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Abstract

The present study was aimed to investigate the morphometric indices and tectonic implications in sedimentary landscape of
Wardha River sub-basin, Central India. Geologically, the study area is predominantly constituted with Vindhyan and Lower
Gondwana sedimentary formations. In the study, IRS-1D, LISS-III satellite data and Geographic Information System (GIS)
techniques were used to compute morphotectonic indices viz., channel sinuosity (S), drainage basin asymmetry factor (AF),
transverse topographic symmetry factor (T), basin elongation ratio (Re), drainage basin shape (Bs) and mountain front
sinuosity (Smf) to determine the tectonic activity of the study area. The terrain parameters such as aspect, slope and relative
relief, river longitudinal profile and topographic profile of the basin were also computed by using Shuttle Radar Topography
Mission (SRTM) Digital Elevation Model (DEM) of 30 m spatial resolution. The computed S index for 69 meandering loca-
tions ranges from 1.03 to1.97, and it indicates the foremost courser of the river sinuous to meandering. The Re value ranges
between 0.47 and 0.74, and it suggests the active to slight tectonic implications in the study area. The Smf values range from
1.14 to 4.69, and it indicates that the study area had slight to active tectonic implication. The T values range from 0.06 to
0.94, and it also indicates the tectonic activity. The present investigation clearly demonstrates the potential of remote sens-
ing and GIS-based approach in evaluation of morphotectonic indices, which reveals the implications of tectonic activity in
sedimentary landscape of Wardha River sub-basin, Central India.

Keywords Basin morphometry - Tectonics activity - Remote sensing - Geographic Information System - Sedimentary
landscape - Central India

Introduction

Tectonic geomorphology is defined as the application of
geomorphology to tectonic problems, and it includes the
study of landform assemblage, landscape evolution, devel-
opment of process response models of area and regions
affected by recent tectonic activity (Keller 1986; MatoSet
al. 2016; Geurts et al. 2018; Buczek and Gérnik 2020).
Tectonic deformation causes change in channel slope,
inducing variations in channel morphology, fluvial pro-
cesses and hydrological characteristics of a river system
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(Roy and Sahu 2015). Drainage system is highly sensitive
indicator of active tectonics (Jackson and Leeder 1993;
Repasch et al. 2017). Basin morphometry is used as poten-
tial tool for the measurement and analysis of various geo-
metrical properties of the terrain, which includes channel
sinuosity (S), drainage basin asymmetry factor (AF), trans-
verse topographic symmetry factor (T), basin elongation
ratio (Re), drainage basin shape (Bs) and mountain front
sinuosity (Smf). The advancement in remote sensing and
Geographic Information System (GIS) reveals a new per-
spective and accurate analysis in drainage morphological
studies, which also provides spatial information needed
for integration of several geospatial databases in computa-
tion of morphometry indices (Mahala 2020). Systematic
analysis of remotely sensed data helps in identification and
delineation of landforms, structural features and evalua-
tion of drainage characteristics more precisely (Reddy and
Maji 2003; Reddy et al. 2004). The information derived
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from digital elevation models (DEM) and topographical
analysis of a basin in GIS is very effective and reliable
in terms of their high accuracy (Prakash et al. 2016). The
analytical capabilities of GIS are found very effective in
performing hydrological modelling in conjunction with
DEM, land use/land cover, soil texture and geology. (Liu
and DeSmedt 2005; Youssef et al. 2016). DEM-based ter-
rain visualization and quantification of topographic attrib-
utes made GIS a powerful tool in evaluation and analysis
of various morphometric indices (Manjare 2013; Kumar
et al. 2017; Reddy 2018). Computer visualization capabili-
ties provide additional tools for geological mapping, which
may improve the agreement of the determined geological
units with the terrain parameters derived from DEM (Singh
and Dowerah 2010; Suganthi and Srinivasan 2010). Many
authors used DEM in conjunction with remote sensing in
delineation of structural, drainage features and quantifi-
cation of morphotectonic parameters in GIS environment
(Reddy et al. 2002; Bhatt 2007; Manjare 2014; Reddy et al.
2004; Manjare 2015; Sharma and Sarma 2017; Pande et al.
2018). However, the literature on study of morphometric
indices and tectonic implications in the study region is
scanty. Basin morphometry provides an insight into the
process driven changes such as drainage runoff, infiltration,
basin evolution and tectonic framework.

Basin morphometry explains the morphological changes,
which occurred during the long-term evolution process
of drainage basins and its impact on landscape dynamics
(Bali et al. 2012). Further, the effect of geomorphological
processes shows their impact on tectonic activities, drain-
age systems and landscape development (Dehbozorgi et al.
2010; Argyriou et al. 2017). The computed geometrical
parameters of the drainage basin afford substantial informa-
tion about the surface topographic settings, subsurface lith-
ological structures, erosion status, variations in slope and
causes for diverse drainage patterns in a region. Numerous
authors used basin scale morphometry as a tool to evaluate
tectonic activity in different geological settings (Azor et al.
2002; Keller and Pinter 2002; Dehbozorgi et al. 2010; Moto§
et al. 2016). Rivers in the foreland basin have responded
and adjusted to slow and subtle active tectonic movements
(Jain and Sinha 2005; Manjare 2017). The results of several
morphometric indices can be combined in order to highlight
tectonic activity and relative degree of tectonism in an area
(Keller and Pinter 1996; Faghih et al. 2015). Altin (2012)
studied various morphometric indices in the southern Bol-
kar mountain region, Turkey, and reported that anomaly in
stream length gradient, steeped narrow valley, elongated
basin and primary stage in a drainage network indicates
a greater tectonic activity in the region. The topography of
a region affected by recent and/or active tectonic process,
such as faulting, can be an important factor in controlling
geomorphic processes and determine the effect of faulting
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mechanism and the rate of tectonic activity on morphologic
development of a region (Keller 1986; Raj et al. 2003). The
sub-surface structural, tectonic and geological character-
istics of the region determine the surface drainage and its
morphometric properties (Perez-Pena et al. 2010). Many
researchers tested the application of geomorphic indices
in specific regions such as fault-generated mountain fronts
or drainage basins and their sensitivity to active tectonics
(Bull and McFadden 1977; Rockwell et al. 1984; Silva et al.
1992; Wells et al. 1988) as a valuable tool in tectonically
different active regions for identifying geomorphic changes.
The present-day tectonic activity can be evaluated by using
geomorphic parameters, which have been widely used to
recognise the indicators of landforms deformed or modified
by active faults (Tepe and Sozbilir 2017). An integrated
multi-disciplinary approach using geomorphological, struc-
tural and neo-tectonism found to be useful in evaluation of
active tectonics (Wells et al. 1988). However, systematic
efforts were not made in evaluation of basin morphometric
indices and tectonic implications especially in Sedimentary
landscape of Wardha River basin of Central India. Hence,
the present study was aimed firstly to compute and analyse
various morphometric indices and delineation of distinct
geological and geomorphological units to understand the
tectonic activities of the study area. Secondly, to analyse
morphometric indices to understand the basin morphotec-
tonic implications in Wardha River sub-basin of Central
India.

Study area

The Wardha River sub-basin lies between 19° 39’ 00” and
19° 52" 30" N latitudes and 79° 12’ 00" and 79° 21" 00"
E longitudes in Chandrapur district of Maharashtra, Cen-
tral India and cover with an area of 34,652.0 ha. (Fig. 1).
The study area was divided into three distinct watersheds
(watershed I, II and III) based on the SRTM DEM by using
‘hydrological tool’ in GIS. Wardha River originates at an
altitude of 777 m of above msl (mean sea level) in Satpura
range near Khairwani village of Betul district of Madhya
Pradesh, Central India. About 62.0% of the study area con-
stitutes Vindhyan sedimentary formations represented by
limestone, shale and shaly limestone. The remaining 23.0%
of the study area represents Lower Gondwana sedimentary
formations, which includes rocks of the Talchir, Barakar and
Kamthi. Gondwana sedimentary formations are represented
by sandstones, shale, carbonaceous shale and coal, which
are characterized by black, compact, fine grained basalt
with vesicular structures (Shradha 2019). The climate of
the study area was characterised as hot summer and general
dryness throughout the year except during the south-west
monsoon season (June—September). The temperature rises
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Fig. 1 Location map of the study area

rapidly after February till May, which is the hottest month
of the year. The mean daily maximum temperature during
May is 42.8 °C, and the mean daily minimum temperature
during December is 12.2 °C. In the study area, dendritic to
sub-dendritic drainage pattern is the most common pattern.
However, at places, parallel to subparallel and rectangular
drainage pattern was also observed (Shradha 2019).

Methodology

Datasets used

In the study, Survey of India (SOI) toposheets on 1:50,000
scale and District Resources Map (DRM) were obtained

79°16'30"E 79°21'0"E

from Geological Survey of India (GSI 2002) and the same
were used to delineate the distinct geological and geo-
morphological units. The obtained topographic maps were
georeferenced and generated mosaic using ArcGIS. The
IRS-1D, LISS-III satellite data of 6 November 2015 at
23.5 m spatial resolution were downloaded from Bhuvan
Geoportal (https://bhuvan-app3.nrsc.gov.in/data/downl
oad/index.php) and georectified with the help of Survey of
India (SOI) toposheets. IRS-1D, LISS-III data in conjunc-
tion with SOI toposheets were used to delineate distinct
geomorphic units through visual interpretation by using
onscreen digitation techniques in GIS. The Shuttle Radar
Topography Mission (SRTM) v.4 DEM of 30 m resolu-
tion was downloaded from CGIAR-CSI (https://cgiarcsi.
community/). The downloaded SRTM 30 m DEM was
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processed and analysed in ArcGIS (ver. 10.3) to com-
pute various morphometric parameters of the study area.
The drainage patterns of the study area were extracted
using SRTM DEM (30 m) in Arc GIS. The satellite-based
DEM’s opened new avenues for geomorphologic studies
including analysis of surface morphology (Reddy et al.
2018). The computation of morphotectonic parameter
like channel sinuosity (S), drainage basin asymmetry
(AF), transverse topographic symmetry (T), basin elon-
gation ratio (Re), drainage basin shape (Bs) and moun-
tain front sinuosity (Smf) were carried out by using the
standard mathematical formulas. In the study, the terrain
parameters such as aspect, slope and relative relief of the
basin, river longitudinal profile and topographic profile
were computed using SRTM DEM 30 m and rectified with
necessary ground truth, wherever it was necessary. The
topographic profiles and longitudinal river profiles were
also carried out by using QGIS ver.3.2 software, and slope
analysis was carried out by using ArcGIS software.

Terrain analysis using SRTM DEM (30 m)

Terrain analysis that includes, elevation, slope, aspect, topo-
graphic profiles and longitudinal profiles of the study area
was carried out by using SRTM DEM 30 m. DEM analy-
sis is extremely useful for analysing the elevation-related
attributes of a fault zone area (Duncan et al. 2003). The
tonal variations as depicts through elevation differences
assisted in analysis of regional topography and structural
features (Duncan et al. 2003; Hooper et al. 2003; Ganas et al.
2005). Topographic cross profiles aligning NW-SE were
obtained from the DEM to visualize elevation characteristics
in the upland and the alluvial zone. Longitudinal profiles of
the trunk streams found in the three watersheds were also
obtained. River longitudinal profiles are one of the indica-
tors of active tectonics as they reflect the balance between
erosion and uplift (Schumm et al. 2000; Keller and Pinter
2002; Molin and Fubelli 2005; Menéndez et al. 2008; Bull
2009). The topographical characteristics of a basin were
determined by using the relative relief of catchment area
(Gayen et al. 2013).

Delineation of distinct geological
and geomorphological units

The geological and geomorphological units of the study
were mapped by analysing the geo-coded IRS-ID, LISS-
IIT data and district resources map (DRM) with necessary
field verifications. The sedimentary landscape has been
investigated to examine the implications of Quaternary
neotectonic activities on drainage system through study of
fluvial geomorphology, morphotectonics and digital terrain
analysis using topographic maps on 1:50,000 scale, SRTM
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DEM (30 m), multi-spectral IRS LISS-III data of 23.5 m
resolution and field surveys. In the study, visual interpreta-
tion techniques have been followed in delineation of distinct
geological and geomorphological units based on the image
characteristics like tone, texture, shape, drainage pattern,
colour, associations and differential erosion characteristics
of the satellite imagery along with field parameters such as
topography, relief, surface cover, soil and vegetation cover.
Additionally, extensive field observations have been carried
out, which helped in confirming, consolidating and inter-
preting the results obtained from the geomorphic analysis.
The lithological analysis of the study area was carried out
through visual interpretation of the satellite data in conjunc-
tion with district resources map of Geological Survey of
India (GSI 2002). Subsequently, detailed geomorphic units
were delineated with the help of relief, morphometry and
image characteristics. Based on the interpretation of satellite
data in conjunction with SOI toposheets, district recourse
map and field surveys, the distinct geomorphical units of the
study area were delineated. Geomorphologically, the area
was broadly classified into dissected plateau, pediments and
plains based on the major geomorphic processes and agents
involved in their transformation. These units are distinct with
respect to their lithology, structure and evolution. Further,
these units were sub-divided into structural hills, denuda-
tional hills, residual hills, plateau top, upper, middle, lower
plateau, younger and older flood plain.

Computation of morphotectonic indices

Morphometric properties of drainage basins were widely
used as good indicators to study the structural influence on
drainage development and neotectonic activity (Das et al.
2011; Demoulin 2011). In the present study, the geometric
parameters, which includes relative parameter, length area
relation, form factor, shape factor ratio, elongation ratio, cir-
culatory ratio, and compactness coefficient were computed
for three watersheds by using GIS techniques. The morpho-
metric properties of surface drainage were determined by
the sub-surface structural, tectonic and geological charac-
teristics of the region. The analysis of various morphomet-
ric parameters enables to evaluate the relationship between
tectonic geomorphology and the landscape dynamic process
(Reddy et al. 2004). In the study, various morphometric indi-
ces like channel sinuosity (S), drainage basin asymmetry
factor (AF), transverse topographic symmetry factor (T),
basin elongation ratio (Re), drainage basin shape (Bs) and
mountain front sinuosity (Smf) were computed to analyse
the degree of tectonic activity and its implications on drain-
age morphometry in the area. The following morphotectonic
indices were computed by using the mathematical expres-
sions given in Table 1.
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Results and discussion
Terrain characterization

The aspect of watersheds derived from SRTM 30 m clearly
indicates north, northwest, south and southwest facing
slope of the basin. These major slopes reflect the higher
moisture content and low evaporation that the other parts
of the basin, which plays an important role to conserve
vegetation, forests, and bio-diversity in the study area. The
slope elements depend on rock type of its catchment with
varying resistance and are highly related to run-off of the

water, which affects the required time for rain water to
enter in the river beds that make up the network of the
river basin (Magesh et al. 2014). The slope of watersheds
varies from level to nearly level (0-1%) to steeply sloping
(>30%) (Fig. 2). In general, the longitudinal river profiles
show steeper slopes in the uplands reach and lower slopes
in the alluvial reach. Majority of the streams exhibit knick-
points in the resistant rocks of the uplands and concave-up
shapes with straight reaches in the less-or non-resistant
alluvial lithology (Fig. 3a). The knickpoints are located
close to the intersection of lithological contacts and frac-
ture zones. The longitudinal river profiles of watershed
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Fig. 3 a Longitudinal river profiles and b Topographic river profiles of three watersheds drawn on SRTM DEM

I, I and III shows steep gradients in the upland reaches,
which contrasts with the graded, but steeper profiles in
other part of the reach. The longitudinal river profile shows

good correspondence with the weaker incision in segment,
and distinct convex-up morphology in study area. The top-
ographical characteristic of a basin is determined by using
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the relative relief of its catchment area (Gayen et al. 2013).
The study area have highest relief of 448 m, while the low-
est value was measured as 24 m. The low relief designated
in the southwest side suggests that this area of the basin
is flat to gentle slope type (Fig. 3b). In the study area,
three topographic profiles viz., Topographic profile I A-A’,
Topographic profile II D-D’ and Topographic profile IIT
G-G’ were studied and noticed high degree of topographic
variations at higher elevation. The topographic profile I
A-A’ suggested that most variations in the topography of
convex-up shape in the topography of the area while in
topographic profile II D-D’ shows the slope at both sides,
it clearly shows the northward and southward tilt of the
non-resistant rocks of the profile and topographic profile
III G-G’ shows the undulating topography.

Geological and geomorphological setting

Geologically, the study area is mainly characterised by Vin-
dhyan and Lower Gondwana sedimentary formations and
Quaternary alluvium. Wardha River sub-basin constituted of
Vindhyan sedimentary formations represented by limestone,
shale and shaley limestone, Lower Gondwana sedimentary

79°12'0"E 79°16'30"E 79°21'0"E

formations characterized by Talchir, Barakar and Kamthi,
whereas Gondwana sedimentary formations are represented
by sandstones, shale, carbonaceous shale and coal (Fig. 4a).
Wardha River and its major streams have developed the
flood plains along their banks. It comprises sand, silt and
clay. Black cotton soil and sandy soil deposits were found
at the average height of 5-10 m above the stream level. In
case of Wardha River, at places these deposits were found
with 100-300 m wide and up to the height of 15 m along the
course of major stream (GSI 2002 and Table 2).
Geomorphologically, the dissected plateau covers in
eastern part of the study area and it can be character-
ised as plateau area that has been severally eroded as a
result the relief becomes sharp and it can be distinguish-
able from orogenic mountain belts by the lack of folding,
metamorphism, extensive faulting, or magmatic activity.
This geomorphic unit is predominantly covered by open
forest known as Rajura reserved forest near to Rajura vil-
lages and southern part area near Sonapur and Warjadi.
Pediments are a very gently sloping inclined bedrock sur-
face and found in the eastern part of the study area near to
Rajura, Somtana and Kothaguda villages. Pediments are
typically slope down from the base of steeper escarpment,
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Table 2 Stratigraphy of the study area

Age Group / formation Lithology

Quaternary - Alluvial gravel beds, black cotton soil Basalts
————— Unconformity-----

Cretaceous Lameta formation Limestones, Cherts and Silicified sandstones

Upper Triassic Maleri Formation

Upper Permian to Lower Triassic Kamthi formation

Lower Permian Barakar formation

Upper Carboniferous Talchir formation

to Lower Permian

Precambrian Sullavai Group

Archaean Pakhal Group

Fine to medium grained sandstone and red shale
Red, brown and variegated sandstones, reddish silt-
stones and variegated shales

Light grey to white sandstones, shales and coal seams
Tillites, turbidites, varves, needle shales and sandstones

White to brown quartzitic sandstones, conglomer blue
pink Limestones and Chertsate
Quartzites, granite gneisses, etc

Source: GSI (2002)

but may continue to exist after the mountain eroded away.
It develops when sheets of running water wash over it dur-
ing the intense rainfall events. Plains are the area between
piedmont zone and the main river, which are relatively
level area and exhibits gentle slopes and small local relief.
The area of plains ranges from few hectares to hundreds
of thousands of square kilometers. The plains of the
study area are basically represented by the presence of
pediplains and flood plain of Wardha River. In study area,
the flood plains are noticed around Sasti, Gauri, Hirapur,
Chndanvayi, Dhoptala, Khamona and Panderponi villages
(Fig. 4b).

Morphometric indices
Channel sinuosity (S)

Channel sinuosity (S) is used to understand the role of
tectonism on landform formation (Muller 1968; Susan
1993). The sub-surface geological structures can influ-
ence the geometric structure of the drainage network of
an area, which can be identified by channel sinuosity
indices (Litchfield et al. 2003). In general, no river fol-
lows a straight course from source to the mouth. Many
causative factors such as geographical, topographi-
cal and hydrological influence it to deviate from its
straight course. The channel sinuosity analysis helps
in understanding the effect of terrain characteristics
on the river course and vice versa. The channel sinuos-
ity index value of one indicates straight river course
and values between 1.0 and 1.5 indicate sinuous river
shape, whereas, channel sinuosity (S) values more than

1.5 represent meandering course. Sinuosity parameters
for study area were computed at sixty-nine channel seg-
ments numbered from 1 to 69. Out of sixty-nine seg-
ments, nine channel segments have value smaller than
1.0, which exhibits the straight course and forty-four
channel segments have value between 1.0 and 1.5, which
exhibits sinuous course and sixteen channel segments
have value greater than 1.5 shows meandering course
(Fig. 5a and Table 3).

Drainage basin asymmetry factor (AF)

The AF is typically applied to identify the tectonic control
over basin evolution at the regional and local scales (Cox
1994; Hare and Gardner 1985). AF index is also used to
evaluate the active tectonic tilting within the drainage basin
and to determine the direction of tilting (Kale et al. 2014;
Siddiqui 2014). Drainage basins with AF value signifi-
cantly greater or smaller than 50 are known as asymmetric
basins. AF values are close to 50 in symmetric basins that
have developed under stable conditions with little or no
tilting (Hare and Gardner 1985; Keller and Pinter 2002).
If AF values are greater than 50, the channel has changed
direction towards the downstream left; if values are less
than 50, the channel has shifted towards the downstream
right (Scotti et al.2014). In the present study, AF value
of watersheds (WS-I, WS-II, WS-III) with calculation of
basin right trunk and left trunk area ranges from 50.96
to 73.44, which infers that the suggested basin is tilted
towards left as the asymmetry factor value is not equal to
50 (Fig. 5b and Table 4).
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Table3 Computed channel S. No

: , Watershed code Stream Length  Valley length ~ Channel Sinu-  Inferences
sinuosity segments of three (SL)ym (VL)m osity (S)
watersheds of the study area

1 WS -1 414.88 393.89 1.05 Straight course

2 WS -1 462.49 326.41 1.41 Sinuous course

3 WS -1 262.46 233.03 1.12 -do-

4 WS -1 142.78 126.48 1.12 -do-

5 WS -1 505.64 457.37 1.10 -do-

6 WS -1 193.95 173.65 1.11 -do-

7 WS -1 287.00 258.63 1.10 -do-

8 WS -1 550.49 489.63 1.12 -do-

9 WS -1 358.81 332.18 1.08 Straight course

10 WS -1 544.63 335.49 1.62 Meandering Course
11 WS -1 143.70 127.90 1.12 Sinuous course

12 WS -1 177.82 167.96 1.05 -do-

13 WS -1 228.69 160.68 1.40 -do-

14 WS -1 286.77 237.92 1.20 -do-

15 WS -1 299.10 273.00 1.09 -do-

16 WS -1 597.64 418.95 1.42 -do-

17 WS -1 716.43 299.91 2.38 Meandering course
18 WS -1 713.21 487.58 1.46 Sinuous course

19 WS -1 242.76 219.22 1.10 -do-

20 WS -1 127.23 95.24 1.33 -do-

21 WS -1 270.17 220.57 1.22 -do-

22 WS -1 155.94 124.55 1.25 -do-

23 WS -1 275.07 198.79 1.38 -do-

24 WS -1 242.04 182.86 1.32 -do-

25 WS -1 184.97 143.16 1.29 -do-

26 WS -1 284.19 165.29 1.71 Meandering course
27 WS-2 644.49 344.56 1.87 Meandering course
28 WS-2 411.94 344.56 1.23 Sinuous course

29 WS-2 459.83 347.16 1.32 -do-

30 WS-2 369.54 288.92 1.27 -do-

31 WS-2 216.64 181.60 0.83 -do-

32 WS-2 234.82 191.79 1.22 -do-

33 WS-2 189.89 165.69 1.14 -do-

34 WS-2 264.60 214.13 1.07 -do-

35 WS-2 251.15 231.18 1.08 -do-

36 WS-2 386.93 295.37 1.30 -do-

37 WS-2 301.22 268.29 1.12 -do-

38 WS-2 122.41 101.70 1.20 -do-

39 WS-2 103.75 84.21 1.23 -do-

40 WS-2 87.53 137.55 1.14 -do-

41 WS-2 327.30 260.83 1.81 Meandering course
42 WS-2 366.87 97.92 3.74 Meandering course
43 WS-2 187.69 133.89 1.04 Straight course

44 WS-2 164.82 102.25 1.61 Meandering course
45 WS-2 216.64 147.08 1.47 Sinuous course

46 WS-2 419.64 287.18 1.46 -do-

47 WS-2 142.75 126.73 1.12 -do-

48 WS-2 244.92 226.51 0.99 -do-

49 WS-2 155.88 136.04 1.14 -do-

50 WS-3 581.61 432.72 1.34 -do-
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Table 3 (continued)

S. No Watershed code Stream Length  Valley length ~ Channel Sinu-  Inferences
(SL)y m (VL)m osity (S)
51 WS-3 463.59 342.02 1.35 -do-
52 WS-3 911.89 514.20 1.77 Meandering course
53 WS-3 938.29 756.52 1.24 Sinuous course
54 WS-3 663.29 421.24 1.57 Meandering course
55 WS-3 512.97 364.83 1.40 Sinuous course
56 WS-3 637.24 366.24 1.73 Meandering course
57 WS-3 1013.80 534.19 1.89 -do-
58 WS-3 425.66 384.96 1.10 Sinuous course
59 WS-3 285.48 263.47 1.08 -do-
60 WS-3 382.23 183.23 2.07 Meandering course
61 WS-3 381.19 194.96 1.95 Meandering course
62 WS-3 356.08 292.00 1.21 Sinuous course
63 WS-3 514.79 346.68 1.48 -do-
64 WS-3 328.86 116.78 2.04 Meandering course
65 WS-3 223.80 183.76 1.22 Sinuous course
66 WS-3 251.80 108.77 2.31 Meandering course
67 WS-3 288.90 79.72 3.62 -do-
68 WS-3 450.71 260.49 1.73 -do-
69 WS-3 182.27 132.47 1.37 Sinuous course
Table 4 Drainage basin S.No Watershed code RHT areain LHT area Sq.Km Total areaof =~ Asymmetric Inferences
asymmetry factor (AF), RHT- Sq.Km (Ar) watershed (At) factor (Af)
right hand trunk and LHT-left
hand trunk in the study area 1 WS- 147.44 53.32 200.76 73.44 Suggest Tilt
WS-II 28.24 21.5 49.74 56.77 -do-
3 WS-1II 48.94 47.08 96.02 50.96 -do-

Transverse topographic symmetry factor (T)

The T values of the watersheds indicate the migration
of streams perpendicular to the drainage basin axis. The
T is a vector that ranges from zero to one (T=0- < 1),
which reflects a perfect asymmetric basin or a tilted one,
respectively (Burbank and Anderson 2000; Cox 1994;
Cox et al. 2001; Keller and Pinter 2002). In case of a
negligible influence by the bedrock tilting on the reloca-
tion of the stream channels, the direction of the regional
migration is an indicator of the ground tilting in that simi-
lar direction. The analysis of numerous drainage basins in
an area results in multiple spatially distributed T vectors,
which, when averaged, define the irregular zones of basin

@ Springer

asymmetry. The calculation of both AF and T factors is a
quantitatively rapid method of identifying ground tilting
(Cox 1994; Cox et al. 2001; Keller and Pinter 2002). The
completely symmetric basin has T value of zero, whereas,
the asymmetry basin increases T and approaches to value
of 1.0. In the study area, the computed T values of 3
watersheds ranges from 0.01 to 0.82 and indicates the
asymmetric nature of the study area as the T values are
greater than zero (Fig. 5c and Table 5). The higher T
values of an areas indicate the potential tilting influence
on drainage pattern. It was evidenced from the study that
these watersheds have sudden change in drainage pattern,
it leads to deposition of alluvium and changes in lithology
near Rajura village.
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Table 5 Transverse topographic
symmetry factor (T) values of
three watersheds of the study
area

Table 6 Basin elongation
ratio (Re) of the

three watersheds of the study
area

S. No Watershed code (Da) (Dd) T=Da/Dd Topographic Symmetry(T)

1 853 4029 0.21 Asymmetric basin

2 WS-1 658 4582 0.14 -do-

3 WS-1 1032 5622 0.18 -do-

4 WS-1 727 4756 0.15 -do-

5 WS-1 953 4398 0.21 -do-

6 WS-1 894 3461 0.25 -do-

7 WS-1 99 3386 0.02 -do-

8 WS-1 956 1272 0.75 -do-

9 WS-1 923 4490 0.20 -do-

10 WS-1 718 4018 0.17 -do-

11 WS-2 1070 1514 0.70 Asymmetric basin

12 WS-2 110 701 0.15 -do-

13 WS-2 506 1455 0.34 -do-

14 WS-2 1006 2872 0.35 -do-

15 WS-2 32 1244 0.02 -do-

16 WS-2 325 2401 0.13 -do-

17 WS-2 118 995 0.18 -do-

18 WS-2 139 524 0.26 -do-

19 WS-2 376 1210 0.31 -do-

20 WS-2 207 623 0.33 -do-

21 WS-2 636 1793 0.35 -do-

22 WS-2 82 1444 0.05 -do-

23 WS-2 447 1071 0.41 -do-

24 WS-2 38 1925 0.01 -do-

25 WS-2 354 2757 0.12 -do-

26 WS-3 190 2293 0.08 Asymmetric basin

27 WS-3 361 1233 0.29 -do-

28 WS-3 549 3422 0.16 -do-

29 WS-3 631 4365 0.14 -do-

30 WS-3 257 3629 0.07 -do-

31 WS-3 1489 5659 0.26 -do-

32 WS-3 595 3987 0.14 -do-

33 WS-3 442 2446 0.18 -do-

34 WS-3 800 3244 0.24 -do-

35 WS-3 638 778 0.82 -do-

36 WS-3 122 2307 0.05 -do-

S.No Watersheds Area (sq/km) Length (m) Elongation ratio Inference

(Re)

WS-1 200.76 25,244.69 0.63 Slightly active
WS-II 49.74 18,188.43 0.43 Tectonically active

3 WS-1II 96.02 17,244.86 0.56 Slightly active
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Table7 Computed drainage basin shape (Bs) of three watersheds
in the study area

S.No Watersheds Bl (km) Bw (km) Bs Inference
WS-1 24,977.68 9097.81 2.92 Elongated basin
WS-1I 18,397.54 433890 4.24 -do-

3 WS-11I 17,262.51 7266.79 2.37 -do-

Basin elongation ratio (Re)

The Re is the ratio of the diameter of a circle represent-
ing the same area of the basin to its length. The value
of Re approaches 1 if the basin shape is almost like a
circle. As proposed by Bull and McFadden (1977), the
Re is one of the proxy indicators of neotectonics activity
(Cuong and Zuchiewicz 2001). Drainage basins in arid
and semi-arid climates show Re value less than 0.50
and between 0.50 and 0.75 for tectonically active set-
tings (Bull and McFadden 1977). The basin elongation
ratio (Re) values are calculated for three watersheds in
the study area, and elongation ratio (Re) values range
between 0.43 and 0.63. The Re value of WS-I and WS-
IIT indicates that these watersheds are slightly active as
they range from 0.63 to 0.56, while on the other hand
watershed WS-II is less than 0.50, which infers the tec-
tonically active region (Table 6). In the study area of
Sasti and Chandanvayi, watersheds show the tectonically
activeness. The Re and its relevance to tectonic active-
ness in the watersheds (WS-I, WS-III) were analysed,
and it inferred that the WS-II is most prone to tectonic
activity (Fig. 5d and Table 6).

Drainage basin shape (Bs)

The Bs describes the planimetric shape of a basin (Canon
1976; Ramirez-Herrera 1998). Basins with elongated
shapes characterize active mountain range areas while
after cessation of mountain uplift their shapes became
more circular (Bull and McFadden 1977). The index
depicts difference between elongated basins with high
values of Bs, and more circular basins with low values.
The high values of the basin indicate its tectonic defor-
mation (Burbank and Anderson 2001; Ramirez-Herrera
1998). In the study area, basin shape values of three water-
sheds range from 2.37 to 4.24 (Table 7). The value of Bs
shows that the watersheds in the sub-basin are elongated
and indicate their tectonic activity.
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Mountain front sinuosity (Smf)

Smf is an index that reflects the balance between erosional
processes that tend to yield irregular and sinuous fronts
and tectonic forces that tend to maintain a comparatively
straight front (Bull 1977; Bull and McFadden 1977; Keller
1986; Keller and Pinter 2002; El-Hamdouni et al. 2008). In
tectonically active mountain, fronts tend to have low val-
ues of Smf, as they have not experienced significant range
front erosion and responding to active tectonic uplift on
a relatively steep fault, keeping the front straight. At less
active fronts, where erosional processes overcome tectonic
processes, irregular or sinuous fronts with higher values of
Smf occur. In some of the recent studies, the Smf values
indicate down to 1.4, and it is an indicative of a tectonically
active front (Bull 1977, 1978; Bull and McFadden 1977,
Wells et al. 1988; Burbank and Anderson 2000; Keller and
Pinter 2002). If the value of Smf is higher than 3, it indi-
cates an inactive front in which the initial range—piedmont
fault might be more than 1 km from the present erosional
front (Bull 1977, 1978; Bull and McFadden 1977; Burbank
and Anderson 2000; Keller and Pinter 2002).

Mountain fronts and tectonic implications

Both Lmf and Ls are measured physically in the same
units as the topographic map scale then fed into the
equation to obtain results; thus, the Smf index is unit
less (Bull 1977, 1978; Bull and McFadden 1977; Kel-
ler and Pinter 2002; Rockwell et al. 1984; Wells et al.
1988). Mountain fronts can be calculated as one front
divided into segments of approximately 1 km long or
as several continuous fronts of various lengths (Bull

Table8 Computed mountain front sinuosity (Smf) along the two
fronts in the study area

SNo Lmf(m) Ls(m) Smf(m)=Lmf/ Inference

Ls

956 620 1.5 Slightly active setting
1539 761 2.0 -do-

1106 901 1.2
2317 773 29
630 582 1.0
1589 583 2.7
714 141 5.0 Inactive setting
2370 357 66 -do-

764 432 1.7

Tectonically active setting
Slightly active setting
Tectonically active setting
Slightly active

O 00 N N R W N~

Slightly active setting
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1978; Wells et al. 1988). The latter approach has been
adopted in this study since it is widely used and is more
suitable to the present study area. Intersection with
cross-cutting drainages large in scale relative to the
front, abrupt deflections in mountain front orientation,
abrupt changes in lithology and changes in the main
geomorphic characteristics of a mountain front relative
to adjacent front segments such as relief, steepness, or
dissection (Wells et al. 1988). In the study area, Smf
values were computed from the front 1 and front 2. The
Lmf and Ls values were calculated front 1 to front 9
(Table 8). The first mountain front (Front 1, segments
1-5) is about 6.97 km and taken near Warjadi and Son-
apur villages. Segments first and second have slightly
active setting, segments third and fifth shows tectoni-
cally active setting, while segment fourth shows slightly
active settings (Table 8). The second front (front 2, seg-
ments 6-9) is 12.26 km, which was taken for analysis
near Rajura, Kapangoan and Somtana village. Segment
number six is slightly active, while segments seven and
eight are inactive in nature, and segment nine is slightly
active (Table 8).

Filed evidences of tectonic activity

The rock strata in the study area are mainly character-
ised by Vindhyan sedimentary formations of Talchir and
Barakar and Lower Gondwana sedimentary formations of
Kamthi and Quaternary alluvium as observed in the field
along the Wardha River. The Sandstones in the region
are fractured and jointed near Sasti and Rajura village
(Fig. 6a, b). During the field survey, many significant
meandering patterns were observed along the Wardha
River (Fig. 6¢c, d.) There meandering patterns might be
developed due to the tectonic upliftment, and it indi-
cates the active tectonics in the study area. River terraces
formed by lateral erosion of main stream as an eroded
floodplain generally separated from the new floodplain
by a steep-slope. This might have formed when verti-
cal erosion occurs in a floodplain that was previously
being formed by the normal condition of deposition and
lateral erosion. The height and internal composition of
river terraces contributes significantly to understand the
geological history of the river course and the climatic
evolution of the region as they affected by the rainfall,
flood patterns and the geomorphological process of river
terraces. In study area, well developed river terraces were
observed along the Wardha River near the Sasti village

and Rajura village (Fig. 6e, f). Triangular facets can be
significantly seen on satellite image, which are generally
formed by the erosion of fault bounded small mountain
ranges. Triangular facets are most prominent geomorphic
features frequently observed on active normal fault scarps
and fault line scarp and also observed in regions of active
extension such as the sub-basin and range (Cotton 1950;
Wallace 1978). Balogun et al. 2011 suggested that trian-
gular facet development has facet size and slope exhibit
a strong linear dependency on fault slip rate. Triangular
facets in the study area have been observed near Sonapur
village. These might have developed due to the tectonic
activity in the study area (Fig. 6g, h).

Conclusions

The study clearly demonstrates the potential of morpho-
metric indices derived from remote sensing, GIS and
field studies, which gave ample inferences of tectonic evi-
dences in the study area. The sixty-nine segments were
studied for the tectonic study and out of which, forty-
four channel shows sinuous course, and sixteen segments
show meandering course, and remaining segments show
straight course, which is less than 1.0. The WS-I, WS-II
and WS-III shows AF value as 73.44, 56.77, and 50.96,
respectively, which clearly inferred that the basin has tilt.
The analysis of T values of thirty-six segments of three
watersheds shows that the value ranges from 0.01 to 0.82,
which clearly suggested that the watersheds are asymmet-
ric in nature. The Re values of WS-I and WS-III shows
the value of 0.63 and 0.56, respectively, which inferred
slightly active setting, and WS-II gives the value 0.43,
which is less than 0.50 and show tectonically active set-
ting. The Smf values of two fronts shows that the value
of two segment has 5.0 and 6.6, which is greater than 3;
hence, they show inactive setting and the five segment
shows the Smf value between 1.4 and 3 and show slightly
active in nature. The remaining segments show the Smf
value of smaller than 1.4, which suggests that they are
tectonically active in nature. The Bs value of three water-
sheds found to be high, and it indicates elongated basin
and tectonically active in nature. The longitudinal and
topographic river profiles shows linear to exponential
model, which implies less concavity in their profiles; thus,
it evidences of disturbances in the course of the rivers and
implications of recent tectonic movements as evidenced
through morphotectonic parameters.
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«Fig.6 Filed evidences of tectonic activity a Fractured Kamthi Sand-
stone and b jointed Kamthi Sandstone along Wardha River near Sasti
and Rajura village ¢ meandering of Wardha as shown on Google
image d observation of meandering of Wardha River near Sasti vil-
lage e observation of river terraces along Wardha River near Rajura
village f river terraces observed on Google image g observation of
triangular facets near Sonapur village h of triangular facets on Google
image and i and j Evidences of alluvium deposition and sudden
change in lithology near Rajura village, respectively
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