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Abstract
Udaipur is located in the southern front of NE-SWoriented Aravalli hills. The area is dissected by several active fault/lineaments.
To access the tectonic scenario, we have used a widely used conventional geomorphic indices such as stream length-gradient
index (SL), asymmetry factor (Af), basin shape (Bs), valley floor width to valley height ratio (Vf), mountain front sinuosity
(Smf), hypsometric integral (Hi), hypsometric curve, and transverse topographic symmetry factor (T) to analyze relative index of
active tectonics (RIAT) of the Ahar watershed. Results of these geomorphic indices of each sub-watersheds are used to divide
area from low to high tectonic activity classes. The results of relative index of active tectonic (RIAT) distribution pattern shows
that the sub-watershed UDSW2, 3, and 4 is tectonically relatively more tectonically active than the other parts of the study area.
The estimated results of RIAT distribution are well supported by the geomorphic evidences. The combined results of geomorphic
evidences such as stream deflection and analysis of lineament and geomorphic indices reveal that the Ahar watershed of Udaipur
district is most affected by tectonic activity.
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Introduction

Tectonic geomorphology is one of the emergent disciplines in
geosciences due to the advent of novel geomorphological,
geodetic, and geochronological tools which aid the acquisition
of rates (uplift rates, incision rates, erosion rates, slip rates on
faults, etc.) at variable timescales (103–106 years) (Burbank
and Anderson 2001; Azor and Keller 2002; Bull 2007, Ali and
Ali 2018; Whipple et al. 2013; Whittaker 2012; Kothyari
2015; Kothyari et al. 2016a). This discipline is important be-
cause the results of regional studies on neotectonics are sig-
nificant for evaluating natural hazards, land use development,
and management in populated areas (Pedrera et al. 2009; Joshi

et al. 2013; Dubey et al. 2017). The study of geomorphology,
structural geology, stratigraphy, geochronology, seismology,
and geodesy may assist in understanding the landscape evo-
lution and recognize active tectonic movements (Riquelmea
et al. 2003; Malik and Mohanty 2007; Bathrellos et al. 2009;
Kamberis et al. 2012; Kothyari et al. 2016a). Tectonically
active region influenced on drainage pattern, basin asymme-
try, stream deflection, river incision (Cox 1994). The geomor-
phic indices are important indicators capable of decoding
landform responses to active deformation processes and have
been widely used as a reconnaissance tool to differentiate
zones deformed by active tectonics (Keller and Pinter 1996;
Chen et al. 2003). The quantitative measurements of land-
forms are accomplished on the basis of calculation of geomor-
phic indices by the use of topography maps, digital elevation
model satellite images, aerial photographs, and field works
(Schum 1977;Toudeshki and Arian 2011;Ahmad and Bhat
2013; Ikbal and Ali 2017; Ikbal et al. 2017).

Geomorphic indices of active tectonics have been developed
as basic reconnaissance tools to recognize areas experiencing
rapid tectonic deformation (Bull andMcFadden 1977). The quan-
titative measurement of landscape is based on the calculation of
geomorphic indices using different data sources. These
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geomorphic indices at regional scale provide basic reconnais-
sance tools to identify tectonically active regions (Keller 1986),
their susceptibility to tectonic deformation, and level of tectonic
activity (Keller and Pinter 1996; Demoulin 1998). Geomorphic
indices of active tectonics are known to be helpful in assessing
active tectonics (Bull and McFadden 1977; Keller and Pinter
1996; Azor and Keller 2002; Silva et al. 2003; Molin et al.
2004; Gaidzik and Ramírez-Herrera 2017) and are computed in
the present study. Intra-continental deformation within Indian
plate took place due to collision between Indian and Eurasian
plate (Bhu et al. 2014). Release of strain alongmajor faults within
stable craton is responsible for intra-continental deformation (Roy
and Jakhar 2002). Bhu et al. (2014) havemarked the epicenters of
low magnitude (˂ 5) which are located on the Precambrian line-
aments as well as NW-SE striking younger lineaments reveals the
rejuvenation of Precambrian lineament and younger lineament
due to neotectonic activity. The Global Positioning System
(GPS) measurements of 2007–2011 suggest that the Udaipur
block moves at a rate of about 49 mm/year towards northeast
(Bhu et al. 2014), also indicating tectonically active area. The
study area is located in the northern part of Udaipur district of
Rajasthan (Fig. 1a). Udaipur city is a world famous tourist place.
Various historical monuments are seen there. The tourism has a
great influence on economy of that area. To attract tourists, the
area should be developed, and for the development, it is necessary
to study about neotectonic activity of the particular area. Themain
Ahar river passes through this region therefore morphotectonic
study of Ahar watershed has been attempted. Each of the follow-
ing six geomorphic indices include basin asymmetry factor (Af),
basin shape index (Bs), hypsometric integral (Hi) and curve, the
stream length-gradient index (SL), mountain-front sinuosity

(Smf), and valley floor width to valley height ratio (Vf) were
applied to assess the relative tectonic activity.

Generalized geology and tectonics

The study area consists of Precambrian rocks of Aravalli
Supergroup. A thick deposits of quaternary sediments also ob-
served along major river valleys of the eastern and southern
Rajasthan (Roy and Jakhar 2002). The Banded Gneissic
Complex of Precambrian age is considered as the basement over
which Proterozoic rock (Aravalli and Delhi Supergroup) were
deposited (Heron 1936). The oldest formation exposed in the
area belongs to Bhilwara Supergroup (Banded Gneissic
Complex) of Arachean age. The younger formations of
Aravalli Supergroup and Delhi Supergroup of Proterozoic age
is found in the western side of the study area. Aravalli
Supergroup consists of Debari group, Udaipur group, Bari lake
group, and Jharol group (Ali et al. 2017). Lithologically
metavolcanics, conglomerate, dolomite, phyllite, quartzite, mica
schist are present in Debari group whereas Udaipur group is
composed of phyllite, metagreywacke, metaconglomerate, and
quartzite (Ikbal 2018). Bari lake group, overlain by Udaipur
group, is composed of pebbly arkose, quartzi te,
metaconglomerate, dolomite, and Jharol group which is overlain
by Bari lake group composed of quartzite, phyllite, chlorite
schist, and mica schist (Ikbal 2018).

This region was an active zone of sedimentation, distinct
tectonism, and repetitive magmatism during the end of
Mesozoic (Bakliwal and Ramasamy 1987). Bhilwara belt and
the Udaipur-Jharol belt are twomajor adjoining belts situated in

Fig. 1 (a) Location map of the study area, (b) elevation map
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Aravalli Supergroup. The Udaipur-Jharol belt is exposed as an
inverted “V”-shaped area with tapering end near Nathdwara.
Rakhabdev lineament, which divide this belt, symmetrically
trends N-S. The major lineaments which passes through the
area are (I) Udaipur-Sandarpur lineament forming the contact
between Debari and Udaipur group of rocks, trending NW-SE
(Bakliwal and Ramasamy 1987), (II) Rakhabdev lineament,
trending N-S intersect older and younger sequence of Aravalli
Supergroup, indicating its reactivation during Proterozoic and
Cenozoic age(Bakliwal and Ramasamy 1987), (III) Chambal-
Jamnagar lineament trending NE-SW, crosscut Rakhabdev lin-
eament (Bakliwal and Ramasamy 1987), and (IV) Darwal to
Jogiwan lineament traverses parallel to Rakhabdev lineament
through eastern contact of Balicha formation of Udaipur group,
and morphotectonically it is defined by the angular discordance
in the structural t rends on the two sides of the
lineament(Saifuddin 2000). Geological map with faults and
major lineaments are shown in Fig. 2.

Geomorphology

According to the report of CGWB (201403), the geomorphol-
ogy of Ahar watershed is divided into four geomorphic units

such as structural hill, pediment, buried pediment, and valley
fill. The report gave detail information about the above geo-
morphic units. Structural hills are found in the western part of
the study area. Linear to arcuate hills is showing definite trend
lines with varying lithology associated with faulting and fold-
ing. Valley fill is formed due to fluvial activity found at lower
topographic location (in between structural hills) composed of
boulders, cobbles, pebbles, gravels, sand, silt, and clay. The
unit has consolidated sediment deposit. Pediment and buried
pediment are denudational origin found southwest and eastern
part of the study area and scattered in entire Udaipur district.
Pediment is broad gently sloping rock flooring, erosional sur-
face, comprising varied lithology, whereas buried pediment
covers essentially with relatively thicker alluvial, colluvial
weathered material.

Methodology

Remote sensing and GIS are valuable tools and used world-
wide to understand terrain characteristics in terms of geomor-
phology, tectonics, structural study, and so on. Field study of
large area is difficult. However remote sensing and GIS make

Fig. 2 Geological map of the study area (Geological Survey of India), (I) Rakhabdev lineament, (II) Udaipur-Sandarpur lineament, (III) Chambal-
Jamnagar lineament, (IV) Darwal-Jogiwan lineament
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it possible and save time. Stream network and watershed
boundary was delineated using SRTM (30 m) under GIS en-
vironment. For extracting drainage network, river has been
defined by applying river threshold number of 500 that is
the number of cells to start a river. Laplacian, sobel, false color
composite image were created by using Landsat ETM+
(2008), and shaded relief map was prepared by SRTM DEM
to recognize linear features. Satellite image has been proc-
essed for edge enhancement by ERDAS IMAGINE 14 soft-
ware to recognize linear geological features. Steep slope or
abrupt changes in slope of terrain is most likely a fault scarp
or active faulting although edges of plateau, stream banks,
road cuts, etc. provides steep slope. In comparison of two-
dimensional satellite data, using three-dimensional digital el-
evation model is easy to detect positive lineaments (topo-
graphic high) as well as negative lineaments (topographic
low). The geomorphic indices such as stream length gradient
index (SL), valley floor width to valley height ratio (Vf), hyp-
sometric integral (Hi), mountain front sinuosity (Smf), asym-
metry factor (Af), basin shape (Bs), and transverse topograph-
ic symmetry factor (T) (Table 1) were calculated using SRTM
DEM. SL value was calculated by given formula (Table 1)
where dH is difference of elevation between two points, dL
is the length of this stretch, and L is the total length of the
channel. The value of SL index over the study area was cal-
culated along the master stream of 10 sub-watersheds. The
values of maximum, minimum, and mean elevation are direct-
ly taken from DEM by arc GIS software. To check out the
accuracy of the values particularly mean elevation data point
sampling of more than 100 elevation values were collected
from every sub-watershed and computed by using DEM.
The value of Smf was computed by dividing Lmf (measured
the length of the mountain front along the foot of the moun-
tain) by Ls (the value of straight line length of that particular
front). Frontal side of the mountain with more than 800 m in
elevation and contour interval between top of the hill or moun-
tain and piedmont are more than 300 m and have been con-
sidered as mountain front to analyze mountain front sinuosity.
For the study of asymmetry factor (Af), Ar (area of the right
side of the master stream) and At (total area of the watershed)
was measured by Arc Map and to calculate these parameter,

looking downstream of master streams of every sub-
watershed was considered. As the value of width of sub-
watershed vary in place to place, so average value was taken
to calculate basin shape. A number of segments in each sub-
watershed have been considered to determine TTSF value,
and average value is taken to understand asymmetrical behav-
ior of sub-watershed. After calculating the above geomorphic
indices, every sub-watershed has been classified into three
classes based on the index value. Relative index of active
tectonics (RIAT) is obtained by the average of the different
classes of geomorphic indices (S/n) and divided into four clas-
ses according to their relative tectonic activity. Stream deflec-
tion parameter, lineament map, and field evidences were used
to support the result come from the analysis of above geomor-
phic indices.

Results and discussion

Analysis of geomorphic indices

Stream length gradient index (SL)

Relative tectonic activity of an area can be appraised by using
SL index. Deviation from this stable river profile may be in-
duced by tectonic, lithological, and/or climatic factors (Hack
1973). Soft rocks comprising high SL values is the indicators
of recent tectonic activity, but low values of SL in the area
encompasses strike slip faults and streams are flowing through
it may also represent tectonically active (Keller and Pinter
1996; Mahmood and Gloaguen 2012). Rocks of consistent
resistance showing high value of stream length gradient index
or fluctuation of SL values indicates the area is tectonically
active (Keller 1986). The SL values were classified into three
classes, where SL values more than 600 falls in class 1, SL
value in between 300 and 600 fall in class 2, and in class 3, the
values of SL is less than 300 (El Hamdouni et al. 2008).

The average value of all the sub-watersheds are below 300
and fall in class 3 (Table 2). Relative study shows that sub-
watershed UDSW2, UDSW3, and UDSW4 shows relatively
higher SL value, i.e., more than 200, followed byUDSW5 and

Table 1 Formula of different geomorphic indices

Parameter Formula References

Stream length gradient index (SL) SL = (dH/dL)*L Hack 1973

Ratio of valley floor to valley height (Vf) Vf = 2Vfw/ [(Eld – Esc) + (Erd – Esc)] Bull 1977, 1978

Hypsometry integral (HI) HI = (Elev mean – Elev min)/(Elev max – Elev min) Pike and Wilson 1971

Mountain front sinuosity (Smf) Smf = Lmf/Ls Bull and McFadden 1977

Asymmetry factor AF = (Ar/At) × 100 Hare and Gardner 1985

Basin shape (Bs) Bs = Bl/Bw Bull and McFadden 1977

Transverse topographic symmetry factor (T) T = Da/Dd Cox 1994
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UDSW8which are relatively moderate SL value and the value
ranges between 100 and 200, remaining sub-watersheds show
low SL value, i.e., less than 100 (Fig. 5a). The relative value
indicates that northern and western part of the Ahar watershed
shows relatively high and moderate tectonically active respec-
tively. Eastern, southern, and central part is relatively tecton-
ically less active. Places were marked where SL value rela-
tively high and this high value may be due tectonically
uplifted or diverse erosion (Fig. 3).

Ratio of valley floor width to valley height (Vf)

The Vf index reflects the difference between V-shaped valleys
that are down cut in response to active uplift (low values of
Vf) and broad-floored valleys that are eroding laterally into
adjacent hill slopes in response to base-level stability (high
values of Vf) (Bull 1978). Deep V-shaped valleys (Vf < 1)
are connected with linear, active downcutting streams distinc-
tive of areas subjected to active uplift, while flat floored (U-
shaped) valleys (Vf > 1) show an attainment of the base level
of erosion mainly in response to relative tectonic quiescence
(Keller 1986).

Different researcher classified Vf index with different
values (El Hamdouni et al. 2008; Mahmood and Gloaguen
2012). Master stream of sub-watersheds were used to calcu-
late the Vf values of the study area. In this study area, Vf index
is classified as Class 1 (Vf < 0.5), Class 2 (0.5 ≤Vf < 1), and
Class 3 (Vf ≥ 1) (El Hamdouni et al. 2008). Although the
average Vf value of all the sub-watersheds in the study area
is more than 1 falling Class 3 indicating flat-floored U-shaped
valley (Table 2), but in some places mainly along the linea-
ments, faults and mountainous region where Vf value is less
than 1 indicating “V”-shaped valley.

Hypsometric curve and hypsometric integral (HI)

Hypsometric curve is the area-altitude relation that can be
described as a proportion of area above each proportion in
elevation. The hypsometric integral (HI) describes the relative
distribution of elevation in a given area of a landscape partic-
ularly a drainage basin. The study of hypsometric curves as
well as HI values provides an important information about
tectonic behavior of the watershed along with erosional stage
of the watershed (Moglen and Bras 1995; Willgoose 1998;
Huang and Niemann 2006; Aldharab et al. 2018a, b).
Convex-up curves having high value of HI are representing
youthful stage, smooth s-shaped curves crossing the center of
the diagram characterize mature stage, and concave-up with
low HI values are indicator of old stage (Strahler 1952).
Figure 4 shows the hypsometric curves of every sub-
watersheds.

The value of HI index always ranges between 0 and 1 which
is computed in number. On the basis of values and in respect of

convexity and concavity of hypsometric curves, hypsometric
integral can be classified into three classes such as class 1
(HI > 0.5) shows convex hypsometric curve, class 2
(0.4 ˂ HI < 0.5) shows concavo-convex or straight curve, and
class 3 (HI < 0.4) having the curve of concave shape. Generally
high values of hypsometric integral show convex hypsometric
curve, and low values are responsible for concave curve.
Hypsometric integral is convex in the lower portion, or low
elevated area may relate to uplift along a fault or perhaps uplift
associated with recent folding (El Hamdouni et al. 2008). High
values of the index are possibly related to young active tectonic,
and low values are related to older landscapes that have been
more eroded and less impacted by recent active tectonics. The
HI value in the Ahar watershed ranges from 0.165 (UDSW9) to
0.461 (UDSW4) (Table 2). Based on hypsometric integral, sub-
watershed has been classified into three classes (Fig. 5b).
UDSW2, 3, 4, and 8 shows convex upward curve with high
hypsometric integral value and the value ranges from 0.38 to
0.46 indicates active uplift and high river incision, whereas the
remaining parts of the study area shows concave upward and
low hypsometric integral.

Mountain front sinuosity (Smf)

Smf value can be computed through topographic map or aerial
photography or satellite imagery and the obtain value depends
on the scale of the map. Small-scale map produces approxi-
mate values of Smf, while large-scale topographic map and
aerial photography have higher resolution and are more ap-
propriate for assessment of Smf (El Hamdouni et al. 2008).
Mountain front sinuosity is defined as the ratio of the length of
the mountain front along the foot of the mountain to the
straight line length of that front (Bull 2007; Mahmood and
Gloaguen 2012). The balance between erosion that tends to
produce asymmetrical or sinuous fronts and tectonic forces
that tend to create a straight mountain front coincident with
an active range – bounding fault is presented by the above
mentioned index. On the basis of tectonically activeness,
some researchers have classified this value with three classes.
Some studies have proposed that Smf values lower than 1.4
are indicative of tectonically active fronts (Burbank and
Anderson 2001; Rockwell et al. 1985; Keller 1986). The
Smf values are classified into three classes; class 1 in which
Smf < 1.1, class 2 in which 1.1 ≤ Smf < 1.5, and class 3 when
Smf ≥ 1.5 (El Hamdouni et al. 2008). In the study area, Smf
value lies between 1.08 and 2.73; here sub-watershed wise
Smf value was consider. Instead of 1.08 of Smf value in
UDSW2 which is very tectonically active and fall in class 1
(El Hamdouni et al. 2008), but UDSW2 has two mountain
front and the average value is 1.11 (Table. 2) and this sub
watershed fall in class 2. Mountain front sinuosity of
UDSW1 and UDSW6 fall in class 3 indicates less active tec-
tonic and UDSW 2, UDSW3, UDSW4, UDSW5, UDSW7
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,and UDSW10 shows tectonically moderately active (Table 2
and Fig. 5c). The Smf value of mountain front located lower
most part of the sub-watershed UDSW10 is 1.05, and this low
value is because this front is align along fault trace.

Asymmetry factor (Af)

Tectonic tilting with direction of tilting of drainage basin can
be evaluated by the analysis of Asymmetry factor at the scale
of drainage basin (Siddiqui 2014; Kele et al. 2014). Af signif-
icantly greater or smaller than 50 shows influence of either
active tectonics or lithologic structural control or differential
erosion, as for example, the stream slipping down bedding
plains over time (Elias 2015). Inclination of schistocity or
bedding allows for preferred migration of the valley in the
down-dip direction, producing an asymmetric valley (El
Hamdouni et al. 2008). The values of this index are divided
into three categories. 1 (Aƒ < 35 or Aƒ ≥ 65), 2 (57 ≤Af < 65)
or (35 ≤Aƒ < 43), and 3 (43 ≤Aƒ < 57) (Elias 2015). Af value
in the study area ranges from 36.93 (UDSW4) to 59.59
(UDSW2) (Table 2). Sub-watersheds UDSW2, UDSW3,
UDSW4, and UDSW7 fall in class 2 and the Af values of
these sub watersheds indicate moderate tilting in this area
whereas the remaining areas fall in class 3 and show very
slight tilting or no tilting. Af value more than 55 and less than
45 are consider as asymmetrical basin, while the value of Af in
between 45 and 55 are considered as symmetric of the basin
(Çağlar Özkaymak 2015).

In order to express the direction of tilting, we subtracted the
AF value from 50. The AF-50 value is the difference between

the AF value and tectonically neutral value of 50. After
subtracting some negative and few positive values have come
which indicated the direction of tilting. The positive value
shows left side tilting-looking downstream, and negative val-
ue shows right side tilting-looking downstream. UDSW3, 4,
7, and 10 has the value of AF-50 is − 7.17, − 13.07, − 8.43,
and − 5.82 respectively showing left side tilting, whereas
UDSW2 has the value of 9.59 showing right side tilting
(Fig. 5d). The value within + 5 and − 5 is considered the area
that has suffered very less tilting or no tilting. Tectonic tilting
of UDSW3 and UDSW4 are west to southwest direction,
UDSW7 and UDSW10 towards southern direction, and
UDSW2 and UDSW1 are towards northeastern and east di-
rection, respectively.

Basin shape (Bs)

Drainage basins with elongated in shape indicate relatively
young in nature in active tectonic areas. With continued evo-
lution or less active tectonic processes, the elongated shape
tends to evolve to a more circular shape (Bull and McFadden
1977). Bs index can be classified as Class 1 (Bs ≥ 4), Class 2
(3 ≤Bs ≤ 4), and class 3 (Bs ≤ 3) (Elias 2015) (Fig 5e). High
values of Bs are associated with elongated basins, generally
associated with relatively higher tectonic activity and Low
values of Bs indicate a more circular-shaped basin, generally
associated with low tectonic activity (El Hamdouni et al.
2008).

Bs value ranges from 1.51 (UDSW1) to 4.71 (UDSW2)
(Table 2). UDSW2, UDSW4, and UDSW9 have Bs index is

Table 2 Sub-watershed wise SL value with class

Sub-watershed SL Vf HI Smf Avg. Smf AF AF-50 Bs TTSF

UDSW1 78.67 1.5 0.27567568 2.73 2.03 54.38 4.38 1.51 0.18

1.33

UDSW2 232.6 1.92 0.4054878 1.14 1.11 59.59 9.59 4.07 0.42

1.08

UDSW3 232.54 1.90 0.44932432 1.44 42.83 − 7.17 3.07 0.41

UDSW4 238.81 1.68 0.46101695 1.42 36.93 − 13.07 4.71 0.47

UDSW5 132.19 1.74 0.336 1.19 49.16 − 0.84 1.95 0.47

UDSW6 27.52 0.17280453 1.60 1.65 51.78 1.78 1.95 0.32

1.82

1.45

1.48

1.90

UDSW7 77.96 3.77 0.2887538 1.25 41.57 −8.43 1.98 0.18

UDSW8 108.61 1.63 0.38321995 50.97 0.97 2.01 0.32

UDSW9 46.69 3.79 0.16519174 52.35 2.35 4.09 0.05

UDSW10 88.06 1.81 0.28162291 1.45 1.25 44.18 −5.82 1.67 0.41

1.05
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just above 4 which reveals the watersheds is elongated in
nature and tectonically highly active. Bs index of UDSW3 is
just above 3 and falls in class 2 indicates elongated to sub-
elongated in nature and tectonically moderately active.
Remaining part of the study area has Bs value less than 3 or
it can be say more or less close to 2, which indicates these sub
watersheds show more circular in nature and tectonically less
active region.

Transverse topographic symmetry factor (TTSF)

Neotectonic activity of an area can be identified by the study
of drainage basin asymmetry although the active structures are
poorly exposed or covered by quaternary alluvium (Cox et al.
2001). If there is no tectonic activity occurs, then the main
river will flow evenly from both sides as a perfect symmetric
basin, and the value of TTSF will be zero. The TTSF value
varies from 0 to 1 depending upon the intensity of the tectonic
activity. Values near to 1.0 indicate that the river flows closely

to the margins of the basin, a result probably produced by
intensive and recent tectonic activity. Values of TTSF were
calculated to assess the migration of streams perpendicular
to the drainage basin axis (Keller and Pinter 1996).

The value of TTSF for all the sub-watersheds is determined,
and the results are presented in Table 2. Position of the TTSF
value which has been calculated is also shown (Fig. 5f). TTSF
value ranges from 0.05 (almost symmetry) to 0.47 (asymme-
try). Transverse topographic symmetry factor can be classified
into three classes such as class 1 for TTSF > 0.4, class 2 for T
between 0.2 and 0.4, and class 3 for TTSF < 0.2 ([42]). Sub-
watersheds UDSW2, 3, 4, 5, and 10, situated western part of
the study area, have T value more than 0.4 (Fig. 5f) showing
asymmetry in nature indicates these areas are classified as tec-
tonically active. UDSW7 and UDSW8 of the western part of
the study area has TTSF value 0.18 (class 3) and 0.32 (class 2),
respectively, indicating tectonically less active and moderately
active. UDSW6 falls in class 2 with TTSF value 0.32, and
TTSF value of UDSW1 has 0.18 and falls in class 3.

Fig. 3 Graph showing SL index with respect to stream profile and the exact position of anomalies area
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Stream deflection

Sudden change of stream flow direction is stream anomaly
that occurs due to tectonic structural elements such as fault
or fold or may be due to lithological change. Thus stream
network analysis is a fundamental tool in tectonic geomor-
phology (Deffontaines and Chorowich 1991; Malik and
Nakata 2003; Matsuda 1975; Matsuda 1966). Defflection of
stream course occurs when it crosses through fault zone be-
cause the variation of erosion took place in fault zone.

Encircled areas are showing anomalies, i.e., deflection of
the flow direction of stream course (Fig. 6b). In the encircled
area of sub-watershed UDSW10 at intersection with fault,
stream course changed its direction from SE to NE with angle
of 85o. In the area A3 and A4, the stream flows towards NNE
and suddenly changed its direction towards NE and towards
east making angle 65o and 70o, respectively. At point
encircled, A1 stream changed its direction from SE to east
with an angle 67o. In the area A2, stream flow towards south
parallel to mountain front and changed its direction and sud-
denly changed its direction with 120o and moves towards NE
along the Chambal-Jamnagar lineament. Interestingly 3.8 Km
apart from the point of deflection towards NE (same direction
of the stream after changed its direction), there is a fault and
the trend of the fault is NE-SW. Encircled A2 and A3 shows

after deflection that the streammoves towards NE and making
nearly linear or curvilinear with the fault.

Lineament

Lineament mapping is a valuable component to understand
the tectonic behavior of the area (Kassou et al. 2012).
Dominant lineament direction can give the idea about the
regional fracture pattern of an area (McElfresh et al. 2002;
Casas et al. 2000; Aldharab et al. 2018a, b). Linear geolog-
ical structures of seismogenic compressional setting were
identified through false color composite (FCC), edge en-
hancement filters, and DEM-derived product to understand
tectonic behavior of the area and evaluate the compressional
direction (Ali and Ali 2017). The high-density lineament was
observed towards western side of the area (Fig. 7a). Rose
diagram shows the orientation of lineament distribution of
the area (Fig. 7b). The main direction is N-S followed by
NE-SW and NW-SE. Small amount of E-W direction is also
present. The lineament map also indicates that the present
day stream network is influenced by the lineament direction
(Fig. 7c).

Dassarma (1988) assumed clockwise rotation of Aravalli
orographic axis. According to Roy and Jakhar (2002), rota-
tional movement during neotectonic transverse to the Aravalli

Fig. 4 Sub-watershed wise hypsometric curve, where h/H is the relative height and a/A is the relative area
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orographic axis between the Sambhar lake and the Kantli river
where a series of N-S, NW-SE, and NE-SW faults intersects
each other and a number of saline lake including Sambhar and
Jinmata have been formed due to the development of marginal
depression in the eastern fringes by the help of those rotational
process. Near Jaipur, a large-scale conjugate fault set with
strike of NE-SW and NW-SE, caused rotation and tilting of
rock units besides considerable strike slip movement, indi-
cates their displacement caused by recent north-south-
directed maximum stress (Das 1988), and this stress devel-
oped due to the movement of Udaipur block towards north-

east direction at the rate of 49 mm per year (Bhu et al. 2014).
Ghosh et al. (1991) demonstrated post-Neogene reactivation
of earlier strike slip faults based on the presence of a set of
regularly spacedWSW-ENE trending cross fractures affecting
the quaternary deposits and the basement rocks in the central
part of Aravalli mountain. These fractures along with another
set of SSE-NNW strike slip faults are responsible for the de-
velopment of push-up swells and grabens as two major
morphotectonic features. Bundelkhand wedge penetrate the
Aravalli orogen from the east and Great Boundary Fault
(GBF) representing a major dislocation zone in eastern

Fig. 5 Classification based on different geomorphic indices (a) SL index, (b) HI index, (c) Smf, (d) AF, (e) Bs, and (f) T
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Rajasthan. Rejuvenation of older NW-SE and NE-SW faults
and formation of E-W grabens are the results of N-S

compressive stress which were generated by Neogene inden-
tation process (Sinha-Roy 1986).

Fig. 6 (a) Relative tectonic activity, (b) stream deflection

Fig. 7 Lineament map (a) density of lineament, (b) rose diagram shows orientation of lineament, and (c) lineament map with master stream network
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Geomorphic response of active tectonics

Abundant evidence of vertical displacement and rock defor-
mations observed here, but interpretation of active tectonic is
difficult due to lack of absolute date of displacement. Mainly
Archean and Proterozoic rocks covered the whole area, but
quaternary and recent alluvium overlies in isolated patches,
along river courses and in the shallow depressions (CGWB
report, 2013). A major crack of NW-SE orientation has been
found in the field but did not identify the movement (Fig. 8a).
In zoom in position of that figure, no vegetation and truncated

roots are observed along the crack indicates that the crack has
been developed recently after plantation. Abrupt deflection of
river channel of nearly right angle (Fig. 8b) flowing from
SSW to east on phyllitic rock, straight river course (Fig. 9a)
of Kotra Nadi flowing towards east, displacement and move-
ment of lineament (Fig. 9c), and straight mountain front (Fig.
9d) are some evidences that express as active tectonic.
Figure 9b shows straight river course following NE-SW
Chambal-Jamnagar lineament. At the position of yellow cir-
cle, the rock is composed of phyllite and schist of Jharol
group, and the river got high meandering where N-S trending

Fig. 8 Field evidences of active tectonics
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lineament crosscut the Chambal-Jamnagar lineament. The
western part of the study area is more elevated as compared
to eastern side (Fig. 1b).

Discussion

Conventional morphometric analyses of an area in Kachchh
bounded by North Wagad Fault (NWF) and the Gedi fault
(GF) zones suggested that the past and current seismicity is
associated with both the NWF and GF (Bhattacharya et al.
2013). Identification of a number of active fault was done on
the basis of filed (both geological and geophysical) investiga-
tion and satellite photo interpretation, which suggested im-
prints of Holocene to post-Tertiary tectonic activity along fault
(Mathew et al. 2006; Patidar et al. 2008; Rajendran et al. 2008;
Maurya et al. 2013; Chowksey et al. 2011; Bhattacharya et al.
2013; Kothyari et al. 2016a, b, c). Sareen et al. (1993) worked
on Sabarmati river and showed that the flow has deviated from
the regional slope due to middle to late quaternary
neotectonism. GPS study (2009–2015) in Kachchh reveals
that very low amount of intraplate deformation mainly hap-
pened in weak zone where earthquake may trigger due to
combination of local and regional stress (Dumka et al.

2019). The movement of Udaipur block has already measured
by Bhu et al. (2014), suggesting the present study area is
tectonically active. Geomorphic indices were used to assess
relative index of active tectonics (RIAT) along E-W-trending
Kachchh Mainland Fault (KMF), which suggest that the cen-
tral and eastern segment of KMF are tectonically more active
as compare to western segment (Prizomwala et al. 2016).
Evaluation of neotectonic activity along 100-Km long ENE-
WSW-trending Narmada-Son Fault (NSF) has been done
based on geomorphic indices and DEM analysis, where the
study area was divided into four morphotectonic segments
(segment I to IV) whereas segment II has undergone the
highest intensity of neotectonic activity (Joshi et al. 2013).
Morphometric analysis of Madhumati watershed was done
with the help of various geomorphic parameters and suggested
that the area is tectonically active (Bali et al. 2016).

WNW-ESE and NE-SW lineament are more persistent
pairs of lineaments that developed in Rajasthan and Gujarat,
originated later than early-middle Jurassic and have maximum
control in the evolution of quaternary landforms (Bhu et al.
2014; Roy and Jakhar 2002). This ancient and neo-
tectonically active lineament has a great importance of seismic
activity. Epicenter of these earthquake located on both the

Fig. 9 Field evidences of active tectonics
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Precambrian lineament and NW-SE trending quaternary line-
ament due to the Indian plate collision which suggests intra-
plate deformation in the Aravalli craton (Bhu et al. 2014).

In this present paper, various geomorphic indices were used
to understand the relative tectonic activity of the area. Based on
the average value of SL and Vf, all the sub-watersheds fall in
class 3 indicates the whole area is tectonically less active or
stable, but in some places, highly fluctuation of river gradient
(even some places SL value more than 1000) and “V” shape
valley (sometime Vf is less than 0.5) are the imprints of
neotectonism mainly observed in the western part of the study
area. UDSW 2, 3, 4, and 8 shows convex upward hypsometric
curve along with high hypsometric integral indicates active
upliftment in the northwestern and small portion of western part
of the study area. Smf value of individual mountain front shows
that few mountain front belonging to UDSW 2, 5, and 10 are
straight (low Smf value) indicates the area is relatively more
active. The AF and TTSF value shows that the northwestern
part and the western part of the study area are affected by river
migration and tectonic tilting. After combination of all the geo-
morphic parameters, the relative index of active tectonics sug-
gests that the northwestern flank of the study area is tectonically
moderately active whereas the remaining part of the area is
considered as partially stable. Lineament study, stream deflec-
tion along with some field evidences also supports the results of
above geomorphic indices.

Discussion of relative tectonic activity (RIAT)

Several studies explained relative tectonic activity of moun-
tain front by using only two geomorphic index (Smf and Vf).
The Vf values are plotted with the Smf values on the same
diagram in order to produce a relative degree of tectonic ac-
tivity and recognition of three different classes by describing
“active front” having Smf and Vf value is less than 1.6 and
less than 0.5, respectively (Bull and McFadden 1977; Silva
et al. 2003). Aravalli is an example ofmountain under erosion.
Geomorphic indices such as SL,Vf, Smf, HI, Af, Bs, and T

has been applied to evaluate RIAT. Every geomorphic index
has been classified into three classes in which class 1 and class
3 represents high and low tectonically active respectively.
Relative index of active tectonics (RIAT) is obtained by the
average of the different classes of geomorphic indices (S/n)
and classified into four classes, where class 1 is very high
tectonic activity with values of S/n between 1 and 1.5; class
2 is high tectonic activity with values of 1.5 ≤ S/n ˂ 2; class 3
is moderately active tectonics with 2 ≤ S/n < 2.5; and class 4 is
low active tectonics with values of S/n ≥ 2.5 (El Hamdouni
et al. 2008).

The RIAT values are summarized in Table 3. On the basis
of RIAT index, sub-watersheds UDSW2, UDSW3, and
UDSW4, occupying 20.56% of the total area, are fall in class
3, which reveals that northwestern part of the study area shows
moderately tectonic activity, whereas the rest of the study area,
i.e., 79.44% of the total area, where RIAT index is class 4,
considered as partially stable area (Fig. 6a).

Conclusion

& Based on calculated RIAT values nearly one third of the
area falls in class 3 indicate moderate tectonic activity,
found in northwestern part of the study area.

& High value of HI, Bs are observed, which can be attributed
to the presence of fault and fold in the area.

& Presence of prominent fault of tectonic origin, abrupt
change of stream direction, major crack, sudden river
meandering, straight mountain front, etc. corresponds to
the class 3 ,i.e., moderately active.

& The Smf value suggests that the mountain front of north-
western flank are tectonically active in nature.

& Vf value suggests low rate of incision associated with
tectonic uplift.

& The results of present study confirm the applicability of
RIAT calculation by using geomorphic indices for
assessing tectonic activity.

Table 3 Relative tectonic activity classification

Sub-watershed Area (Km2) SL Vf Smf Hi Af Bs T Iat = S/n Iat class

UDSW1 15.72 3 3 3 3 3 3 3 3 4

UDSW2 25.61 3 3 2 2 2 1 1 2 3

UDSW3 36.94 3 3 2 2 2 2 1 2.14 3

UDSW4 27.34 3 3 2 2 2 1 1 2 3

UDSW5 27.95 3 3 3 2 3 3 1 2.57 4

UDSW6 153.30 3 – 3 3 3 3 2 2.83 4

UDSW7 19.04 3 3 3 2 2 3 3 2.71 4

UDSW8 27.19 3 3 3 – 3 3 2 2.83 4

UDSW9 27.78 3 3 3 – 3 1 3 2.67 4

UDSW10 76.43 3 3 3 – 3 3 1 2.67 4
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