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Abstract
Geomorphic analysis utilizing multibeam bathymetry and sediment profiler data along with conductivity, temperature and depth
(CTD) measurements was undertaken to investigate morphological aspects of bottom current features that prevail in the area. The
aim of the study was to deduce the prevailing water mass in the area and to infer interactions between water mass and seabed of
South Eastern Arabian Sea. Morphological and bottom current features were identified and analysed. Based on morphological
components and their structural orientation, deduction of flow pattern and direction of current flow in the area were attempted.
Deconstructing structural aspects of typical bottom current features such as contourite drifts and scours reveal origin under
influence of consistent exogenic bottom current having definitive flow pattern. Sub-surface seismic profiles were analysed to
infer the presence of a consistently aggrading seafloor. The aspect distribution computed exhibits a prominent trend ranging
between 200° and 275° indicating NNW-SSE orientation of erosive features which is usually synonymous with flow direction in
the area. Backscatter intensity analysis undertaken for the area revealed seafloor with patches of loose to compact surface
sediment distribution. Variation in reflection intensity level from surface sediments was utilized to demarcate zones that are
susceptible in future to consistent turbulence-induced erosion. Temperature salinity (TS) diagram for values from CTD mea-
surements was plotted overlaying isopycnals and the resulting plots tagged for various water masses that prevail in the Arabian
Sea. Owing to the depth of the study area (~ 1800 m) and structural orientation of bottom current features, dominant oceano-
graphic agent from TS plot was deduced to be the North Indian Deep Water (NIDW). Surface and sub-surface morphology of
existing features were interpreted for influence of bottom current action. Geomorphic analysis of seabed is an efficient method to
understand the flow pattern and of prevailing water masses and can be applied as passive indicators of bottom current flow. This
approach of deducing flow pattern and intensity of water mass movement by analysing morphology of the undersea features can
be effectively used globally especially in areas where adequate data and observations for deep water masses are scarce.

Introduction

Bottom current flow regimes at the seabed are known to in-
fluence the origin, morphology and structural orientation of
bathymetric features that prevail within the depth of the flow
zone. Features such as bedforms, and associated sediment
transport, can be altered by changes in flow regime that influ-
ence processes of erosion and deposition (Lindenschmidt et al.
2017). Features that are the result of reworking of the seafloor
by bottom currents and oceanographic processes
(Shanmugam 2008; Shanmugam 2014; Hernández-Molina

et al. 2016) led to the redefinition of ‘contourite features’ as
those features formed due to sediment deposition or reworked
by persistent bottom current action (Stow et al. 2002; Rebesco
et al. 2014). These contourites serve as ideal recorders for past
oceanographic conditions due to their intricate link to ocean-
ographic process (Stow et al. 2002; Hernández-Molina et al.
2004; Llave et al. 2007; Faugères and Stow 2008;
Shanmugam 2008).

Shetye et al. (1994) suggested that bottom currents and
subsequent submarine erosion play an essential role in
shaping seafloor geomorphology. Brumley (2009) advised
that due to the slow rates of submarine erosion, it is convenient
to observe and interpret surface expressions of bathymetric
structures as indicators of paleo-oceanographic regimes.
Much work has been carried out throughout the World’s
ocean basins to understand morphological features and their
corresponding oceanographic agents (Johnson et al. 1991b;
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Warren and Johnson 1992; Warren 1993; Quadfasel et al.
1997). Bottom currents sculpt a variety of large and small-
scale morphological features. They are generally slowmoving
(< 10 cm s−1), but in areas where flow is constricted by seabed
topography, bottom currents can increase to more than
1 m s−1. Seafloors influenced by bottom current turbulence
are often typified by large undulating surface expressions. The
orientation and morphology of seabed features formed under
the influence of bottom currents may thus be used to under-
stand current strength and flow direction. Mapping of bottom
current induced seabed forms is therefore a useful method for
reconstructing current flow pathways. However, in many
cases, it is difficult to deduce the oceanographic agents at play,
mostly owing to sparse availability of substantial oceano-
graphic and bathymetric data at bottom depths. To understand
the evolution of seafloor morphostructure, an effective ap-
proach to analyse seabed features by qualitative and quantita-
tive means of data interpretation is needed. It is also necessary
to make a broad correlation between the relief of the acoustic
basement and other morphological peculiarities of the ocean
floor (Ilyin 2003).

Our area of focus is the Arabian Sea. Although extensive
work has been done on the circulation of surface water masses
in the area and their resulting currents, comparatively, little is
known about bottom flows and the influence of these currents
on sea bottom morphology. It has been speculated, based on
the direction of the bottom current flow in waters deeper than
3500 m, that flows move northward and upwell into a layer of
North Indian DeepWater (NIDW), at depths of 1500–3500m.
This however remains inconclusive, especially along the
South Western continental margin of India (Fig. 1b). In this
paper, we aim to deduce the flow pattern, depth and direction
of water mass flow over the seabed based of this region, based
on the morphological and structural aspects of erosive seabed
features. By integrating interpretations from gridded
multibeam data along with sediment profile data, backscatter
data and correlating it with conductivity, temperature and
depth (CTD) data acquired at various locations in the study
area, we attempt to understand seabed-water mass interaction
and the controls they exercise on the subsequent seabed
morphology.

Physiographic setting

The Arabian Sea is located in the Northern Indian Ocean,
between Africa and Indian sub-continent, and covers an area
of ~ 3,863,000 km2. It is a unique basin because of its peculiar
physical, chemical and biological processes, manifested
through monsoon activity, wind regimes, peculiar ocean cir-
culation and biological productivity. The major sources of
fresh water and sediment to the Arabian Sea are the Indus,
Narmada and Tapti rivers. The sediment delivered by these
systems forms the Indus cone, one of the largest submarine

fans in the world. The geodynamic evolution of the Arabian
Basin and associated tectonic events has paved the way for a
complex morpho-tectonic architecture.

Oceanographic setting

Arabian Sea water has been divided into surface and deep
water masses, mainly based on their prevailing depths. Deep
waters in the Arabian Sea, in contrast to the upper and inter-
mediate layers, namely Arabian Sea High Salinity Water
(ASHSW), Persian Gulf Water (PGW), Red Sea Water
(RSW) and Indian Central Water (ICW), show much less
spatial and temporal variability. Warren (1993) identified the
layer between 1500 and 3500m as ‘North Indian DeepWater’
(NIDW). Below that layer, ‘Circumpolar Deep Water’ forms
the bottom water that enters the Arabian Sea through the
Amirante Passage. This flows northward along the western
boundary of the Somali Basin (Fig. 1b), portions of which
continue across the Carlsberg Ridge to form the bottom water
of the Arabian Basin (Johnson et al. 1991a, 1991b).

The South Eastern Arabian Sea adjacent to the Indian pen-
insular has a seasonal flux of near surface water from the east,
caused by monsoon-driven hydrological imbalances (Shetye
et al. 1994). Warren and Johnson (1992) described a broad
southwestward flow in the deep water layer of the eastern
Arabian Basin during both monsoons. These patterns were
not forced by the monsoons but reflected the mean circulation
of the deep water as driven by upwelling of the bottom water
from below. Bottom water rises upward and is transformed
into NIDW where the salinity and temperature increase and
dissolved oxygen decreases (Warren 1993; Mantyla and Reid
1995). The depth range of NIDW corresponds to the depth
and location of the study area, located along the NNW-SSE
trending continental rise of the Laccadive Basin, and spans
depths of 1200 to 2400 m (Fig. 1).

Surface and intermediate water masses occur in the upper
500 m of water (Fig. 2). ASHSW and Equatorial Surface
Water (ESW) have average depth that ranges between 50
and 75m, while PGWand RSWoccur from 25 to 100mwater
depths (Shetye et al. 1994).Warren (1992) proposed a scheme
for circulation of deep and bottom waters in the Arabian Sea.
He defines the layer roughly 1500–3500m deep as the NIDW.
Below this layer lies the bottom water (BW).

Geological setting

The Eastern Arabian Basin is underlain by transitional crust
formed by rifting and related processes (Naini and Talwani
1982; Schlich 1982; Kolla and Coumes 1990). The Eastern
Arabian Sea and the adjoining west coast of India contain
several structural features which have evolved mostly because
of rifting and seafloor spreading between India, Madagascar
and the Seychelles. Many of these structural and basement
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Fig. 2 TS plots for the acquired CTD data. (I) Depth range of surface and
deep water masses tagged based on their corresponding salinity and tem-
perature values. (II) Spatial location of CTD stations conducted in the
study zone. (III) Potential temperature salinity curves overlaid over
isopycnals depicting water masses found in the Arabian Sea plotted for

acquired CTD values. Surface and deep water masses tagged along TS
profiles are Arabian Sea High Saline Water (ASHSW), Equatorial
Surface Water (ESW), Persian Gulf Water (PGW) and Red Sea Water
(RSW) along with Indian Ocean Equatorial Water (IOEW), North Indian
Deep Water (NIDW) and bottom water (BW)

Fig. 1 (a) Gridded bathymetry map of the study area located in South
Eastern Arabian Sea depicting spatial distribution of structural and
bottom current features. (I) Regional scouring, (II) contourite drift, (III)
steep channel faces, (IV) knoll structural relief. Layout of figures analysed
in the study has been marked for reference. (b) Geographic map showing

the study area along with circulation pattern of ‘circumpolar deep water’
through Amirante Passage flowing northward along western boundary
Somali Basin crossing Carlsberg Ridge to enter Arabian Basin. Red dots
are used to mark the location of CTD data acquisitions which fall within
the study area
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features have been inherited from the Precambrian structural
grain of the western Indian shield (Naini and Talwani 1982).
The prominent morphological features in the area, other than
the major ridges (Pratap Ridge to the north and the Laccadive
Ridge bordering the western flank of the study area), include
submarine slumps, submarine erosional channel and shelf
margin highs. Many submarine slumps have been reported
in the Arabian Basin. Some slumps have been reported to be
the result of neo-tectonic activity caused by reactivation of
existing structural trends (Chaubey and Ajay 2008). Some
well-developed submarine erosional channels are identified
on the Laccadive Ridge. Shelf margin highs are constituted
by several flat summited structural highs identified along the
continental slope. Similar kinds of flat-topped bathymetric
highs along continental slopes are also reported by other re-
searchers (Chaubey et al. 2002; Mukhopadhyay et al. 2008).

Materials and methods

Multibeam swath bathymetric and sediment profiling data
were acquired from the Laccadive Basin, onboard the RV
MGS Sagar during February–March 2016. These formed part
of Indian EEZ mapping program. A hull-mounted, dual fre-
quency, i.e. 12 kHz and 24 kHz, Reson Seabat 7150
multibeam echosounder was employed for bathymetric data
acquisition. A maximum swath coverage of 5 times the water
depth was achieved. Quantitative seafloor-backscatter data
was recorded along with depths, which were used in image
processing to obtain variations in the backscatter intensities
across the seabed surface. Post-processing was carried out
using the PDS 2000 software that employs standard hydro-
graphic data processing techniques to a 95% confidence level
(with reference to International Hydrographic Organization
(IHO) Standards). After carrying out preliminary analyses,
the bathymetric data were gridded at 50 m using PDS 2000
to resolve discrete morphologic unit. 3D visualization was
done using Fledermaus with a vertical exaggeration of 6× in
areas of interest for better seafloor visualisation.

Sediment profiling data were acquired using a hull-
mounted Chirp sub-bottom profiler along all multibeam track
lines. Acoustic sediment profiles up to 30m depth penetration,
depending on seafloor and sediment type, were acquired.
Sound velocity profiles were acquired using a Valeport
MIDAS SVX2 profiler and applied in real time during acqui-
sition. Vertical CTD casts, ranging from depths of 1200 to
2500 m, were undertaken at five locations using an SBE
19plus V2 SEACAT CTD probe. The acquired CTD datasets
were used to plot temperature salinity (TS) variations, to aid in
understanding the zonation and flow patterns of different wa-
ter masses in the area.

A base backscatter intensity surface was created as a mo-
saic using the geological backscatter raster (GeoBaRs) tool in

Caris HIPS and SIPS, version 8.1. Raw data sounding decibel
values were converted to scaled intensity level values after
Ishimitsu (2013), to better understand sediment reflection
properties. Sound intensity levels in decibels (β) of a sound
having an intensity ‘I’ in watts per meter squared (W/m2) is
defined to beβ (dβ) = 10log10 (I/Io), where Io = 10−12W/m2 is
a reference intensity. The sound intensity level is not the same
as intensity because β is defined in terms of a ratio, it is a
unitless quantity detailing the level of the sound relative to a
fixed standard (e.g. 0 dB = 10−12 W/m2).

Results

Features identified in the study are mainly morphological fea-
tures such as landslides and slope channels along with bottom
current features such as contourite drifts, scours and moats
(Table 1). Water masses that exist at different depth zones in
the Arabian Sea water column were demarcated using the TS
plots generated from the CTD data.

CTD stations and TS plots

The TS diagram was plotted for the acquired temperature and
salinity values and corresponding isopycnal lines. The
resulting trends were differentiated into water masses at dif-
ferent depth zones along the TS profiles (Shetye et al. 1994).

Morphological features

Landslides

The bathymetry of the region indicates the presence of a vari-
ety of arcuate landslide features towards the southern flank of
a guyot-like flat-topped knoll. The knoll exhibits a maximum
relief of about 800 m along its western flank (Fig. 3a). The flat
surface of the knoll is ~ 19 km wide from east to west, and ~
12 km long from north to south. The scarp measures a maxi-
mum width of ~ 10 km and a vertical height of ~ 421 m. The
overall slope angles for the slide-affected area range from 24°
to 28° for the slide flanks, and from 4° to 8° for the actual slide
area. An elongated moat is observed at the western flank of the
knoll base (discussed under bottom-current features) (Fig. 3b).

Slope channels

Slope channel patterns identified in the present site prevail
mostly on the slopes leading to the basin floor, providing a
channel for eroded sediment load to flow through. The chan-
nel mouth (Fig. 4) is ~ 22 km wide and lies between structural
high points. A maximum relief of about 200 m is measured
along the slope leading to the basin. The channel measures
about 974 m from the edge of the basin wall leading up to the
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basin. Gradients vary at the channel walls from 20° to 35°
while the eroded channels exhibit thalweg gradients ranging
from 5° to 10°. The prominent channel width and length di-
mensions are shown in Fig. 4. Major channels exhibit width
ranging from ~ 1.2 to ~ 3.4 km while thalweg length of chan-
nels ranges from ~ 6.1 to ~ 15.6 km.

Bottom current features

Contourite drifts

A large body of sediment, considered a contourite drift, is
observed in the study area (Fig. 5a). It measures ~ 83 km in
a north-south orientation, and in the east-west orientation is ~
15 to 41 km wide at the proximal and distal ends respectively
(Fig. 5b). The contourite drift can be classified as a channel-
related drift. The profile X-XI traverses across the sequence of
contourite drift formation, which is typically oriented along
the direction of current flow (Fig. 5c). Sediment waves are
prominent at the head, followed by deep scouring at the base
of the drift flank. The concave-up-shaped mound has a small
moat at its top. The peak of the mound is separated from the
base by a moat on the drift mound (Fig. 5e).

Scours

Scours in the present study area occur predominantly in the
south eastern corner, although some are observed in the south
western zone. They are formed at the rim surrounding a large
mounded contourite drift (see Fig. 5b). Characteristic features
comprise a cusped rim structure followed by a principal fur-
row present at the proximal end (Fig. 6a). This end has a
relatively deeper eroded zone that gradually widens, with a
rounded rim structure at the farthest end. The centre of the
horse shoe-like shaped scour is defined by a shallow area
termed the median ridge which is flanked on either side by
lateral ridge (Fig. 6b).

The depth of surface erosion along scours ranges from 90
to 150 m, with widths of some of the largest scours ranging
from ~ 2.0 to ~ 2.7 km (Fig. 6c). Sediment profiles of promi-
nent scours (Fig. 6d) in the direction of current flow show
variation in sediment thickness at the cusped rim of the scour
to the median ridge.

Moats

Elongated moats observed in this study are found at the foot of
the knoll and exhibit a typical asymmetric U-shaped profile
(see Fig. 3b). This moat is ~ 8 km long, with a maximum
depth of ~ 50 m. Smaller moats are observed around positive
relief features such as contourite drifts (Fig. 7 a and c) exhibit
relief ranging from ~ 40 to ~ 90 m and have widths ranging
from~ 1 to ~ 8 km.

Sub-bottom morphology

The profile X-XI (Fig. 7a) passes through the base of the knoll
and joins the sediment accretion zone at the contourite drift
base. The profile Y-YI (Fig. 7b) passes through western flank
of the contourite drift, specifically covering scours that flank
the rim of the feature giving insight into the distribution of
surface sediment for these features. The profile Z-ZI (Fig. 7c)
cuts over the entire length of the contourite drift.

The three sub-bottom profiles (Fig. 7) demarcating the sub-
surface morphological characteristics depict various features
characteristic to those formed under long-term influence of
bottom current flow. The profile X-XI (Fig. 7a) which extends
NE-SW, traverses across an eroded channel pathway exhibits
and is shown in inset (A), a deep moat formed at the base of
the knoll. Inset (B) traverses the channel depression formed by
the current flow path. The depression is marked by a thin layer
of surface sediment. Inset (C) shows an increase in elevation
towards the SE, leading up to drift which is marked by

Table. 1 Locations and characteristic dimensional and morphological parameters of prominent structural and bottom current features in the area
(lengths and widths are measured as the longest and shortest axes, and heights from lowest depth at the seabed)

Feature Location Depth range Max length/max width Height (from
base)

Max depth (from
seafloor)

Max/min
slope (°)

Knoll (Fig. 2) 75° 26′ E/7°
45′ W

− 1873.5 m to
− 1059.3 m

11.33 km (NS)/18.95 km (EW) 813.2 m - 35.2/0.01

Slope gullies
(Fig. 3)

75° 18′ E/7°
15′ W

− 2572.78 to 1598.718 64.88 km (NS)/18.68 km (EW) - 974.06 m 35.9/0.02

Contourite drift
(Fig. 4)

76° 00′ E/7°
19′ W

− 1662.51 m to
− 1489.80 m

82.88 km (NW-SE)/40.35 km
(NE-SW)

172.71 m - 7.8/0.02

Prominent scour
(Fig. 5)

75° 55′ E/7°
30′ W

− 1738.52 m to
− 1493.70 m

6.32 km (NW-SE)/2.71 km
(NE-SW)

- 244.82 m 12.4/0.05

Prominent moat
(Fig. 6)

75° 48′ E/7°
41′ W

− 1685.29 m to
− 1602.21 m

5.27 km (NE-SW)/1.36 km
(NW-SE)

- 83.08 m 10.2/0.01
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stratified, aggrading reflectors. Inset (D) reveals a small, <
50 m-deep moat associated with positive seafloor relief
features.

Inset (A) of profile Y-YI (Fig. 7b) shows scours that occur
around the rim of the drift. Stepped terraces around the flanks
of this high relief feature are showcased in inset (B). Inset (C)
cuts across the drift. Some small channels are observed at the
peak of the drift, the fill of which is marked by thin sediment
layering (D). Accretion of sediments at the distal end of the
drift is associated with a ‘sheeted drift’ formed on flatter po-
sitions of the seafloor (insets E and F).

The profile Z-ZI (Fig. 7c) extends over the drift.
Sediment waves leading up to the erosional base of
the drift structure are seen in inset (A). Inset (B) clearly
shows scours flanking the rim of the drift, the top of
which appears flat (inset C). A second moat is observed
in inset (D). Drifts at the base depicted on the profile in
inset (E) appear separated in morphology and drifts ob-
served further to the SW as seen in inset (F) is ob-
served to be sheeted in appearance.

Profiles observed in Fig. 7 b and c both depict formation
of a contourite system with structural components typical

Fig. 3 (a) Gridded bathymetric surface showing structural relief knoll and
associated features in the study area (see Fig. 1 for location). (1) Guyot-
like flat-topped knoll displaying ‘arcuate landslide’ to the south of the
feature. (2) Extensive scouring of sediments around the mound is ob-
served. Elongated moat feature marked at the north western flank of the

knoll. Inset—slope computed for the submarine landslide showing steep
flanks at the edge of the slide and submarine landslide along the relief
flanks. (b) Bathymetry surface at the flank of the knoll showcasing an
elongated moat. Moat exhibiting an asymmetrical U-shaped profile
trending along the direction of the current flow
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to a drift feature striking in NNW-SSE direction. Strike of
erosive seabed features is synonymous with current flow
across the surface. ‘Sheeted drifts’ normally formed under
lesser gradual turbulent flow are observed at the distal end
to current flow indicating dissipating flow energy (Fig. 7c).

Enlarged sub-surface profile in (Fig. 7 d and e) of the
mounded drift showcases varying levels and modes of
sediment stratification. Both profiles (Fig. 7 b and c
for location) exhibit relatively smooth surface layers
along the mounded drift, with little to no distinct

stratification. Sediment cover over the peak of the drift,
proximal to the direction of current flow, is very thin (<
5 m). Thicker and more stratified sediment horizons are
observed at the distal end of the current flow. Figure 7d
shows wavy discontinuous stratification at the down-
slope region of the mound. More streamlined, almost
parallel horizons are observed further to the SSE.
Figure 7e shows similar stratigraphic patterns. More
stratified horizons are observed at the distal end of the
current flow.

Fig. 4 Gridded bathymetric surface showing signatory erosive features in
the study site (see Fig. 1 for location). (1) Flow pathway of bottom
current. Circles A and B point to depression induced due to consistent
bottom current flow. (2) Channels on the slope formed by sediment

gravity flow. Square C indicates eroded channels that facilitate sediment
flow. Inset showing channels with morphological measurements of few
prominent channels
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Seismic profile

The WSW-ENE trending seismic reflection profile A-AI re-
veals continuous, semi-parallel aggrading reflector sets
(Fig. 8). An infilled channel ~ 2000 ms TWTT truncates a
series of discontinuous prograding reflections that appear to
form sediment waves (Fig. 8A). These occur near the slope
break that separates the channel from the drift (Fig. 8A).
Upslope prograding reflectors occur in the drift, aligned to
the WSW. Oblique/irregular progradation reflectors are ob-
served close to the channel. Continuous semi-parallel
aggrading reflectors are observed further away from the chan-
nel (Fig. 8B). Lack of distinct stratification is observed near to
the surface of the mound.

Backscatter intensity and physiography

Backscatter intensity level maps show varied levels of back-
scatter intensity across the surface. These range from highs of
26.08 dB to lows of 0.48 dB. Seafloor scours exhibit low
levels of backscatter from horseshoe-shaped ‘cusped rim’ of
the scours (Fig. 9a enlarged inset A).Median and lateral ridges
show relatively higher backscatter intensity (Fig. 9 inset A

circle a and b). Most of the low reflective zones associated
with erosional features occur on the up-current side of the
flows, when comparedwith the less erosional higher backscat-
ter zones.

Variation in backscatter intensity levels provides clues to
zones that are prone to maximum turbulence. Unconsolidated
sediments lie at the bottom of the summit (Fig. 9b circle ‘A’),
marked by low intensity zones compared with the high back-
scatter of the more compact structural highs observed in the
area (Fig. 9b ‘B’).

The south western part of the study area exhibits low back-
scatter intensity levels at the edge of the walls leading to the
adjacent basin (Fig. 9c ‘A’ and ‘B’). The structural highs of
the area exhibit distinct high reflection intensities. The knoll
feature has high backscatter levels associated with its flat-
topped peak, whereas low intensities are observed around
the rim of the feature. North of the knoll, smaller structural
highs also display lower backscatter intensity at their bases
(see Fig. 9b). Patches of low backscatter intensity are observed
prominently at the edge of basin walls (Fig. 9c).

The profile X-XI reveals an elevated depth profile over the
knoll, with a corresponding high backscatter intensity. The
wall of the knoll feature however is observed to correspond

Fig. 5 Contourite drift exhibiting scouring around the rim of the
structural relief. (a) Depth map of ‘drift’ structure: NE-SW arrow indi-
cates direction of current flow owing to the morphology exhibited by the
contourite drift. (b)Gridded bathymetric surface depicting erosive

scouring around dome like uplifted drift structure (c) Lateral Profile X-
XI traversing across the drift showcasing features typical to a drift struc-
ture. (e) Moat formation on top of the drift mound forming a separated
drift feature
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to lower level backscatter. Similarly, two-dimensional profile
Y-YI further adds to observation made from backscatter inten-
sity showing how the scours have lower acoustic backscatter
along the principal furrow component. Lower backscatter in-
tensities occur along steep slopes and crevice-like depressions
(profile Z-ZI).

Spatial attributes

Figure 10 provides an overview of the main morpholog-
ical aspects of the study area. This is based on infor-
mation derived from back scatter intensity data which
displays features interpreted as (1) zones of no erosion,
(2) features susceptible to erosion and (3) deeply eroded
zones (Fig. 10a). Based on the relative abundances, or
lack thereof, of erosional features, the flow pattern
across the study area can also be deciphered.

Morphometric analysis and computations

Aspect slope computations

Slopes range from 0° to 53° for the entire study area
(Fig. 11a). The predominant aspect of the seafloor rang-
ing from 200° to 275° suggests that majority of the
features exhibit common structural strike of NNE–SSE

which could be due to strong unidirectional current flow
through the region over a prolonged period of time
(Fig. 11b).

Rose diagram distribution of aspect with respect to
slope was plotted to analyse the general regional trend
of localized area. Low angle slopes correspond to the
more prominent prevailing aspect in the area. High an-
gle slopes are usually associated with ridges and chan-
nels, which are mostly related to active structures. Zone
1 (Z1) segregated based on comprising comparatively
high relief feature in the zone is characterized by a
flat-topped knoll structure. Both Z2 and Z3 are studded
with scour features (Fig. 12). Z2 located at the edge of
the basin comprises mostly of low relief features with
slopes not exceeding 10–20%. Z3 on the eastern side
projects a more gradual bathymetric trend with a horse
shoe-shaped arc around the rim of the positive relief
feature formed by multiple scours. Positive relief which
results due to sediment accretion along the direction of
current flow is characterized by contourite drift.

Lack of symmetry in aspect is observed with most of
the low angle slopes (0–20%) (Fig. 12) oriented south-
ward. Maximum aspect, 98.81% is seen towards the
south in Z3 as compared to Z2, 85.39%, and Z1,
74.17%. Higher slope value (˃ 30%) is significantly
lower in all divided sectors (Fig. 12). Z1 comprising

Fig. 6 Geomorphic components of scours in the area. (a) Schematic
representation of a typical scour (modified from GEOL Lecture Web
2011 National Oceanography Centre (NOC) Southampton). (b) Gridded
bathymetric surface with structural aspects labelled on prominent scours

of study area. (c) Gridded bathymetric surface showing dimensional mea-
surements of prominent scour. (d) Sediment profile Y-YI (see inset b)
displaying maximum surface sediment erosion at the proximal end (see
inset c) along the cusped rim and principal furrow region of the scour
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600 m flat-topped knoll structure has asymmetric high
angle aspect of 1.73% which is the highest in all sectors
considered. Predominant aspect for each segment for all
zones, Z1, Z2 and Z3, ranges from 200° to 275° indi-
cating NNW-SSE flow interacting with the seabed.
Features populating the area are mostly of low angle
aspect with slopes ranging from 0 to 20% (Fig. 12).

Z1 registered a maximum slope of 36.3° owing to
high relief nature of the seafloor. Z2 located at the edge
of the basin owing to the steeper western domain has a
max slope of 35.2°. Although average slope value for the
sector Z2 is 5.3% while for sector Z1, a higher average
slope of 7.7% was computed. Z3 with a more gradual
seafloor with exceptions from characteristic scour pattern
was computed with a maximum slope value 17.8° with
an average value of 1.3%. Mean slope of 29.7° was
computed for the entire area under study.

Discussion

Bottom current features present in the area such as contourite
drift deposits, scours and moats are produced by the interac-
tions of Arabian Sea water mass with seafloor topography.
Flow of water mass and seabed morphology exercise control
over each other for the given study area. Water mass flow
actively shapes existing seabed morphology while morpholo-
gy of the seabed surface by causing obstruction to flow con-
trols direction and flow intensity of the water mass. Mounded
contourite drifts formed under the influence of bottom current
offer structural obstacle to current flow (Hanebuth et al. 2015).
Occurrence of different erosional features can be viewed as a
good indicator of water mass intensity and flow direction
(Roberts et al. 1974; McCave and Carter 1997). Presence of
structural relief with intense scouring at the base of the relief is
proof of current action induced turbulence around the

Fig. 7 Sediment profiles demarcating sub-surface sediment morphology:
(a) profile traversing eroded channel pathway, (b) lateral profile along
southern flank of the drift, (c) NNW-SSE profile across the length of
contourite drift. Enlarged sediment profiles highlighted in green bound-
aries exhibiting varied level of stratification across the drift mound. (d)
Thin sediment covers lacking any distinct stratification at peak of the drift

closer to the direction of current flow. Thicker sediment with cover with
parallel to semi-parallel stratigraphic horizon closer to SSE end of the
drift. (e) Distinct wavy stratification at the downslope region of the drift.
Lacking sediment stratification with sediment cover at the peak of the
drift structure, parallel streamlined sediment horizons at the distal end of
the drift
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structural high. Erosional features around structural highs
caused due to bottom current action have also been reported
for some parts of the Mediterranean Sea in earlier studies (Lo
Iacono et al. 2008; Muñoz et al. 2008) but without detailed
analyses of interplay with current controlled processes. Slope
channels prominently located at the basin walls do not interact
directly with the bottom currents as no such evidence from
their morphology was found. They form pathway which al-
lows sediment flow to the basin evident from the channel-like
depression formed between highs in the area (Fig. 4) which
empties its sediments along the channels present on the basin
walls.

Structural high knoll in the area characterised by a landslide
at the southern part of the relief indicates vortices developed
during flow around the structure is causing de-stabilization of
compact surface sediments leading to submarine landslides.
Drift structure found SW of the knoll feature separated by
wide channel depression (Fig. 1) is evidence of flow redirec-
tion around the positive relief and thereby leading to a de-
crease in flow energy which facilitates drift formation SW of
the relief. Drift features are known to form under moderate
flow energy and typically found adjacent to structural highs

where current is divided by flow obstruction (Palomino et al.
2011). Sequence of structural components of the drift empha-
sizes a NW head, the zone proximal to the direction of current
flow and rear to the SW, the zone distal to current flow. It is
characterised by typical sediment accretion waves at the head
followed by scouring around the rim of the structure which
leads to characteristic concave drift deposit. These sequential
formations of structural components of the drift feature along
NNW-SSE orientation lead to infer that a general NNW-SSE
flow prevails in the area. Sheeted drifts are found further SW
which is associated with dissipated low energy flow.

Structure and morphology analysed for scours present in
the area also suggest a consistent unidirectional NNW-SSE
flow across the seafloor. Structural orientation of various la-
belled components of prominent scours in the area shows
distinct NNW proximal end and SSE distal end (Fig. 6).
Scours are typically present at the base of positive relief,
which are zones prone to high turbulence-induced vorticity.
Layer covering the scour features have thin sediment cover
compared with the non-eroded adjacent layers. They exhibit
stepped terraces on their distal end typical to scour formation.
Minor moats are formed on drift relief owing to localised flow

Fig. 8 Seismic profile A-AI traversing WSW-ENE across the southern
end of the contourite drift (see Fig. 1 for profile location) showcasing
aggrading and prograding seismo facies. (A) Seismic reflectors observed
close to the channel area shows oblique discontinuous prograding facies.

Sediment waves typical to prograding strata observed (B) Continuous
semi-parallel aggrading seismic reflectors seen at the end farther away
from the channel
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specific to the zone. Moats observed here represent paths of
maximum current speed of water masses capable of eroding
sediments (Palomino et al. 2011). Formation ofmoat observed
on the drift mound (Fig. 5) is inferred due to localised change
in the current flow. This has led to the moat incising the drift
mound and leading to incipient formation of a separated drift
structure. They are found distributed randomly but in zones
where current flow velocity is inferred to be high. Deep elon-
gated moat at the base of the knoll feature validating high
turbulent flow around the structural high which has excavated
the base to facilitate moat formation (Fig. 3b). Minor moats
are found at the base of the drift indicating relatively high flow
velocity in localized pockets (Fig. 7c profile Z-ZI). Moats
exhibit similar NNW-SSE trend as observed for other bottom
current features in the area. Spatial distribution and structural
orientation observed for the features indicate strong interac-
tion of bottom current with the seabed along a predominant
NNW-SSE flow.

Surface erosion is observed at the peak of the ‘drift’ where
surface sediments are transported downhill along the concave
drift feature (Ryder 1995). Varying sediment thickness ac-
companied by downslope propagating sediment stratification
(Fig. 7d) highlights erosion and migration of sediment from
the peak of the drift mound. Surface sediments that are being
eroded and those that are susceptible to future erosion derived
from analysing backscatter imagery (see Fig. 10) reveal the
top of the knoll feature in the area to be least eroded. It could
be a significant clue indicating bottom current flow within a
specific depth zone across the area. Features that exhibit influ-
ence from long-term water mass interaction generally lie close
to the seabed. Slope area and base of high relief structure are
seen to be highly susceptible to erosion, evident from sub-
surface morphology (Fig. 7a). Distributions of reflection in-
tensity across the area correspond with respective sub-surface
morphology. Erosive features show low backscatter reflection
corresponding with thin surface sediment cover indicative of

Fig. 9 Backscatter intensity map surrounding ‘sediment drift’: (a) (A)
well-defined scours marked by very distinct intensity signatures; circle
‘B’ depicts low acoustic reflection zones with poorly defined scours.
Circle ‘C’ marks relatively brighter zone concurring to the presence of
the domed contourite drift; enlarged portion (A) exhibits in circle ‘a’
darker low reflection zones in the cusped rim structure for all observed
scours. Circle ‘b’ depicts at the median ridge (see Fig. 6) component of
the scour relatively higher backscatter reflection intensity. (b) Backscatter
intensity map for knoll feature depicting unconsolidated, erosive zones
around the rim of the feature. Structural high exhibits distinct high reflec-
tion intensity. Circle ‘A’marks consistent erosion zones around a smaller

structural high north of the knoll feature. Circle ‘B’ depicts dark low
acoustic reflection observed for zone at the foot of the summit. Circle
‘C’marks the scour features surrounding sturctural highs. (c) Backscatter
intensity mapfor south western part of study area. (A) Maximum erosion
highlighted by low reflection intensity is observed prominently at the
edge of basin walls where eroded sediment flows into basin depths. (B)
The area is characterised by multitude of moderately defined scour fea-
tures. Profile X-XI elevated bathymetry corresponds to lower backscatter
intensity. Profile Y-YI over scours depicts lower intensity along prinicpal
furrow area. Low backscatter intensity observed along the slopes of ele-
vated region and crevice-like depression seen in intensity profile Z-ZI
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loose uncondensed sediment structure. Scours in particular
show lower reflection intensity and very thin surface sediment
cover in the most eroded part of the structure. Comparison of
backscatter and surface profile of a scour justifies the inference
that lower reflection corresponds to the most eroded part of the

scour structure (Fig. 9 profile Y-YI). Structural high in the area
is howevermarked by low reflection intensity at the high relief
sloped sides of the feature indicating that the steep slopes are
consistently subject to turbulent flow induced erosion. Sub-
surface morphology of typical bottom current features such as

Fig. 10 (a) Segregated depth map of study area based on erosion and
accretion of surface sediments. Non-eroded or accreted area—small sec-
tions of the study area confined to depths ˃ − 1540 m. Erosive or suscep-
tible to erosion zone comprises major section of the study area; depths

ranging from − 1540 to – 1850m. Deep or eroded zones—area exhibiting
deep incised cuts indicative of maximum erosion. For eroded zones,
depths ˂ − 1850 m

Fig. 11 (a) Aspect—predominant range from 200° to 275° indicating NE-SW orientation, aspect further probed with the aid of rose diagrams (Fig. 12).
(b) Prominent slope ranging from 0° to 36.3°
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scours and moats reveals a very thin surface sediment layer
which is a result of consistent flow induced vorticity leading to
removal of surface sediment cover (Fig. 7d).

Oblique/irregular progradation reflectors occur in drifts
where strong downstream or oblique migration has occurred
(Fig. 8 inset A). Wavy reflectors with irregular wavelengths
and distinct sediment waves are common over parts of all
drifts (Faugères et al. 1999). Following a major change in
bottom circulation, the contourite accumulation would cease
leading the mounded drift to be covered by onlapping
pelagite/hemipelagite deposits (Faugères et al. 1999). This
explains the presence of buried drift below the aggrading re-
flectors. Lack of any stratification within the channel area
suggest consistent turbidite current flow through the channel
leading to the formation of typical elongated contourite drift
(Rebesco et al. 2014) at the along slope of the channel flank.

Based on the spatial map generated based on classification
derived from back scatter imagery (Fig. 10), we speculate that
flow occurs through specific depth zones and structural highs
could be inaccessible to the current flow pathway. Area atop
structural highs shows a different morphology as compared with
low relief zones and is influenced mainly by the less dense inter-
mediate water mass (Owens and Hogg 1980). This could lead to
gradual accretion and subsequent compaction of sediments on
the structural highs of the area. Lack of erosion on these features
could also imply to the direction of flow over the area which
following the easiest path of flow does not traverse across high
relief features which showcase relative lack of erosion. Surface

sediments surrounding high intensity reflection zones display
lower reflection intensities.

Slope channels are significant as important indicators of sed-
iment movement in response to low sea level stands and near
bottom transport (Spinelli and Field 2001). Slope channels act
as submarine erosional channels transporting sediments from
shallow to deeper areas and function as pathway for the sedi-
ments to flow out of areas where sediment influx is high. In a
marine environment, the formation of channelized flow is con-
trolled by slope, sediment load and the erodibility of the surface.
The observed slope range suggests that area exhibits gradual
sloping, lacking in sharp geometric features which could lead to
infer that surface erosion been fairly consistent in nature, which
gradually over prolonged course of time has eliminated existing
sharp features leading to a gradual sloping in the area. Slopes
ranging predominantly from 0 to 20% for features observed in
the area suggest that the area is populated mostly by low angle
features which are commonly associated to lack of recent for-
mation of structural features. Presence of low angle features can
also be associated with highly eroded features which normally
exhibit smooth blunt surface morphology. Other interesting ob-
servation is that predominant aspect of the area which ranges
from 200° to 270° is exhibited mostly by features with slopes
ranging from 0 to 20% (Fig. 12b). Aspect of 200°–270° corre-
sponds toNNW-SSE direction validating that low angle erosive
bottom current features depict a common trend all governed by
interaction with a current flow of consistent direction and inten-
sity over the seabed.

Fig. 12 (a) Rose diagrams depicting aspect distribution by slope for
segments Z1, Z2 and Z3, showing low angle (left) to high angle (right)
aspect distribution.Most features across the study area exhibit slope in the
range of 0–20% while very few reliefs in the slope range of 30–40%. (b)
Graph depicting predominant aspect for each segment; major aspect for

all sectors Z1, Z2 and Z3 ranging from 200° to 275° corroborates NNW-
SSE flow over the seabed. Graphs revealing features populating the area
are mostly of low angle aspect with slopes ranging from 0 to 20%.
Maximum slope of 36.3° was recorded for the area with a mean slope
of 29.76°
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Tagged water masses along TS profile for CTD values at
various locations in the study reveal different depths of flow
which is characteristic to temperature and salinity properties that
constitute the water mass. Water masses thus tagged and broadly
classified as surface and deep water masses helped identify water
mass that prevails within the prescribed depth of the study area.
NIDWwhich dwells at a depth of 1500–3500 m fits the descrip-
tion of the prevailing water mass interacting with seabed mor-
phology (Fig. 2). Further validation to the inference that NIDW
consistently flows through the area was attained by earlier works
which proposed a consistent southwestward flow of NIDW
along the Eastern Arabian Sea which is verified by the NNW-
SSE structural trend of the bottom current features of the area.
The flow patterns reflected mean circulation of the deep water
(Warren 1992) which is common to both monsoons thereby
justifying the consistent nature of flow.

Conclusions

1. Multibeam and sub-bottom interpretation resulted in iden-
tifying morphological features which are formed and
governed by consistent current action over the bottom
surface. Current flow and interaction are confined at a
depth of ~ 1800 m owing to the prevailing depth of the
bottom surface.

2. Bottom current features in the area result from interaction
of the prevailing water mass, NIDW, with seabed mor-
phology. Formation of features is governed by flow direc-
tion and intensity of current action. Spatial distribution
and orientation of the features also play a key role in the
interaction with water mass by offering localised obstruc-
tion to bottom current flow over the seabed.

3. The contourite drift feature formed SW of structural high
knoll is the result of dissipating NNW-SSE flowing cur-
rent energy obstructed by the positive relief. Scour forma-
tions highlight the consistent nature of current flow and
interaction with the surface. Formation of features in the
area has strongly been affected by turbulent current ac-
tion. Vortices formed due to current turbulence around
positive relief features are crucial to the formation of bot-
tom current features such as scours and moats.

4. Sub-bottom stratification of contourite features corre-
sponds to the consistency of current action and subse-
quent evolution of the morphology in the area.

5. The structure and orientation of these features are thus
synonymous with the flow in the area and hence very
good indicators of bottom current flow and their subse-
quent action on the morphology.

6. Analysis of geomorphological aspects of seabed is an ef-
ficient method to understand the flow pattern and of pre-
vailing water masses and can be applied as passive indi-
cators of bottom current flow which can be effectively

used to deduce flow pattern and intensity of water mass
movement globally especially when adequate data and
observations for deep water masses are scarce.
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