order to
observe and quantify the variations between submarine channels and subaerial rivers, we present a first-ever geomorphometric
investigation of one single system, where the fluvial river is compared with its offshore counterpart from source-to-sink. With
exhaustive data from the submarine fan, parameters like longitudinal profile, width, sinuosity, slope and planform of the Indus
Fan channel-levee complex (CLC) are estimated and compared on the basis of the same parameters estimated for the fluvial Indus
River. Our new data analyses offers key insights into the variable geomorphometric patterns prevalent from the source of the
Indus River until the margins of the submarine Indus Fan. Channel width and sinuosity vary from high-to-low downstream in the
submarine system and from low to high in the fluvial basin. Characteristic depositional features of either system are mutually
exclusive. Longitudinal profiles of the submarine fan and the river basin do not conform—principally due to the difference in
intensity of erosional and depositional processes active in both regions. These differences are primarily attributed to a single-point
(canyon-fed) distributary flow and a multi-point (tributary-fed) cumulative flow source system, and density contrasts between
river flows and turbidity currents. By quantifying this variation, our attempt is to dissuade the long-standing morphometric
analogy between fluvial rivers and submarine channels.
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Introduction

Rivers are formed when headwaters flowing downstream
gradually gain momentum and converge under the influence
of gravity. These headwaters mostly generate from meltwater
or springs/lakes and enhance their erosive capability by
gaining stream velocity. The process results in the genesis of
an expansive stream network with one major channel called as
the river. When such sediment-saturated rivers drain into the
sea, streams of turbidity currents are often initiated. If the right
conditions prevail, these currents, usually denser than the

ambient flow, could incise the seafloor and deposit coarser
sediments at the bottom while forming fine-grained sediment
deposits called levees on the channel flanks. The land-sea
terminus, therefore, can be recognized as a juncture where a
fluvial river may transform into a submarine channel-levee
complex(s) and continue to develop onto the abyssal plains
of the ocean floor, up to the point where sediment flux is
present and erosion/deposition is active. Factors like sedimen-
tary composition, shelf/slope morphology, tectonic effects and
more importantly, eustatic changes are major controls behind
submarine channel complex formation (Stow et al. 1985). In
the Indus system, specifically, the direct association of sedi-
ment supply to canyon head is known to have been largely
controlled by eustatic changes (Kolla and Coumes 1987;
Shanmugam and Moiola 1988; Prins et al. 2000; Clift et al.
2014). Figure 1 is a simplified schematic representation of the
fluvial river basin and the submarine fan system, also
depicting direct and indirect association of the canyon head
with the fluvial system during low and high sea-stands,
respectively.
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Much as the rivers on land, submarine channels on the
seafloor could be erosive, with the ability to create deposition-
al features and work as conduits for sediment transport. The
stark resemblances between fluvial and submarine channels in
planform, sinuosity, valley formation etc. lend credence to
support the idea of their analogy (Damuth and Flood 1985;
Pirmez and Flood 1995; Pickering et al. 1995; Amir et al.
1996; Posamentier 2003; Kolla 2007; McHargue et al. 2011).

On the other hand, there is an equally potent view that finds
fluvial channels distinct from submarine channels based on
density contrasts of ambient flows, different role of lateral
and vertical components of aggradation, migration, rate of
meander/levee development, effect of centrifugal/Coriolis
forces, relation between slope gradient and sinuosity, base
level controls, stratigraphic records etc. (Peakall et al. 2000;
Kolla et al. 2001, 2007; Miall 2002; Babonneau et al. 2002;
Wynn et al. 2007; Deptuck and Sylvester 2018).

The fluvial-submarine comparison is not a new concept in
geomorphic research. Data from offshore submarine fans have
been compared with fluvial systems on land, both on a global
and regional scale. Clark et al. (1992) summarized data from
16 submarine fan channels and compared them with fluvial/
flume data (Leopold and Wolman 1960; Schumm and Khan
1972) to conclude that the geometries of sinuous submarine
channels are comparable to fluvial channels as a consequence
of analogous physical processes functioning in both systems.
Kolla et al. (2001) summarized similarities and differences
with respect to channel morphology, evolution, and processes
using 3D seismic data from the submarine Congo Fan; how-
ever, evidences from fluvial systems were taken from other
studies (Flood and Damuth 1987; Clark et al. 1992; Imran
et al. 1999; Peakall et al. 2000 etc.). Later, Kolla et al.
(2007) presented a comparative paper stressing on the dissim-
ilarities, supported with 3D seismic fluvial channel data from

offshore Indonesia, with submarine channel data from differ-
ent fans of the world. Konsoer et al. (2013) presented an in-
ventory of 177 submarine channel cross-sections and 216 riv-
er cross-sections to substantiate observed differences in chan-
nel geometry, evolution, and discharge. Jobe et al. (2016) by
comparing 297 submarine and fluvial channel belts from nu-
merous systems across the globe concluded that channel tra-
jectory is the primary control on stratigraphic architecture and
that apparently similar channel forms can create clearly differ-
ent stratigraphy. Several flume-based/laboratory experiments
and numerical simulations have also aimed at comparing flu-
vial and submarine channel behaviour (Imran et al. 1999;
Corney et al. 2006; Keevil et al. 2006; Kane et al. 2008;
Lajeunesse et al. 2010; Darby and Peakall 2012; Foreman
et al. 2015). But what still remains elusive in the quantification
of this variation, especially one that is based on data from a
singular river-fan system. This approach allows control on the
extent of comparison and provides vivid detailing of channel
evolution from source-to-sink.

Our study is, therefore, a first-ever geomorphometric com-
parison with exhaustive data from onshore as well as the off-
shore basin of the Indus system. Morphometry—a quantita-
tive measure of size and shape—is often used to evaluate the
form of any natural feature and geomorphometry is the sci-
ence of quantitative topographic analysis with focus on the
extraction of land-surface parameters from elevation data
(Pike 1995; Pike et al. 2009). Its application covers a range
of disciplines like earth sciences, environmental engineering,
oceanography etc. that aim to capture land-surface parameters
like slope, aspect, curvature, stream power and many other
morphometric variables from topographic data (Florinsky
2017). In the present study, specific geomorphometric param-
eters have been analysed to identify and subsequently quantify
the variation between submarine channels and fluvial rivers

Fig. 1 Graphical representation
of a typical fluvial and submarine
system with associated features
depicting direct and indirect
association of the canyon head
with the fluvial system with sea
level change
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using Digital Elevation Model (DEM) data and Multibeam
Echosounder (MBES) data. Parameters for comparison are
longitudinal profile, channel width, sinuosity, channel gradi-
ent and planform.

Study region

The Indus system offers a classic example to study source-to-
sink channel morphometry. The Indus Fan and its associated
channel levee systems are one of the most complex and ex-
pansive submarine fan systems of the world, making it all the
more intriguing. On land as well, the Indus River and its basin
drain a massive territory of the Indian subcontinent, creating
unique morphometric forms as it flows through several tec-
tonic units.

The Indus Canyon is a pre-Holocene relict feature, known
to have formed during the low sea levels of the Quaternary
when the Indus River extended over the exposed continental
shelf coeval with the turbidity currents scouring the shelf
(Inam et al. 2008). The extensive erosive flux of the sub-
aerial Indus Basin was funnelled offshore via the Indus
Canyon into the Arabian Sea—creating the world’s second
largest detrital accumulation, i.e. the Indus Fan (Clift et al.
2014) covering an area of approximately 1.1–1.25 million
km2 (Kolla and Coumes 1987; McHargue and Webb 1986).
The Indus Fan extends ~ 1800 km from the Indus Canyon to
the Carlsberg Ridge, bound by the Chagos Laccadive Ridge
on the east, Owen Fracture Zone to the west and Murray
Ridge to the north-west that restrict the fan’s lateral growth
(McHargue and Webb 1986). The Upper Indus Fan extends
from the foot of the continental slope to the 3400 m isobath;
the Middle Indus Fan extends till 3800–4000 m isobaths; and
the Lower Indus Fan extends up to the Carlsberg Ridge with
depths exceeding 4600 m (Kolla and Coumes 1987). These
divisions of the Indus Fan are adopted here to explain channel
evolution from the Indus Canyon to the far reaches of the fan.

On land, the transboundary Indus Basin, spreading across
Afghanistan, China, India and Pakistan, with an area of 1.16
million km2 (Winston et al. 2013), forms the twelfth largest
drainage basin in the world (Inam et al. 2008). The Chaman
Fault and the Karakoram Fault bind the Indus Basin from the
W-SWand N-NE, respectively. Prerna et al. (2018) demarcat-
ed the Indus Basin into Upper, Middle and Lower basins,
based on the physiographic features and morphometric chan-
nel behaviour. The Upper Indus Basin extends from the river’s
source to the Tarbela Dam shortly after which the river exits
the Himalayan Arc. In the Middle Indus Basin, the Kohat
Potwar fold belt and the Salt Range are the most significant
geotectonic zones, which alter the planform of the Indus River
(Kazmi and Jan 1997). After the confluence of the river with
its left bank tributaries, the Lower Indus Basin starts—
traversed by several basement highs and thrust belts of
Kirthar and Sulaiman Ranges (Clift 2017).

Quantitatively, the Indus Basin approximates its submarine
fan in terms of area; but does the river follow an analogous
morphometric form in both regions is the key research ques-
tion here. The assumption of similarity between fluvial rivers
and submarine channels obscures the fact that similar-
appearing planform may not always translate to similarities
in internal channel structure, erosion/accretion pattern, flow
velocity etc. Figure 2 represents the physiography of the study
area and the extent of the different datasets described in “Data
and methods”.

Data and methods

Data

Two data types are employed in this research—DEM data for
fluvial analysis and MBES data for submarine analysis. DEM
data used in the study comprises 77 tiles of CartoDEM data
(CartoDEM v-3 R1 2015) and 01 tile of SRTM (Shuttle Radar
Topography Mission) data (Jarvis et al. 2008) marked as Block
F1 and F2, respectively (Fig. 2). MBES data from different
parts of the Indus Fan are marked as Block S1, S2 and S3
(Fig. 2). To further constrain our interpretation, inferences from
previous works in the Indus Fan—Kenyon et al. (1987) [Block
R1]; Kodagali and Jauhari (1999) [Block R2] and Bourget et al.
(2013) [Block R3]—are also made. Table 1 enlists the specifi-
cations of the multiple datasets used in the study.

Methods

Stream/channel extraction

In order to compare the submarine channel and fluvial river
behaviour, efficient extraction of the river/channel network
from DEM and MBES data was a prerequisite. Since the data
for the fluvial Indus River basin was extremely large, manual
digitization of the river/streams seemed inept. Hence, a GIS-
based model for automated stream network identification and
basin delineation was adopted, based on the workflow shown in
Fig. 3, executed for every tile systematically as shown in Fig. 4.

Unlike the seamless DEM data for the fluvial basin, MBES
data from the submarine fan had certain limitations—(a) data
from Blocks S1, S2 and S3 were of variable spatial resolution,
and (b) data was fragmented; with voids in certain pockets,
and therefore, manual digitization of the channels was more
befitting as opposed to automated extraction.

Parameter estimation

Following the river/channel extraction from both DEM/
MBES data was the parametric estimation; parameters being
longitudinal profile (built using cross-sections); channel
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width, sinuosity, planform and channel gradient, each of
which were individually estimated for the Indus fan channels
and the Indus River on land. To maintain uniformity in com-
parison, intervals for parametric estimation were consistent for
fluvial and submarine analyses. Channel thalweg was extract-
ed (from cross-sections built every 10 km) to construct the
longitudinal profile. In areas where high resolution MBES
data was unavailable, seafloor depth from TOPEX mission
data (Smith and Sandwell 1997) was utilized. For the channel
width profile, straight line transects were drawn perpendicular

to the channel axis, at a 100-m interval for effectively captur-
ing variations in width. Using the cross-sectional area (CSA)
approach presented by Qin et al. (2016), channel width is
estimated with the lower channel bank as the starting limit,
where channel banks occur at different depths. Sinuosity and
channel gradient were estimated at 10-km interval. Adopting
the conventional method of measuring sinuosity between in-
flexion points was not possible considering the heterogeneity
of the study area and therefore a fixed interval of 10 km was
chosen to preserve uniformity in comparison. For

Fig. 2 Physiographic map of study area. Indus Fan boundaries are
adopted fromKolla and Coumes (1987) and Indus Basin boundaries from
Prerna et al. (2018). Blocks F1 (CartoDEM), F2 (SRTM), S1 (Clift and

Henstock 2015), S2 (NCPOR n.d.), S3 (Mishra et al. 2015), R1 (Kenyon
et al. 1987); R2 (Kodagali and Jauhari 1999), R3 (Bourget et al. 2013)
represent the extent of datasets. Star represents river source

576 Geo-Mar Lett (2020) 40:573–592



representation, the methods for calculating these parameters
are shown in Fig. 5 for a single channel in the Middle Indus
Fan (1, 2, 3, 4 represent the approach for building longitudinal
profile, channel width profile, sinuosity index and channel
gradient, respectively).

Results

The Indus Fan and the channel-levee complex

The Indus Canyon head is evident as a bathymetric incision on
the continental shelf. From the base of this Canyon emerge the
elaborate CLCs—defined as a series of stacked channel-levee
systems fed by the same canyon (Deptuck et al. 2003). Known
to have originated as a result of mass wasting and slumping
near the river mouth during the low sea level of Pleistocene, the
canyon subsequently further developed by retrograde slumping
during high sea level (Kolla and Coumes 1987). At present,
data from Block S1 shows that the canyon is less than 40 km
SSE from the mouth of the river. In the upper reaches of the
Indus Canyon, where the canyon incises the shelf, slumping
was recorded by Naini and Kolla (1982), which is further cor-
roborated by MBES data (Fig. 6). On the other hand, the lower
section is dominated by multiple coherently-spaced terraces
(von Rad and Tahir 1997), each separated by near vertical

boundaries (Fig. 6), implicative of erosion and deposition with-
out being disrupted by slumping (Clift et al. 2014). These
terraces—defined as topographically flat areas above the chan-
nel thalweg but within the channel belt (Hansen et al. 2017),
also suggest sequential lateral accretion and vertical erosion,
often observed in submarine CLCs (Peakall et al. 2000;
Deptuck et al. 2003; Qin et al. 2016). Levee formations are
lacking within the canyon, but once the turbidity channels cross
the foot of the continental slope, they form large aggradational
CLCs with several hundred meters’ relief (Kolla and Coumes
1987). Figures 6 and 7 show bathymetric data from the Indus
Canyon (Block S1) and Upper Indus Fan (Block S2) with
cross-sections representing the transformation in channel mor-
phometry. Channel width goes as high as 3 km in the canyon
part of the Upper Indus Fan (Fig. 12).

In the Upper Indus Fan, data from Block S2 shows chan-
nels dissipating into smaller channel-levee systems whilst
maintaining lateral aggradation and high sinuosity. Sinuosity
Index (SI) is a ratio of curvilinear distance to straight-line
distance (Brice 1974). In the Upper Indus Fan, SI values range
between 2 and 4 indicating accentuated sinuosity and this
continues well into the Middle Indus Fan (Fig. 12).
Meandering channels with loops and cut-offs are easily
discernible (Figs. 6 and 7). The concept of master bounding
levees (Posamentier 2003; Kolla et al. 2007) is adopted here to
describe the high relief levee deposits (Fig. 7). At ~ 20°N

Table 1 Datasets used for
morphometric analysis Block DEM data (for fluvial analysis) Region

F1 CartoDEM (CartoDEM v-3 R1 2015), 30-m ground resolution, 1° × 1° tile Indus Basin
F2 SRTM (Jarvis et al. 2008), 90-m ground resolution, 5° × 5° tile

Block MBES data (for submarine analysis) Region

S1 Kongsberg EM302 processed bathymetry data, 3.5 kHz frequency, Indus
Canyon and shelf, RV Pelagia, Cruise PE300 (Clift and Henstock 2015)

Indus Fan

S2 Processed bathymetry data (NCPOR n.d.)

S3 SeaBeam 3012 processed bathymetry data, 12 kHz frequency, Laxmi Basin,
ORV Sagar Kanya, Cruise SK 306 (Mishra et al. 2015)

Block Reference data from previous work Region

R1 GLORIA long-range sidescan sonar, 3.5 kHz high resolution profiler and
precision echo sounder, GLORIA study of the Indus Fan, RRS Charles
Darwin, Cruise 20 (Kenyon et al. 1987)

Indus Fan

R2 Hydrosweep processed bathymetry data, 15.5 kHz, Lower Indus Fan, ORV
Sagar Kanya, Cruise SK 074 (Kodagali and Jauhari 1999)

R3 Kongsberg-SIMRAD EM120, 12 kHz, Fanindien 2009 and Owen surveys,
R/V Beautemps-Beaupré (Bourget et al. 2013)

Fig. 3 Schematic workflow for stream network extraction from DEM
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latitude (3000 m isobath), they start to split as finger-like pro-
jections emanating from a larger amalgamated CLC in differ-
ent directions, spreading tens of kilometres away from one
another (Fig. 7). The inner channels are far more sinuous than
these master bounding levees, which are products of overspill
from several channel loops within their confines. The levees
reach maximum height (+ 100 m) in the Upper Indus Fan (P1
to P4, Fig. 7) between 1500 and 3000 m isobaths and develop
concomitantly on both flanks of the channel with sediment
waves on the outer edges (P3, Fig. 7), similar to those ob-
served by Amir et al. (1996). The cross-sectional views of
channels corroborate these findings and help to discern varia-
tions as they evolve down-fan. From the confined terrace-

flanked structure in the canyon, they alter morphometrically
within the Upper Indus Fan to form elevated master bounding
levee type structure.

In the Middle Indus Fan, channels attain maximum sinu-
osity with SI values > 4 at certain locations; however, chan-
nel width reduces (Fig. 12). Clark et al. (1992) in their multi-
fan study classified Indus Fan as an end-member with high
sinuosity developing at relatively lesser gradients (1:400).
The Amazon Fan channels also attain highest sinuosity in
the middle fan (Flood and Damuth 1987). Average slope
gradient as per the data observed is 1:650 in this zone. In
some places, channels continue to vertically incise and form
considerable levees, with average width of 1 km (Fig. 8).

Fig. 4 a Location of 77 CartoDEM and 01 SRTM data tile with grid code used in the study [b–f process of stream and basin identification of one tile
(i44g) shown as sample]. b Depressionless DEM. c Flow direction raster. d Flow accumulation raster. e Stream order. f Basin delineation
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Cross-sections constructed along the Middle Indus Fan chan-
nels suggest continuity of bifurcated channel-levee systems,
as observed in the Upper Indus Fan. The diminishing height
of the channel-levees is indicative of reduced turbidity cur-
rent flow and sediment concentration.

Here, we make a distinction between the relatively low-
lying levees observed along the flanks of incisional channel
1 and the bounding levees rising 20–40 m above the seafloor
formed by aggradational channels 2 and 3 (Fig. 8). Compared
to the other channels, the starkly sinuous planform of the

western-most channel 1 appears to be devoid of bounding
levees creating only faint imprints on the seafloor and forming
a clear incised valley in the substrate (P1-P2, Fig. 8). The
pronounced incision of channel 1 suggests higher erosive ca-
pacity, perhaps with greater turbidite flux, but without sedi-
ment waves and bounding levees. On the other hand, channels
2 and 3 (P3 to P7, Fig. 8) have bounding levees, albeit, chan-
nel 2 plausibly ceases due to its encounter with a geological
barrier—the Laxmi Ridge. The levee height of channel 3 is
close to 40m in the north reducing to 20m downfan above the

Fig. 5 Morphometric parameter
estimation from MBES data for a
part of the Indus Fan channels. 1
denotes construction of
longitudinal profile by plotting
thalweg points at 10-km interval;
2 denotes construction of channel
width profile using straight line
transects at 100-m interval; 3 de-
notes calculation of Sinuosity
Index (SI) using sinuous distance
‘A’ fixed at 10 km divided by
straight line distance ‘B’; 4 de-
notes calculation of channel gra-
dient (as percentage) for every
reach of 10 km
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channel thalweg (P5 to P7, Fig. 8). Significant reduction in
levee size is seen as a characteristic trait of middle-to-lower
fan transition, first observed by Flood and Damuth (1987) in
the Middle Amazon Fan. Evidences of sheet-sands or
unchannelized turbidity currents in Lower Indus Fan were
reported by Kolla and Coumes (1987) and Shanmugam and
Moiola (1988). Perhaps, the middle segment of channel 3 is
buried by such sheet-sands flowing from the north-east.
Within a span of ~ 150 km from west to east, variable
channel-levee forms indicate differential erosional/
depositional signatures.

A pioneering geophysical survey in the Middle Indus Fan
using GLORIA sidescan sonar, seismic profiles and coring

operations reported a distributary complex of large sinuous
CLCs forming radial patterns, noted to avulse in the Upper
Indus Fan into two distinct bifurcating systems (marked as A
and B, Block R1 in Fig. 9) (Kenyon et al. 1987, 1995). System
B was suggested to be arising from another proximal
canyon (paleo Saraswati Canyon, Fig. 9) linked to the ancient
Saraswati River in north-eastern Arabian Sea (Kolla and
Coumes 1987; Kenyon et al. 1995). However, on observing
the channel paths curving onward into the Middle Indus Fan
(Block S2 and S3), the direct association of system B with the
Saraswati river and its offshore canyon seems dubious, but the
possibility of Saraswati-led channels joining the Indus CLCs
cannot be ruled out. With more geophysical data in the future,

Fig. 6 a 3D surface map of the Indus Canyon (Block S1, refer Fig. 2 for
location). Vertical exaggeration (VE) is 12×. b 2D surface map of the
Indus Canyon showing location of cross-sections P1 to P9. Note transi-
tion from side wall slumping to flat terraces and near-vertical boundaries

along the channel thalweg. c Enlarged representation of box drawn on P6
showing how channel width is estimated [CT: channel thalweg; CW:
channel width; ML: meander loop; NVB: near-vertical boundary]
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both present-day and paleo channel impressions from these
auxiliary sources in the Indus Fan could be verified.
International Ocean Discovery Program (IODP) drill results
from site U1456 (Fig. 9) in the Laxmi Basin have already
established the influx of sediments originating from Narmada
and/or Tapti River of Western India (Khim et al. 2018).
Channels observed in the far west of theMiddle Indus Fan from
Block R3 (Bourget et al. 2013) seem to have emanated from the
ancient Indus canyons and their associated CLCs studied by
McHargue and Webb (1986), Kolla and Coumes (1987), Clift
et al. (2002) and Berlin (2014). Although their connection must
be further corroborated with geophysical observations, their
planform does show similarity with those from eastern
Middle Indus Fan (Block S3).

In the Lower Indus Fan, inferences are limited as it is rel-
atively the least studied section of the Fan. Even so, the con-
tinuity of turbidite channels carrying characteristic terrigenous
sediments is well established through geophysical

observations and drill operations (Whitmarsh et al. 1974;
Naini and Kolla 1982; Kolla and Coumes 1987; Govil and
Naidu 2008; Shareef et al. 2018). Another pioneering bathy-
metric study by Kodagali and Jauhari (1999) (Block R2) af-
firmed the presence of moderately sinuous channels extending
to the Lower Indus Fan with average channel width of 900 m.
At a flat surface gradient of 1:1200, channels extend down-fan
bound by smaller levees roughly 20 m high with ox-bows
(Kodagali and Jauhari 1999). The Mississippi Fan portrays a
similar reduction in levee size with reduced sinuosity in its
lower fan (Bouma et al. 1985).

The Indus River and basin

The Indus Basin—one of the largest fluvial controlled land-
scapes of the world—showcases unique morphometry due to
the sequential effects of the Indus River, and the combined
influence of endogenic and exogenic factors, broadly put,

Fig. 7 a 3D surfacemap of CLCs in the Upper Indus Fan (Block S2, refer
Fig. 2 for location). Vertical exaggeration (VE) is 12×. b 2D surface map
of CLCs in the Upper Indus Fan showing location of cross-sections P1 to
P5. Note transition in levee height down-fan along the channel thalweg. c

Enlarged representation of box drawn on P2 showing how channel width
is estimated [CT: channel thalweg; CW: channel width; BL: bounding
levees; ML: meander loop]
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tectonic, climatic and anthropogenic influences. The Indus
River begins from the confluence of rivers Gar Zangbo and
Sênggê Zangbo in the Gangdise Shan Range running on the
Tibetan Plateau (Fig. 10). The river sources at 4682 m above
sea level and flows for a total length of 3329 km up until its
delta (Prerna et al. 2018). Despite its large socio-economic
relevance in South Asia, a detailed account of its morphomet-
ric variations for the entire course remains elusive. Prerna
et al. (2018) presented a quantitative demarcation of the
Upper, Middle and Lower Indus Basin (Fig. 11) based on
analyses of critical geomorphometric parameters (viz. longi-
tudinal profiling, channel width, sinuosity, planform, slope

and elevation-relief ratio), and in this study, these demarca-
tions for dividing the Indus Basin are adopted.

The Upper Indus Basin represents a zone of rapid incision,
downcutting and gorges, resulting from exceptionally high
denudation and tectonic uplift (Kazmi and Jan 1997; Ahmed
2013). Lying in the Himalayan complex, this section of the
basin is structurally confined, which in effect restricts stream
sinuosity. One of the major tectonic influences on river mor-
phometry is attributed to the tectonically active Karakoram
Fault (Fig. 10), known to have caused substantive deformation
in the region (Searle 1996; Murphy et al. 2000). A significant
drop in channel relief is identified where it traverses through

Fig. 12 Combined longitudinal profile with upper, middle, lower
boundaries of the fluvial Indus Basin and the submarine Indus Fan.
Dominant planform type, channel width, sinuosity and channel gradient

through each zone of the Indus Basin and Indus Fan denote the
transformation of a land-to-deep sea system
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the Indus River. Also, at the location of the Tarbela Dam (Figs.
10 and 11), the Upper-Middle Indus Basin boundary (Prerna
et al. 2018) is where the river encounters major relief drop as it
exits from the Deosai mountain range in Khyber
Pakhtunkhwa province of Pakistan and into the flatter plains
around Peshawar and Rawalpindi. Until this point, the river is
predominantly erosive forming typical v-shaped cross-sec-
tions with marginal lateral aggradation, channel width aver-
ages at about 250 m and SI values rarely exceed 2 (Fig. 12).
Channel gradient is most accentuated in the Upper Indus
Basin, given the undulating terrain of the high relief.

In the Middle Indus Basin, the river cuts across the Kohat
and Potwar Plateau (marked as KP, PP in Fig. 10) before
advancing south towards the Salt Range through the
Kalabagh gorge. The gorge is known to have caused offset
to the course of the Indus (McDougall and Khan 1990; Kazmi
and Jan 1997). The river, in this tectonically restricted basin, is
characterized by near vertical channel walls with minimal
scope for lateral expansion—characterized by narrow channel
width, evidently seen on the channel width profile of the
Middle Indus Basin (Fig. 12). Once the river opens out into
the plains of Sind Sagar Doab, it exhibits distinct depositional
lobes and braided stream flow. From thereon, until the conflu-
ence of Indus and Panjnad River, which is the Middle-Lower
Indus Basin margin (Prerna et al. 2018), the river has a typical

braided form with numerous streams flowing within the chan-
nel belt along large elongated sand bars/islands (Fig. 12 and
A4, Fig. 13). SI remains < 1.25 because the channel belt is so
wide (average 3 km) that appears to have a non-meandering
planform (Fig. 12). Average gradient in the fluvial basin is
1:3600.

In the Lower Indus Basin, the Indus River undergoes
heavy deposition by losing large amount of its transportation
capacity at dam/barrage sites (denoted on Fig. 11), widening
considerably with evident ox-bows/scroll bars (Prerna et al.
2018) (A5-A6, Fig. 13). During Holocene, the river created a
lobate-shaped delta covering most of the Sindh province of
Pakistan (Giosan et al. 2006; Inam et al. 2008); however, due
to damming and other anthropogenic influences, it stands at a
reduced area of 260 km2 from 2600 km2 (Kazmi and Jan
1997). Distinct increase in sinuosity, limited braiding, and
dominance of a singular channel is the characteristic behav-
iour observed in the Lower Indus Basin. The basin down to
its delta is traversed by a number of basement highs like the
Sargodha, Jacobabad etc., (Fig. 10) extending NW-SE for
varying distances into uplifted regions (Khan and Clyde
2013). For the last ~ 300 km of its course (beyond Kotri
Barrage, Fig. 11), scroll bars are the only characteristic de-
posits noticeable along the banks of Indus River, where it
flows as a single channel until its delta, with channel width

Fig. 8 a 3D surface map of CLCs in the Middle Indus Fan (Block S3,
refer Fig. 2 for location) showing three channels numbered 1 to 3. Vertical
exaggeration (VE) is 12×. Channel 3 does not show surface impressions
in the middle segment denoted by white dashed line. b 2D surface map of
CLCs in the Middle Indus Fan showing location of cross-sections P1 to

P7. Note distinction between incisional channel 1 without bounding le-
vees and aggradational channels 2 and 3 with bounding levees. The pos-
itive relief feature is the Laxmi Ridge [CT: channel thalweg; CW: channel
width; BL: bounding levees; ML: meander loop]
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of 1 to 3 km (Fig. 12 and A6, Fig. 13). Several abandoned
channels also extend through this region.

Summarizing the geomorphometric forms observed in the
onshore Indus Basin and offshore Indus Fan, Fig. 12 presents
the variations in (a) longitudinal profile, (b) channel width, (c)
sinuosity, (d) channel gradient and (e) dominant planform type
from each zone of both systems.

Discussion

For a river flowing 3300 kmon land and thenceforth as extensive
channel levee complexes for at least another 2500 km, the Indus
system shows remarkable variability in stream/channel planform
from source-to-sink. However, the objective of quantifying this
variability between the fluvial and the submarine environment is

met only when geomorphometric parameters are compared. As
seen previously, cross-sections are crucial to understand the ef-
fects of erosional and depositional processes applying within and
along the channel belt. Planforms and cross-sections compared in
Fig. 13 imply that the channel form develops from simple-to-
complex in the fluvial basin vis-à-vis a complex-to-simple form
in the submarine fan. Each zone is characterized by a set of
unique channel features, which only result from the variable
processes acting upon them.

Morphometry of the fluvial Indus basin

A smoothly meandering, narrow channel planformwith SI < 2
is characteristic of the erosion-dominant high-relief Upper
Indus Basin (Fig. 12). The convex-shaped longitudinal profile
of this zone of the Indus Basin is useful to identify knick-

Fig. 9 Channel network in the Indus Fan with canyon complexes 1–3
(youngest to oldest, modified from McHargue and Webb 1986; Amir
et al. 1996). Blue lines represent channels identified from Blocks [S1,
S2, S3] and reference Blocks [R1, R2, R3] modified from Kenyon et al.

(1995), Kodagali and Jauhari (1999) and Bourget et al. (2013), respec-
tively. Fan boundaries and paleo Saraswati Canyon adopted from Kolla
and Coumes (1987). Black dashed lines indicate probable channel paths;
orange circle is the location of IODP Expedition 355 drill site U1456
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points where sharp change in gradient is encountered. For
most of this region, the river forms a v-shaped valley (A1,
Fig. 13) as erosion is stronger than deposition. As a result,
channel width is also confined (average 250 m) with infre-
quent channel widening that represent locations of river con-
fluence in the Upper Indus Basin (Fig. 12). The graph of
channel gradient is jagged for most of this zone. Further
downstream, the erosive component of river progression gets
downplayed by deposition and lateral aggradation is
witnessed along cross-sections (A2-A3, Fig. 13).

In the Middle Indus Basin, encountering a drop in relief,
channel width rises. In Fig. 12, the transition zone of the
Upper-Middle Indus Basin represents this zone of increasing
channel width; however, shortly after crossing the Tarbela
Dam (location of Upper-Middle Basin boundary), channel
width is again restricted as it traverses through the Potwar
Plateau. Other than that, the river has an average width of
2700 m in the Middle Indus Basin. Braiding is the dominant
planform in this zone with large sand-bars and islands (Fig. 12
and A4, Fig. 13), which is attributable to the construction of
dams/barrages along course, and also due to reduced relief
causing abrupt deposition. A braided river consists of a single

main channel belt with multiple thalwegs (Makaske 2001),
which although may be sinuous by themselves, do not affect
the sinuosity of the river. This limits the SI values of the Indus
River to < 1.5 (Fig. 12).

In the Lower Indus Basin, average channel width is 1300m
with increasing sinuosity going up to 3 (Fig. 12). Meanders
and ox-bows are commonly observed in this zone (A5-A6,
Fig. 13). A depositional form with one major channel repre-
sents the dominant planform. In all, the channel form grows
from a simple-to-complex planform in the fluvial Indus Basin
with typical characteristic features of an erosive river with v-
shaped valley in the upper basin, braided and depositional
form in the middle basin, and finally culminating as a single
channel sinuous river with ox-bows andmeanders in the lower
basin (A6, Fig. 13).

Morphometry of the submarine Indus Fan

A highly complex channel planform is witnessed inside the
Indus Canyon and in the Upper Indus Fan (Fig. 12). In the
upper reaches, slumping is dominant (B1, Fig. 13) and further
down, flat terraces and near vertical boundaries flank the

Fig. 10 Tectonic map of the Indus Basin with major thrust zones/faults marked; modified from Yin (2006), Afzal et al. (2009), Chen and Khan (2010),
Asim et al. (2014), Mukherjee (2015) and Prerna et al. (2018). Indus drainage network extracted fromCartoDEM data [modified from Prerna et al. 2018]
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highly sinuous channel belt. Meander loops denote lateral
aggradation and vertical downcutting (B2, Fig. 13). The
concave-down longitudinal profile of the submarine Indus
Fan, especially in the upper reaches, is representative of ac-
centuated erosion that scour the shelfal regions causing sharp-
er gradient change, and channels are at least a km wide
throughout the Upper Indus Fan (Fig. 12). Within the
Canyon where the channel is already sinuous, on exiting it,
channel sinuosity further rises up to 4 in the bifurcating
channel-levee systems of the Upper Indus Fan (Fig. 12). As
seen previously, high tapering levees (+ 100 m) rising above
seafloor are typical in this zone (B3, Fig. 13).

In the Middle Indus Fan, most of these characteristic attri-
butes of channel planform are seen to continue. Meanders are
also evident in the bathymetric data from both Upper and
Middle Indus Fan. Channel sinuosity is at its maximum in this
region; however, further downfan, a reduction is recorded
(Fig. 12). Levee heights are reduced and mostly range be-
tween 40 and 20 m above the channel thalweg (B4, Fig. 13)
and are very faint along incisional channels making only mar-
ginal imprints on cross-sections (B5, Fig. 13). The complex
dominant planform of the canyon and upper fan gradually
evolves into a smoother planform in the Middle Indus Fan
(Fig. 12).

Fig. 13 Dominant planforms and representative cross-section from the
Indus River (A1 to A6) and the Indus Fan channels (B1 to B6). Blue
polygons on every cross-section denote channel width [data source: Indus

Basin (Block F1); Upper Indus Canyon (Block S1); Upper Indus Fan
(Block S2); Middle Indus Fan (Block S3); Lower Indus Fan (Ward 2007)]
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The Lower Indus Basin channel planform is studied from
Kodagali and Jauhari (1999) and Ward (2007). As discussed,
channels are on average 900 m wide with moderate sinuosity
and smaller dimension levees rising around 20 m from the
seafloor with evident ox-bows. Therefore, a complex-to-
simple planform development is witnessed in the submarine
fan. As the distance between the source-point canyon and
channel-levee systems increases, channel dimensions reduce
and surface deposits become fainter. To summarize:

1. SI values range from 1 to 3.2 in the Indus Basin and from
1 to 5.7 in the Indus Fan (Fig. 12). Maximum channel
width on land is observed in the Lower Indus Basin (5–
7 km) and in the Upper Indus Fan part of the submarine
fan (3–4 km) (Fig. 12). These values suggest that the fairly
common trend of increasing sinuosity and channel width
from source to mouth in fluvial environments is diametric
in the submarine system.

2. Meandering planform, meander loops and ox-bows are
symbolic of the mature stage of channel development.

Based on our findings, these are present in the submarine
environments right from within the canyon until the
Middle Indus Fan (B2 to B4, Fig. 13), and even further
till the lower fan (Kodagali and Jauhari 1999). On land,
however, they develop mostly in the Lower Indus Basin
(A5-A6, Fig. 13). Also, fluvial and submarine planforms
in the middle sections of basin/fan are profoundly dispa-
rate, ranging from the dominantly braided wide river to
the deeply incising sinuous channels.

3. Instead of the broad, smoothly tapering floodplains on
land (A4 to A6, Fig. 13), large levees rising > 100 m from
the seafloor are seen in the Indus’s submarine channel
levee complexes, stacked along the flanks of the channels
(B3-B4, Fig. 13). Both features result from overspill but
their dimensions are contrasting.

4. Terrace formations are observed in both systems, but in
variable dimensions and perhaps formed under differing
processes/conditions. Evidence of filled and strath ter-
races on land in the Upper Indus Basin are present
(Kumar and Srivastava 2018) but the relatively smaller

Fig. 11 Indus Basin divided into
Upper, Middle and Lower Basin;
locations of major dams/barrages
are marked along the river (Prerna
et al. 2018)
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coherently spaced submarine terraces (B2, Fig. 13) prob-
ably indicate a higher frequency of vertical erosion and
lateral aggradation.

5. Braiding is rarely observed in submarine environments
(Damuth and Flood 1985; Wynn et al. 2007). Foreman
et al. (2015) explained the rarity of braiding in submarine
channels due to a combination of factors that induce great-
er levee deposition and limit channel widening.
Nevertheless, lack of evidences of braiding from the
Indus Fan suggest that fluvial-like braiding (as seen in
A4, Fig. 13) is absent from the submarine system of the
Indus. The comparative observations are summarized in
Table 2.

Controlling factors

There is substantial morphometric evidence from the fluvial
Indus basin and submarine Indus fan clearly showing noncon-
formity. Both systems are complex in their own ways with a
multitude of factors interplaying. We infer that variance in
morphometry is only an indicator of the different processes
active in fluvial and submarine systems. A few crucial factors
are discussed in this section.

Rivers are almost always joined by tributaries, i.e. multi-
point sourced, making the main river a cumulative higher-

order stream with increasing erosive potential as it progresses
downstream. Whereas in submarine channel systems, a single
conduit (mostly via a canyon head) carrying turbidites gets
distributed into several lower order channels with diminishing
erosive potential. Deptuck and Sylvester (2018) found subma-
rine and fluvial rivers to be fundamentally different due to the
lack of tributaries in a single-point canyon system and because
the size of submarine channels reduced down-fan. In the Indus
system too, this factor is considered to be the most vital in
causing morphometric variation.

Running water and turbidity currents are known to have
variable densities, and therefore, they erode and deposit
differently. In sediment-gravity currents, flow occurs due
to the relatively small difference in unit weight between
the gravity fluid and the ambient fluid. The flows of rivers,
on the other hand, are seldom considered as gravity cur-
rents due to the large difference in unit weight of water and
that of air (Middleton 1993). These contrasts cause major
differences in the internal architecture and modes of evo-
lution of fluvial and submarine environments (Kolla et al.
2007) and also play a role in controlling depositional prod-
ucts of rivers and channels. Fluvial flood-bank deposits
result from overbank flooding; just as submarine levees
are created by turbidity currents over-spilling the channel
flanks, but the submarine channel levees are typically
greater in thickness than in fluvial rivers (Amir et al.
1996). As has been confirmed in our analysis of the

Table 2 Summarized observations on comparison of fluvial and submarine channels

Aspect Parameters considered Region Fluvial basin Submarine fan

Channel process Long profile; channel width; SI profile Upper Dominantly erosive Erosive and depositional

Middle Dominantly depositional Erosive and depositional

Lower Dominantly depositional Dominantly depositional

Lateral expansion Channel width; [considering width:
≤ 1 km—low

≥ 1 km—high]

Upper Low (avg. 250 m) High (avg. 1000 m)

Middle High (avg. 2700 m) High (avg. 1000 m)

Lower High (avg. 1300 m) Low (avg. 900 m)

Sinuosity SI profile [considering SI: ≤ 2—low
2 to 3—moderate
≥ 3—high]

Upper Moderate (1 to 2.15) High (1 to 4.62)

Middle Low (1 to 1.39) High (1 to 5.71)

Lower High (1 to 3.22) Moderate (1 to 2.24)

Meander loops/cut-offs Planform; cross-sections Upper Absent Present

Middle Present Present

Lower Present Present

Levee height Cross-sections Mostly in Middle
Basin/Middle
Fan

Moderate Significant

Terrace formation Cross-sections; planform Only in Upper
Basin/Upper Fan

Present (mostly
fluvio-glacially
driven; and over-bank
spilling)

Evident (driven by
sequential lateral
and vertical aggradation;
and overbank spilling)

Braiding Planform Mostly in Middle
Basin

Present Absent
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Indus, high relief levees are exclusive to submarine sys-
tems only. Wynn et al. (2007) considered these hundred
meters plus high aggradational levees as the most spectac-
ular distinction in submarine and fluvial systems.

High sinuosity in submarine channels arises from re-
peated vertical aggradation and lateral migration instead
of only lateral migration as observed in fluvial systems
(Kolla et al. 2001). In the Indus Fan too, we believe high
sinuosity results from episodic lateral migration and verti-
cal aggradation, although initial seafloor topography
would have played a major role. However, in the fluvial
Indus Basin, sinuosity is topographically-controlled in the
Upper Indus Basin and anthropogenically controlled (by
damming) in the Middle and Lower Indus Basin (Prerna
et al. 2018). Jobe et al. (2016) compared stratigraphic pat-
terns of numerous fluvial and submarine channel systems
to conclude that vertical aggradation is stronger in subma-
rine systems with lateral accretion being more dominant in
fluvial systems. High incidence of lateral migration is also
noted only in the fluvial Indus Basin because valley en-
trenchment is significantly low compared to the submarine
extent where high valley entrenchment (by levees) ob-
structs channel widening. Hence, the functioning of
erosive/depositional elements during channel development
could differ significantly in the two systems.

Channel width and channel depth are often studied to
assess the erosive and depositional potential of a river
system. Flood and Damuth (1987) while comparing the
Amazon Fan channels to fluvial rivers concluded that
channel width, depth, levee size and cross-sectional area
reduced down-fan, which was in contrast to subaerial riv-
ers where the sediment discharge increases downstream
with more tributaries adding into the main stream. In our
analysis of the Indus Basin and Fan, we find that channel
width increases in the fluvial basin and reduces in the
submarine fan. Cross-sections from the Upper, Middle
and Lower Indus Fans confirm a downward trend of chan-
nel depth as well. The major controller for this distinction
could be the influence of a single-point and a multi-point
source of flow. In single point-source channel-fan systems
such as the Indus, Amazon (Flood and Damuth 1987) or
Zaire (Babonneau et al. 2002), as the distance from the
source point increases, the erosive strength of the channels
and the thickness of turbidity currents reduce, thereby
making the channels’ cross-section smaller, and levees
thinner.

Conclusion

This geomorphometric investigation aims to (a) quantify the
variation between fluvial river and submarine channel mor-
phometry with comparative data from the Indus’s fluvial and

submarine system and (b) to suggest the causative factors
behind the differences observed.

The Indus River begins as a narrow, erosive and moderate-
ly sinuous stream in the structurally controlled Upper Indus
Basin. On encountering drop in relief in the Middle Basin, the
river spreads laterally in a braided form, causing excessive
channel widening, but with low sinuosity. And in the Lower
Indus Basin, the river transforms from a braided (less sinuous)
river into a single channel (highly sinuous) river, with several
scrollbars and ox-bows as part of its planform, and continues
so till it meets the sea.

The Indus Fan channel systems exhibit divergent mor-
phometry. In the Upper Indus Canyon, near-vertical walls
and terrace formations indicate inner-levee deposition, vertical
aggradation and lateral migration. After exiting the canyon in
the Upper Indus Fan, the highly sinuous channel diverges into
several radially spreading lower-order channels, which also
demonstrate coeval incision and deposition creating high-
relief bounding levees—characteristic of the region. In the
Middle Indus Fan, they continue to flow creating large
bounding levees or low-lying levees with significant channel
sinuosity. Reduced valley depth down-fan is indicative of re-
duced sediment flux and overspill. Narrow channels with low
sinuosity, insignificant levees and very shallow thalwegs are
characteristic of the Lower Indus Fan.

Parameters used here to capture the geomorphometric be-
haviour of fluvial rivers and submarine channels were only
indicators of the underlying phenomena. Principal causative
factors for geomorphometric variation in fluvial rivers and
submarine channels are (a) multi-point versus single-point
source system i.e. presence and absence of tributaries, respec-
tively; (b) increasing sediment flux in fluvial systems down-
stream versus distributary-like division in submarine systems;
and (c) differences in functioning of erosional/depositional
elements during channel development. These, in effect, cause
differences in characteristic depositional features and their di-
mensions, e.g. flat-wide floodplains vs. high-tapering
bounding levees, and cause channel dimensions to progres-
sively increase and decrease in fluvial rivers and submarine
channels, respectively.

Given that every system is unique in its own form, with
variable tectonic and topographic conditions, sediment flux,
flow velocity etc., a generalized model can only be built if the
system is studied in its entirety. We believe that studies like
this could help build a wider picture of the entire canyon-fed
channel-levee-lobe system. Other controlling factors like ef-
fects of Coriolis and centrifugal forces, base-level attainment,
steady flows and catastrophic flows, vertical and horizontal
density gradients, helical flow behaviour are believed to have
a diametric influence on shaping the morphometry of fluvial
and submarine channels (Imran et al. 1999; Kolla et al. 2001,
2007; Corney et al. 2006; Keevil et al. 2006; Peakall and
Sumner 2015) and must be explored further in the context of
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the Indus system. Wynn et al. (2007) exhaustively studied fan
systems across the globe and opined against that the long-held
notion of similarities between fluvial river systems and sub-
marine channel systems solely based on observable planform
morphology. The research outcome from this study is also
purely based on planform and geomorphometry, but corrobo-
rated with fluvial and submarine data of a single river system.
These evidences are crucial to conclude that submarine chan-
nels and fluvial rivers are similar only superficially and must
not be considered similar in form and function.
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