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a b s t r a c t

The Gulf of Mannar has been producing natural gas in the Sri Lankan portion. This indicates that a detail
geoscientific study is to be undertaken from the Indian section of the gulf, which can have a far-reaching
implication in the Indian petroleum geoscience. In this work, morphometric and gravity studies were
made from the gulf/basin near the onshore area, and bathymetric studies from the offshore portion of the
Mannar basin within the Indian sector. Five watersheds were delineated based on study of eight
geomorphic parameters on remote sensing images form the onshore area. Out of these watersheds 4 and
5 are found to be presently tectonically most active. Well-bore stability issue is to be considered while
drilling these portions in future. We further prepared a regional contour map for the offshore study area,
analysed the free air gravity data from the onshore area, and deduced the First Vertical Derivative (FVD)
and Tilt Derivative Ratio (TDR). Bathymetric height gradually increases along the north-south trend from
the coast region of the study area towards the central region, while the gravity magnitudes display a very
sharp gradient (around 150 mGal). The gravity anomaly shows positive values at continental shelf (0
e160 mGal), which includes parts of watersheds 1 and 3 and attains negative magnitude (up to �20
mGal) towards the basin area. Negative gravity anomaly in the offshore area may indicate presence of
hydrocarbon but more studies are needed for confirmation. Apparently, almost a negative correlation
(except watershed 1) between surface elevation and free air gravity magnitudes has been found.
© 2025 The Authors. Publishing services provided by Elsevier B.V. on behalf of KeAi Communication Co.
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

1. Introduction

Climatic conditions shape the features on Earth while tectonic
stresses deform the lithosphere. Disturbance in these processes
result in shifting the state from dynamic equilibrium to a disequi-
librium state (Mathew et al., 2016). Signatures of disequilibrium
affect the river morphology (Biswas et al., 2022a). A watershed is a
land that drains water obtained from natural sources such as rain
and snowmelt. Longitudinal profile, hypsometric integral and
curve, and asymmetry factor are studied customarily to understand

the influence of tectonics and the behaviour of watersheds/basins.
Digital representations of topography have been used increasingly
to calculate morphometric parameters, such as through the Digital
Elevation Models (DEMs).

The Indian plate is tilted towards east (Radhakrishna, 1993).
Most of the drainages in India therefore flow towards east. The
failed rifts and Gondwana basin along the east coast developed
coevally as the Gondwana supercontinent rifted (Collins and
Pisarevsky, 2005; Twinkle et al., 2016). The tectonics of the Man-
nar Basin is complex and dates back to the rifting of the Gondwa-
naland (e.g., Herath et al., 2017) (Fig. 1). The evolution of the Indian
east coast has been explained by many (e.g., Lal et al., 2009).
However, morphometric properties over spatial and linear-scales
(e.g., Aiken and Brierley, 2013; Anand and Pradhan, 2019; Fraefel,
2008; R�o _zycka and Migo�n, 2021) have not been carried out from
the watershed areas that drain into the Mannar basin.
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In the southern part of the Indian continent, near the Trivan-
drum Block (Plavsa et al., 2014) and the southern Madurai block
(Plavsa et al., 2014), the basement rocks are metasedimentary
protoliths of felsic rocks and anorthosites. NEeSW trending rift-
related horst-graben structural features occur in the
MaduraieRameswaram cut (Prabhakar and Zutshi, 1993).

This work aims to study onshore and offshore tectonics of the
Mannar basin in the Indian portion. We perform morphometry
on the rivers in the five watersheds in the Trivandrum Block
using remote sensing images. Researches on slope-area re-
lationships in intraplate with special emphasis on clustering of
morphotectonic indicators (e.g., Biswas et al., 2023a, b) are not
too many. Previous workers did perform/compile different geo-
morphologic studies in and around the study area (e.g., Reshmi
et al., 2021, 2022; Sivakumar, 2016; Thanikachalam and
Ramachandran, 2002). However, these authors did not apply
any statistical techniques such as clustering to assess the active
tectonic prioritization amongst the watersheds. To establish
connection with the morphometry in the regional area,
bathymetry and gravity anomalies variation are also studied in
this work. We delineate lineaments from the land (watershed)
areas that hint the tectonics. The sedimentary architecture of
the basin can be worked out from the bathymetric studies of

basins (Dmitrieva et al., 2018). On the other hand, gravity studies
from basis can indicate deep faults, isostatic anomalies etc
(Zhang et al., 2019).

2. Study area

The Gulf of Mannar/Mannar Basin, is located between the
southeast coast of India and the western margins of the island
country Sri Lanka. The gulf covers ~45,000 km2. Rivers belonging to
five different watersheds drain into the basin. These rivers originate
from the Western Ghat (Cardamom hill massif) and flow eastwards
into the Gulf of Mannar. Rivers of the watersheds 1 and 4 are
perennial (Fig. 1a). The offshore study area is delimited at west by
the south Indian peninsula, at north by the Palk Strait and at east by
the Indo-Lanka Maritime Boundary (Fig. 2).

3. Relevance in hydrocarbon geosciences

TheMannar basin has been classified as a Category II basinwithin
a rifted setting, and also as a type IIB: pericratonic rift (Dwivedi,
2016; Ratheesh Kumar et al., 2020). North to the onland part of
the study area is the Ramnad sub-basin, which is a proven hydro-
carbon province (Kularathna et al., 2020; Vasudevan et al., 2008).
Interestingly, from the Sri Lankan portion of the Mannar basin, gas
discoveries have been made (Kularathna et al., 2020). Eight hydro-
carbon blocks were discovered in 2011 from the Sri Lankan Mannar
Basin that can have >2 trillion cubic feet of natural gas (Kularathna
et al., 2020; Narasaiah, 2017). As per the United States Geological
Survey's (USGS's) estimate, a prodigious proportion of oil and gas
exist in the Mannar basin (as referred in Piyadasa (2014)).

Thickness of sediments in Mannar basin can be within ~
2e6 km. These sediments range in age from Late Jurassic up to
Recent (Ratheesh-Kumar et al., 2020). The Indian part of the
Mannar basin, on the other hand, consists of three major strati-
graphic sequences, five play types, and Type II and II kerogens
(review in Singh and Rao (2021)). Gas shows were documented by
seismic studies by Das et al. (2008) from the Indian part of the
Mannar basin. Recently, Mishra et al. (2021) through seismic
studies inferred gas hydrate deposits (gas chimneys and pull-down
structures) from the Mannar basin from the Indian portion. Com-
mercial production fromMannar basin has not yet started from the
Indian side.

Geoscientific information from this basin in the Indian part is
still scanty, and till 2008, only six wells have been drilled (Das et al.,
2008). Therefore, a detail geoscientific study from the Indian
portion of the Mannar and the adjoining areas is important from
the exploration perspective.

4. Geology & geophysics

The high-grade massifs of the Neoarchean emplacement history
andEarly Paleoproterozoicmetamorphic historyhavebeen retained
in the arc magmatic rocks that predominate in the Nilgiri, Salem,
Madras and other crustal blocks (e.g., Clark et al., 2009; Praveen
et al., 2013; Santosh et al., 2013; Brandt et al., 2014; Samuel et al.,
2014). The Mannar Basin was affected by several regional tectonic
events such as rifting, sea-floor spreading, volcanic activities, con-
tinental collision and subduction (Ratnayake et al., 2014). During the
Middle Jurassic, the rifted Mannar basin began to evolve when the
eastern Gondwanaland separated from the western part. A second
rifting between the Greater India and the Antarctica-Australia fol-
lowed took place prior to ~134 Ma (Ali and Aitchison, 2008;
Dasgupta, 2019; Desa et al., 2006; M.V. Ramana et al., 1994a, 1994b,
2001). During the Cretaceous, Greater India underwent consecutive
breakups, such as the separation of Madagascar (~90 Ma) and then

Fig. 1. (a) Left- Study area with watersheds overlaid on the hillshade map. Right e

India map (https://www.mapsofindia.com/lat_long/). (b) Shaded relief contour map
plotted from GEBCO bathymetry data over the Indian SE continental margin, which
include Gulf of Mannar. Positive magnitudes indicate elevation in m. Negative mea-
surements connote the bathymetric depth below the mean sea level.
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Seychelles (~65 Ma). These processes were analogous to events of
basalt flows (Chatterjee et al., 2013; Storey et al., 1995).

There are seven dominant geologic formations within South
Madurai Block (SMB) and Trivandrum Block (TB). The western part
near the catchment of the watersheds belongs to the Northern
Madurai Block (NMB) (Fig. 2). Based on geochronology (Ghosh,
2004; Mohan et al., 2013), an Early Neoproterozoic (ca. 730-
700 Ma) thermal event presumably weakened the southern Salem
block.

Marine bathymetry survey revealed coast-parallel ridges and
few depressions in the shallow portion of the Indian Mannar basin
(Satyanarayana et al., 2016). Lithospheric extensionwith amplitude
b ¼ 1.15e1.25 has been deduced from the Sri Lankan portion of the
Mannar basin during the basin's second rifting stage in the Late
Cretaceous (Galushkin and Dubinin, 2020). Moho depth below the
Mannar basin ranges ~16e36 km below themean sea level. Mannar
basin's crustal structure is comparable with the Indian subconti-
nent (Kumar et al. 2009a, 2009b).

Fig. 2. Map showing the faults, lineaments and shear zones. ASZ: Achankovil Shear Zone, KKB: Kerala Khondalite Belt, MB: Madurai Block, MT: Madurai Terrain, NMB: Northern
Madurai Block, SMB: South Madurai Block, TB: Trivandrum Block (Shaji et al., 2014), KSZ: Kanyakumari Shear Zone (Gopalakrishnan, 2003). W1, W2 etc.: Watersheds. NW eSE and
SE-SW aligned faults, isotopic boundary and Bouguer anomalies (mGal) presented. Compiled from Chari et al. (1995), Gopalakrishnan (2003), Harinarayama et al. (2003),
Mahadevan (2003), Reddy et al. (2003), Das et al. (2008), Premarathne et al. (2013), Shaji et al. (2014), Premarathne (2015a, 2015b), Satyanarayana et al. (2016), Twinkle et al. (2016),
Herath et al. (2017), Dasgupta (2019), Dasgupta et al. (2000), Galushkin and Dubinin (2020), Kularathna et al. (2020), Premarathne and Ranaweera (2021), Dasgupta et al. (2022).
Pedro-1, Delft-1, Palk Bay-1, Pasalai-1 2&3, Pearl-1 (Premarathne et al., 2013), Karaikal High, Portnovo High (Satyanarayana et al., 2016), and Dorado and Dorado North (Premarathne
and Ranaweera, 2021) are other important structures/drill locations related to the Mannar basin but those fall outside the map.
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5. Data acquisition & method

5.1. Morphometric studies

Shuttle Radar Topography Mission (SRTM) e Digital Elevation
Model (DEM) of 30 m resolutionwere downloaded from the United
States Geological Survey (USGS) Earth Explorer. The software Arc-
GIS 10.4 was used to extract the geomorphic indices and morpho-
metric properties from the DEM data. Twelve SRTM DEM tiles were
mosaiced and streams were delineated, and then the watersheds
were demarcated. Drainages were demarcated from the Digital
Elevation Model (DEM). The SRTM and the DEM were captured on
11-Feb-2000 and released on 23-Sept-2014. Being cloud-free, at-
mospheric corrections were not required on the photos. Various
areal, relief and linear features are assessed using the ArcGIS
version 10.3 (2018). The D8 Python tool built into ARC GIS was used
to create and extract the stream network using the specified
threshold value. Each pixel's eight neighbors' pixels have been used
to determine the slope direction.

According to Strahler (1952), hypsometric curve (HC) represents
the area distribution within a basin with respect to altitude. The
topography of the basin is described byHC (P�erez-Pe~na et al., 2009).
It can be used to clarify how tectonics, geomorphic processes and
basin topography are inter-related (�St�epan�cíkov�a et al., 2008). The
percentage technique was used to analyze HCs (Strahler, 1952;
Anand and Pradhan, 2019; Biswas et al., 2022a, 2022b). The HC is
produced by plotting the relative area (a/A) on the ordinate (y-axis)
and the relative elevation (h/H) on the abscissa (x-axis).

Geomorphic/river systems are significantly impacted by recent
tectonic activity. Long profiles show where the slope breaks and
where knick points emerge as a result of tectonics and lithology
from source to mouth. Long profile denotes the break of slope and
formation of knick points due to tectonics and lithology from
source tomouth (Dasgupta et al., 2022; Biswas et al., 2022a, 2022b).

The linear and the logarithmic functions are:

y¼ axþ b (enq 1)

y¼ a ln xþ b (eqn 2)

Here y: elevation (H/H0; H: elevation of each point, H0: elevation
at the source), x: length of the river (L/L0; L: distance of the point
from the source, L0: total length of the stream) and a, b: coefficients
derived independently from each profile (Table 1). The best fit is
determined using the correlation coefficient (R). The best-fitting
curve is the one with the highest R2 magnitude.

In this study, few aerial and linear parameters have been used to
assess the recent tectonics of the study area. A longitudinal profile
of a river illustrates the cross-section of the channel and its linear
measurements downstream. Further, it also represents the present
and the past geomorphic activities. After plotting the long profiles
of each watershed, R2 values of linear, exponential, logarithmic and

power curves were obtained. Stream length gradient index (SL)
represents intensity of erosional and depositional activities.

Eight basin-scale parameters have been considered for cluster
analysis of each watershed (Table 2a, b). Each stream segment was
compared with the neighbouring segments to determine the de-
gree of similarity using the Euclidean-based dissimilarity method.
The diagram shows the hierarchical relationship between the in-
dicators. This was performed using the formula:

ðPn
i¼0ðXi� YiÞ2Þ0:5 (Eqn 3; Clubb et al., 2019)

Here dR: Euclidean-based dissimilarity, Xi: distance between the
segments, Yi: difference of the steepness index between the pair of
profiles, n: number of segments, and i: element in the array. Hier-
archical clustering was done using the dR values in the SPSS soft-
ware (version 26 2019) using the Ward's/minimum variance
method. A dendrogram is prepared to demonstrate the relation
amongst the segments.

5.2. Bathymetric and gravity studies

We generated a bathymetry anomaly map by taking the General
Bathymetric Chart of the Oceans (GEBCO) bathymetry (Internet ref-
1) data and free-air gravity (FAG) data from the International
Gravimetric Bureau (Internet ref-2).

The information about tectonic boundaries, gravity extension
and trends are commonly analysed by two or more detection edge
techniques (e.g., Kumar et al., 2022; Pal et al., 2016). These tech-
niques estimate several gravity parameters commonly known as
the first vertical derivative (FVD), the total horizontal derivative
(THD) and the tilt derivative ratio (TDR). These parameters provide
low and rounded amplitudes for deeper sources as well as high and
sharp amplitudes for shallower sources. The FVD reveals zero am-
plitudes at the edge locations for the vertical source and has been
effectively implicated by several investigations (e.g., Ganguli et al.,
2019; Horo et al., 2020; Kumar et al., 2022; Pal et al., 2016). The
technique improves the responses from the source of shallower
boundaries by controlling the regional responses. Subsurface
structures especially lineaments can be interpreted efficiently from
these parameters (review in Cheunteu Fantah et al., 2022). The FVD
gravity anomaly (gz) amplitudes with respect to the elevation
height (z) are calculated as follows (Evjen, 1936):

FVD¼ vgz
vz

(Eqn 4)

The THD amplitude utilizes the x- and y-directional derivatives
combined response and is computed as follows (Miller and Singh,
1994):

THD¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vgz
vx

�2

þ
�
vgz
vy

�2
s

(Eqn 5)

The arctan ratio of FVD to THD amplitudes is known as TDR. It
varies between e p/2 and p/2. The technique provides zero am-
plitudes at the vertical boundary sources over the source axis. TDR
is estimated as follows (Miller and Singh, 1994):

TDR¼ tan�1
�
FVD
THD

�
(Eqn 6)

These kinds of enhancement techniques used first-order de-
rivatives and several combined derivatives of the potential fields.
Their results better enhance the anomalies. The techniques are also
able to provide linear, circular and rectangular tectonic boundary
enhancement at varying depths up to the Moho (Narayan et al.,
2017; Kumar et al., 2022).

Table 1
Calculated R2 values from linear, exponential, logarithmic and power cures form five
watersheds. Red fonts: Highest magnitudes of R2 values calculated in different ways
for the watersheds.

Master stream of Watersheds R2 (unitless)

Linear Exponential Logarithmic Power

1 0.9044 0.9442 0.8860 0.5667
2 0.9188 0.9399 0.8646 0.5564
3 0.9766 0.9047 0.8063 0.5371
4 0.9276 0.8842 0.8782 0.5338
5 0.9311 0.9310 0.8612 0.5675
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Table 2

a. Details of equations of considered spatial and linear parameters for the study

Sl.
No.

Formula for basin
scale indicators
(unitlesss)

Equations & meaning of symbols Explanations References

1. Hypsometric
integral (HI)

ðEleavg � EleminÞ
ðElemax � EleminÞ
Eleavg: Average of elevation
Elemin: Minimum elevation
Elemax: Maximum elevation

The hypsometric integral is a dimensionless number that allows
different sub-basins to be compared regardless of the scale.
Hypsometric Integral indicates both tectonic activeness and
lithological control. The rate of relief uplift is positively correlated
with the hypsometric integral. HI value varies between 0 and 1 and a
value nearer to 1 indicate a tectonically very active basin, 0.5 HI
value is an indicator of equilibrium (mature) state and a value nearer to
0 indicates tectonically less active basin. Pike and Wilson (1971)
mathematically derived the simpler form of hypsometric integral and
shown proved that it is a valid approximation of actual hypsometric
integral

Strahler (1952), Pike
(2000).

2. Elongation ratio
(Re) Re ¼ 1:128

ffiffiffiffiffi
A
Lb

s

A: signifies the area of the basin, Lb: denotes
the length of the basin.

Elongation ratio is influenced by geology and climate. The values vary
from 0 to 1 (e.g. Wołosiewicz, 2018). As the landscape evolves, the
river basin becomes circular and the value tends to be 1.

Schumm (1956),
Wołosiewicz (2018)

3. Lemniscate
coefficient (k) k ¼ p L2b

4AB
Where, AB is the area of basin and Lb is the
length of the basin.

Lemniscate coefficient based on expression at basin with Lemniscate
curve (i.e. ratio of basin area to its length) in order to determine the
shape of the basin. Higher Lemniscate values indicate an elongated
basin, which in term denote tectonically very active drainage basin,
whereas the low Lemniscate values are associated with less
tectonically active basin.

Chorley (1957)

4. Asymmetry factor
(AF)

AF ¼
�Ar

At

�
*100

Ar: area of the basin (km2) to the right of the
main channel facing downstream and At: total
area (km2) of the basin.

An indicator to measure how much a river basin is tilted due to
tectonics. Tectonic activity causes the main stream to change course,
sloping away from the basin's midline

Hare and Gardner
(1985), Anand and
Pradhan (2019)

5. Ruggedness
number (Hd)

Hd ¼ R*D
R ¼ Basin relief
D ¼ Drainage density of the basin

Surface unevenness as topographic differentiation is measured. Horton (1945)

6. Form Factor (Rf) Rf ¼ AB

ðLbÞ2
Here Form ratio (Rf), ratio of the basin area
ðABÞ to the square of its length (Lb)

If the ‘Rf’ value of the basin is small then the basin will be more
elongated and experience lower peak flows of longer duration while
the basin with high ‘Rf’ experiences higher peak flows of
smaller period.

Horton (1945), Kale
et al. (2014)

7. Drainage texture
(Dt)

Dt ¼ Nu=P
Nu: Number of streams of a given order.
P: Perimeter (km) of the watershed

Drainage texture is influenced by the underlying lithology,
infiltration potential, and relief features of the terrain. According to
Horton (1945), Dt is the total number of stream segments along the
watershed's margin in all orders. According to various natural
characteristics, including climate, precipitation, vegetation, rock/soil
type, permeability, undulations, and the stage of watershed
development, this is the relative channel spacing on fluidly
prepared terrain. Contrarily, T is the result of the addition of Dd and F.
By dividing the drainage density by the present frequency, it is
determined. If less than 4, T is classified as a coarse drainage texture.
Intermediate drainage structure if it is between 4 and 10; fine
drainage structure if it is
between 10 and 15; ultrafine drainage structure if it exceeds 15.

Cox (1994)

8. Transverse
Topographic
Symmetry Factor
(T)

T ¼ Da
Dd

Da: the distance from the drainage basin's
midline to the meander belt's midline
Dd: the distance from the basin's midline to
the basin divide.

T in a perfectly symmetric basin has a value of zero. As asymmetry
develops, T likewise rises and eventually reaches a value of one. For
various lengths of stream channels, the transverse topographic
symmetry factor is computed and reveals the stream's preferred
migration direction perpendicular to the drainage axis.

Cox (1994)

b. Results of calculation of considered unitless parameters for clustering

Watershed Elongation
Ratio (Re)

Form Factor (Rf) Ruggedness
Number (Hd)

Drainage
Texture (Dt)

Hypsometric
Integral (HI)

Asymmetry
Factor (AF)

Transverse Topographic
Symmetry Factor (T)

Lemniscate Co-
efficient (K)

1 0.761 0.456 7.300 0.449 0.120 12.057 0.312 1.723
2 0.749 0.441 12.018 0.452 0.084 1.699 0.202 1.780
3 0.638 0.320 25.030 0.380 0.133 6.860 0.573 2.453
4 0.591 0.275 7.731 0.152 0.141 27.193 0.629 2.857
5 0.552 0.239 8.262 0.300 0.162 26.604 0.409 3.283
Class 1 0.552e0.591 0.239e0.275 12.019e25.030 0.386e0.452 0.137e0.162 12.058

e27.193
0.487e0.629 2.858e3.283

Class 2 0.592e0.638 0.276e0.320 8.263e12.018 0.290e0.385 0.111e0.136 6.861e12.057 0.345e0.486 1.781e2.857
Class 3 0.639e0.761 0.321e0.456 7.300e8.262 0.152e0.289 0.084e0.110 1.699e6.860 0.202e0.344 1.723e1.780
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6. Results & analysis

6.1. Morphometry

6.1.1. Stream orders and aspect slope direction
The stream ordering map shows that the watersheds 1e3 have

fifth-order streams. Watersheds 4 and 5 have fourth-order streams.
Watersheds 1e3 developed possibly over heterogenous rocks (such
as charnockites, mafic units, khondalites, supracrustals, migmatites
and recent cover). However, watersheds 4 and 5 are under the
homogeneous lithology (e.g., migmatites and recent cover).

This study classified the slopes of all the watersheds into five
categories. The slope varies from 0 to 70�. The aspect map shows
the direction and degree of slope of the terrain. The aspect tool in
ArcGIS classifies the aspect direction map as flat, north, northeast,
east, southeast, south, southwest, west, northwest and north
(Fig. 2).

6.1.2. Linear geomorphic indicators
6.1.2.1. Hypsometric curve (HC). HCs are used to comprehend the
geomorphic cycle of the river. Convex HCs have high values of
Hypsometric integral (HI). Such HCs represent rivers' youth stage.
Convex-concave HC with medium values of HI represents a mature
stage of rivers, and a concave HC with low values of HI connotes the
rivers’ old stage. A convex HC is characterized by less eroded re-
gions. An S-shaped HC indicates moderately eroded, and a concave
HC a highly eroded terrain. In this study, HCs were generated for all
the watersheds. Watersheds 4 and 5 demonstrate convex HCs
indicating that these watersheds are in disequilibrium stage
(Farhan et al., 2016) within the eroded regions. Watersheds 1e3
have slightly S-shaped HCs depicting moderate erosion (Fig. 3).

6.1.2.2. Longitudinal profile. A longitudinal profile is a cross-
sectional representation of a river course, which plots elevation

along the x-axis and downstream distance along the y-axis. It
provides an opportunity to interpret the surface history, e.g.,
erosional activities, watershed evolution and geologic structures
(Costigan et al., 2014). Longitudinal profile aids in identifying knick
points, river response to the tectonic uplift or subsidence and the
variation in climate and lithology (Kirby et al., 2003; P�erez-Pe~na
et al., 2009).

Source tomouth plot is used to represent longitudinal profiles of
the five master streams of the watersheds in this study (Fig. 4aee).
Hence longitudinal profile represents a decrease in the elevation
with distance. The coefficient of determination (R2) is obtained
from the graph from which the degree of active tectonics of the
rivers and watersheds can be deduced. R2 values in linear, expo-
nential, logarithmic and power curve fitting of five master streams
were calculated (Table 1). Master-streams of watersheds 2e5 show
the highest R2 values in linear curve fitting (0.9188, 0.9766, 0.9276
and 0.9311, respectively); hence, these watersheds may be tecton-
ically very active.

6.1.2.3. Stream length gradient index (SL). SL represents the geom-
etry of the longitudinal profile. SL can detect any perturbations in
the profile (Troiani et al., 2014). Stream channels affected by
geologic systems show anomalies in their profiles and conse-
quently in the SL. SL is the ratio of change in elevation to the change
in length of a streammultiplied by total stream length. In this study,
only SL variations are plotted along with the longitudinal profile to
assess the tectonics of the study area. Watershed 2e5 show more
significant variations in SL, in the middle to lower course of the
rivers where structural/erosional knick points, faults, ridges etc. can
be ascertained (Fig. 4aee).

6.1.3. Basin-scale parameters
Several techniques have been used on river networks to un-

derstand the recent tectonics. These techniques typically consider

Fig. 3. HC- Hypsometric curve. (a) and (a1) Conceptual hypsometric curves indicate young, mature and old stages of rivers. (b1-5) Hypsometric curves of master streams of the
watersheds.
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the homogeneity of the base rock. Geologic terrains can be diverse
in terms of variations in uplift rates, rock strength, climate and
geomorphic processes (Clubb et al., 2019). Clubb et al. (2019) rec-
ommended combining river profiles with similar morphologies so
that tectonic, climatic and/or lithologic controls could be identified.
By grouping such constraints, clustering may differentiate signal
from noise (source signals). This method uses unsupervised clas-
sification. Hierarchical clustering of watersheds is done in this
study. Based on how closely related the various parameters are to
one another, the segments are grouped. The considered morpho-
metric parameters enabled to determine a symmetric proximity
matrix between each pair of segments of indicators (Table 3).

Watersheds 2, 4 and 5 come under cluster 1 in the dendrogram
where the considered basin scale parameters are rescaled as per the
magnitudes. The cluster range is 10e25 (Fig. 5a). Cluster 1 indicates
structural control in channel morphology.

6.2. Bathymetric & gravity works

6.2.1. Bathymetric studies
We prepared a regional contour map of the selected region

(Fig. 1b) in the MATLAB 2017 environment, which covers the region
of Gulf of Mannar in the Indian sector. Contour plot shows that the
bathymetric depth gradually increases along the north-south trend
from the coast to the central region of the gulf (Fig.1b). It varies from
500 m in the coast to >1800 m depth in the centre (Fig. 1b). More

than 1500mdeep Gulf ofMannar lying between India and Sri Lanka
is characterized by biannual reversing wind monsoon. To study the
circulation of surface and coastal upwelling in waters around Sri
Lanka, de Vos et al. (2013) implemented a regional oceanmodelling
system for the northern ocean of India, which covers the southern
part of the Indian mainland and as well as Sri Lanka. The results
showed that the region faces seasonal differences in cooling and
heating of the continental landmass and ocean (de Vos et al., 2013).

6.2.2. Gravity studies
The free-air gravity (FAG) data is used and a map is prepared for

land part from the EGM2008 data (Fig. 5b). Fig. 5b shows that the
gravity contour map has a very sharp gradient of gravity anomalies.
The regional area of continental shelf demonstrates a relatively
positive gravity anomaly, which includes partially watersheds 1
and 3. The anomaly slowly becomes negative towards the basin
area. These gravity values, which are high in the continental shelf
region, ranges from ~ �30 to 160 mGal. The basinal area shows low
values ranging from ~ �30 to �80 mGal. These low values occur
because of increased sediment thickness near the foot of the slope
(such as Dar et al. (2015)). Alternately, presence of hydrocarbon
reserve can be the other reason. However, this needs confirmation
from more geoscientific inputs. Kumar et al. (2009a, 2009b) used
Bouguer anomaly gravity measurement from this region that
covered all the watersheds of this study. The low gravity may be
caused by combined effects of exposed geologic formations and
deeper Moho because of isostatic compensation (Singh et al., 2003,
2006).

Another striking feature in the gravity map is the correspon-
dence between coastline and the gravity contours. Gravity obser-
vations along the coast indicate a low-density thick continental
plate and a denser thin oceanic plate (Kumar et al., 2009a,b).
Krishna et al. (2002) noticed a quasi/wide continental shelf in the
eastern Arabian sea and the adjoining Indian west coast (extension
around 63�300E to 78�200E and 5�N to 23.30� N), which however
refutes this suggestion. Thus, the western Indian coast's high
gravity is attributed to deep faults, which upwarped theMoho, and/

Table 3
Results of calculation of considered parameters for clustering as proximity matrix, in
terms of correlation between vectors of values.

Case 1 2 3 4 5

1 1.000 0.498 0.625 0.956 0.963
2 0.498 1.000 0.986 0.223 0.249
3 0.625 0.986 1.000 0.370 0.394
4 0.956 0.223 0.370 1.000 0.999
5 0.963 0.249 0.394 0.999 1.000

Fig. 4. Longitudinal profiles of five master streams (MS) with SL graphs and knickpoints, ridges and isotropic boundaries are marked.
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or placed ultrabasic high-density rocks at shallower depths
(Brahmam, 1993; Subrahmanyam and Verma, 1986). Moderate
variation of gravity covers low central and a high coastal gravity,
and characterizes the region of south-central part (watersheds
1e3). Gravity contours follow the Mannar basin's structural grains
in the oceanic region (Kumar et al., 2009a,b).

7. Discussions

7.1. Morphometry

A tectonic map consisting of faults, lineaments and ridges was
prepared using data from the previously published articles related
to the tectonic of the study area (Fig. 2). Several NW- SE trending
faults and lineaments control/deflect the drainages. Most of the
rivers in the study area are fault-controlled, exhibiting dextral-slip
(as in Ramasamy, 2006; Praseeda et al., 2015).

As per longitudinal profile and their R2 values, watersheds 2e5
are tectonically highly active since they show high to moderate R2

values (0.9766, 0.9276 and 0.9311). The SL graphs of watersheds 2
and 3 vary widely, whereas the disparity is moderate for water-
sheds 5 and 6. These differences are due to the tectonic distur-
bances in the terrain. The Asymmetry Factor of watershed 4 shows
the highest value (AF ¼ 27.193), and watershed 2 has the lowest
value (AF ¼ 1.699). This indicates that watershed 4 is highly
asymmetric and may be tilted tectonically. The low elongation
values indicate zones of active uplift and youth stages of rivers.

Watersheds 1 and 2 show concave curves representing a highly
eroded and old stage of the river. Watershed 1 consists of a
perennial river exhibiting ‘z’-shaped deviated stream. In terms of
the Re magnitudes, watersheds 4 and 5 are highly elongated (0.591
and 0.552, respectively), and watersheds 1e3 (0.761, 0.749 and
0.638, respectively) are elongated moderately. The high elongation
values are only seen in active uplift and youth stage of the river.

From the dendrogram, it is evident that watersheds 4 and 5 are
more active tectonically. Several N-S extensional faults, NE-SW
sinistral and NW-SE dextral faults and lineaments (Ramasamy,
2006) have impacted the river dynamics within these water-
sheds. Tectonic adjustments related to faults developed knick
points. The river channel of watershed 4 shows a notable change in
the direction of flow, possibly due to the basin's tectonic inheri-
tance and transient landscape. The river persists in its linear and
narrow basin. Deflection of the river channel due to lateral tilting of
the watershed due to tectonic activities can be seen in both the
watersheds 4 and 5.

The spatial drainage patterns connote the structural signatures
in the south-eastern part of the watersheds 4 and 5 that fall inside
the Ramnad-Palk Sub-basin. Near the confluence, basement faults
(Fig. 3), neotectonic faults and major and minor lineaments control
the channels’ flow towards SE. The elevated topography related to
the unnamed basement faults and NW-SE shear zones possibly
acted as a water divide of watersheds 4 and 5. Middle to lower part
of the watersheds 4 and 5 lie between the Mannargudi ridge and
the Tanjavur depression. Neotectonic faults e.g., Amaradakki Fault,
Manamelkudi-Tondi Fault, Vaigai River Fault, subsurface faults with
bedding joints and several lineaments trend NW-SE and NE-SW.

Watershed 1 is moderately to less active. Interestingly, Achan-
kovil Shear Zone that passes through this watershed was active in
the Neoproterozoic (Plavsa et al., 2014). This fault might be much
less active at present. This can explain the near-circular shape of the
watershed 1. AF ¼ 12.058e27.193 for the watersheds 4 and 5 in-
dicates that these two basins come under Class 1. The range of Re
(0.591 and 0.552, respectively), HI (0.141 and 0.162, respectively)
and k (3.283 and 2.858e3.283, respectively) of watershed 4 and 5
are under Class 1 and indicate that they are presently active
tectonically.

7.2. Bathymetry & gravity models

The bathymetric elevation and depth plots for all the selected
watersheds along the horizontal distance from their starting point
(eastern border of Indian continent) is shown in Fig. 6. The exten-
sion and variation of shelf along watersheds can be deciphered
from this figure. The shelf widths the watersheds 1 and 5 are
~120 km, while it is > 120 km for watersheds 2e4. Generally, the
elevation trend of shelf width reduces from the eastern coast to the
Indian continent.

The free air gravity vs. the horizontal distance plots for all the
selected watersheds from their starting points at the eastern
margin of Indian continent is shown in Fig. 7. The figure shows that
the gravity anomaly along the selected watersheds is categorized
by superimposed numerous lows and highs. Apparently, the posi-
tive correlation between surface elevation (Fig. 6) and free air
gravity magnitudes (Fig. 7) can be seen for watersheds 2e5.
Elevation variation for different watersheds in Fig. 6 differs. The
average gravity variation for each watershed is - 60 to 0 mGal. This
indicates the state of conjecture and overcompensation because of
a shortfall of mass effect at subcrustal depth. In watersheds 1e4,
relatively appeared high gravity (~10 mGal) dominates the band of
high-density quartzite and iron formation and is apparently caused
by the near surface geology (Kumar et al., 2009a,b).

Fig. 5. (a) Dendrogram with a single cluster developed. (b) Free air gravity anomaly
contour plot in the selected region.
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We first estimated the FVD and then the TDR to delineate the
edges as lineaments with their higher accuracy of spatial occur-
rence and trends (Fig. 8aec). The delineated lineaments locate the
edge extensions (black lines) of the relevant sources that can be
related to the basement faults, blocks fractures and shear zones.
The lineament diagrams are identified from edge enhanced maps
and respective plots with their strikes. These lineament plots reveal
the trend of the major structural features to be along NW-SE and
NE-SW.

The Gulf of Mannar experienced two-stage rifting/continental
breakup associated with separation of Gondwanaland during the
Mesozoic era. This resulted in tectonic disturbances in the basin. It
produced N-S extensional and NE-SW sinistral faults, NW-SE
dextral faults and lineaments (Ramasamy, 2006). These NW and
NE-trending faults and lineaments control the course of streams
and deflect the drainages. The river networks are affected by tec-
tonic activities such as faulting and rifting. Most of the rivers in the
study area are controlled by dextral strike-slip faults.

Fig. 7. Blue lines: gravity variations along the selected watersheds.

Fig. 6. Red lines: bathymetry height variations along the selected watersheds.
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8. Conclusions

The northeastern part of the study area (watersheds 4 and 5) is
more tectonically active than the southeastern portion (watersheds
1e3). Middle to lower part of the watershed 4 lies between Man-
nargudi ridge. Several NW-SE trending faults (Vaigai River Fault,
Amaradakki Fault and Manamelkudi-Tondi Fault) and a NE-
trending one (e.g., Rajamatam-Davipattinapm Fault) (and a single
hot spring) pass through (/are close to) these watersheds indicating
that these faults might be active at present or in the recent past.
Any wells drilled in these two watersheds must take care of the
issue of their stability. On the other hand, the Achankovil Shear

Zone passing through watershed 1 seems to be presently (almost)
inactive. The bathymetry results showed that the depth gradually
increases along the north-south trend from the coast towards the
central region of the Gulf. It varies from the depth of 500 m in the
coast to >1800 m depth in the center. The bathymetry and the
gravity anomalies bear positive correlation between surface
elevation and free air gravity magnitudes for all the watersheds.
However, the degree of this correlation varies for each watershed.
The lineament plots using the FVD and TDR techniques reveal that
the trend of the major structural features (basement faults, blocks
fractures and shear zones) trend NE-SW and NW-SE. Some of these
lineaments match with the trend of the surface lineaments
compiled.
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