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In the present study, we assess seismic hazard potential and surface deformation pattern along and across
the strike of major active faults in the intra-plate Kachchh Rift Basin (KRB). Towards this, we adopted
river Gradient Length Anomaly (GLA) technique, which detects recent tectonic deformation along a river
proBle on local and regional scales. The major deviations along the river proBle can be correlated with
exogenic (erosion/sedimentation/anthropogenic) and endogenic (active tectonic movement) processes.
We analysed 130 river proBles for GL anomalies, over an area of *26,700 km2 in the KRB to identify
possible locations that have undergone active tectonic deformation associated with the fault movement.
The acquired results show that the higher magnitude negative GL anomalies (uplift) are observed
proximal to the fault zones. Our estimates reveal that, around 13% of the study area falls under high
tectonically active zone, around 27% of the area falls under moderately active zone, while 60% of the area
shows very low or negligible tectonic activity. The estimated results of the GL anomalies are compared
with the existing double-difference tomograms, to understand the role of subsurface fault dynamics on the
GL anomalies. Furthermore, the results of GLA are correlated with the existing results of the peak ground
acceleration (PGA) values of the basin, in order to obtain the precise information regarding surface
deformation and site-speciBc ground acceleration for accurate assessment of seismic hazard.
Keywords. Gradient length anomaly; seismic hazard; tectonic geomorphology; Kachchh; western India.

1. Introduction
The seismically active, E–W oriented intra-plate
Kachchh Rift Basin (KRB) in western India is
structurally bordered by Nagar Parkar Fault (NPF)
and the North Kathiawad Fault (NKF) (Biswas
1982, 2016; Bgure 1). The KRB formed during Late
Triassic to Early Jurassic with the rifting of Eastern

Gondwana land and started expanding from north
to south as the Indian plate drifted in anticlockwise
manner towards the Eurasian plate (Biswas
2005, 2016). The geometry of pre-existing antecedent normal faults was changed into strike-slip
faults with a divergent oblique-slip component
because of the horizontal shear stress (Biswas
2005, 2016). Some of these faults are Island Belt
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Figure 1. Seismo-tectonic map of the Kachchh Rift Basin (study area), showing the epicenters of significant earthquakes
(modiBed after Biswas 2005). The Wagad area lies between the SWF and GF. Locations: A (Anjar), B (Bhuj), Bh (Bhachau),
Br (Bharudia), Ch (Chitrod), D (Dholavira), De (Desalpar), L (Lakhpat), F (Fatehgadh), and MT (Meruda Takkar). Faults:
NKF (North Kathiyawad Fault), KHF (Katrol Hill Fault), VF (Vigodi Fault), KMF (Kachchh Mainland Fault), SWF (South
Wagad Fault), NWF (North Wagad Fault), GF (Gedi Fault), IBF (Island Belt Fault), ABF (Allah Bund Fault) and NPF
(Nagar Parkar Fault); Uplifts: KMU (Kachchh Mainland Uplift), PU (Pachham Uplift), KU (Khadir Uplift), BU (Bela Uplift),
CU (Chorar Uplift).

Fault (IBF), Gedi Fault (GF), North Wagad Fault
(NWF), South Wagad Fault (SWF), Kachchh
Mainland Fault (KMF) and Katrol Hill Fault
(KHF) (Biswas 2016). This reactivation during
post-rift inversion stage is responsible for tilting of
fault bounded blocks which resulted in the formation
of three sub-parallel uplifts, viz., the Island Belt
Uplift (IBU), the Kachchh Mainland Uplift (KMU),
and the Wagad Uplift (WU) (Biswas 2016).
The KRB is tectonically active region comprised
of complicated fault zones associated with several
extensional, compressional and strike-slip fault
structures creating a complex geometry (Biswas
2016). In such a complex zone, it is difBcult to
ascertain about the area that is undergoing active
tectonic deformation. Hence, an approach linking
the evaluation of several geomorphic indices/morphometric parameters is used (Strahler 1952; Hack
1973; Bull and McFadden 1977; Cox 1994). The
drainage pattern in active regions responds to the
growth of active folds and faults. Accelerated river
incision, oAset and diversion of channel (Cox 1994;
Jackson et al.1998; Clark et al. 2004; Salvany 2004;
Schoenbohm et al. 2004) studies indicate that the
river incision is primarily governed by tectonic
uplift, the landform modiBcation is caused by climatically governed stream piracy and base-level

lowering (Hancock and Anderson 2002; Starkel
2003; Azañ
on et al. 2005). Therefore, the concavity, changes in river gradient, valley shape and size,
and presence of knick points are widely used to
evaluate the relative index of active tectonics
within the zone of intersection of faults and rivers
(Chauhan et al. 2016; Kothyari et al. 2016a; Kandregula et al. 2019 and references therein). Two of
the most widely used techniques to detect tectonic
movements from longitudinal river proBles are SL
Index (Hack 1973) and Ksn (Normalized Steepness
Index) (Kirby and Whipple 2012). The SL index
sometimes fails to detect tectonic activity, even
though it is present (Goldrick and Bishop 2007;

P
erez-Peña et al. 2009; Vago 2010; Zibret
and

Zibret 2014), while the Ksn index proved to be
useful only in large scale tectonic deformations
(Wobus et al. 2006; Anoop et al. 2012), i.e., in
California (Snyder et al. 2000) or Apennines
(Whittaker 2012). To overcome these limitations,


Zibret
and Zibret
(2014, 2017) developed a novel
technique which is highly sensitive in detecting
active tectonic movements on local (meter to
kilometre) and also regional scales called the
Gradient Length Anomaly (GLA) technique.
The Kachchh region, in the past, experienced
several earthquakes of MW [ 6 (Oldham 1926;

J. Earth Syst. Sci. (2020)129:193
Rajendran et al. 2001, 2008; Rajendran and
Rajendran 2001) (Bgure 1). Till date, several studies have been done related to subsurface nature of
the faults in the KRB (Mohan et al. 2015; Pavan
Kumar et al. 2018). The brittle–ductile dynamics
and surface processes of eastern Kachchh basin
have been well established by Kothyari et al.
(2018). In addition, chronological constraints on
geomorphic studies by previous researchers show
that the Holocene landscape evolution in the
Kachchh region is controlled by active fault movement (McCalpin and Thakkar 2003; Malik et al.
2008, 2017; Kundu et al. 2010; Bhattacharya et al.
2013, 2019; Kothyari et al. 2015, 2016a, b, 2020).
The above studies were either conBned to the
surface expression of the tectonic deformation,
particularly, the river incision estimated through
Cuvial and alluvial terraces or the subsurface
changes caused by tectonic deformation. The main
aim of this study is to understand the regional
scale tectonic deformation by analysing the Cuvial
network and to assess the seismic hazard using the
GLA technique. Subsequently, we tried to comprehend the correlation between subsurface and
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surface geodynamic processes of the Kachchh
basin.
2. Geology of the Kachchh Rift Basin
The KRB is Blled by Jurassic and Early Cretaceous
sediments (2000–3000 m) deposited over the Neoproterozoic granitic and rhyolitic basement (Biswas 2016) as evident from the scattered outcrops of
these basement rocks exposed near Meruda Takkar
locality. The Mesozoic rocks are exposed mainly in
the uplifted highlands and are characterised by
Cuvio-deltaic sediments which are covered by Late
Cretaceous–Early Palaeocene Deccan Trap basaltic Cows (Morgan 1981; Biswas 1987, 1993). The
Deccan Traps formations which are well exposed
across the mainland region of Kachchh are surrounded by Tertiary and Quaternary sediments
(Bgure 2). The Quaternary deposits of the
Kachchh basin include a wide variety of sediments,
viz., marine to Cuvial, lacustrine and aeolian. The
detailed stratigraphy and the relative rock
strength/resistance of each lithological unit are
provided in table 1.

Figure 2. Geological map of the Kachchh Rift Basin (after Biswas and Deshpande 1970). The relative rock resistance/strength
values (after West 2010) are given next to each series/formation.
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Table 1. Stratigraphy of Kachchh basin (after Biswas 2016). The relative strength/resistance of each lithological unit based on
average relative hardness is given after West (2010) and Kothyari et al. (2016a).
Age

Series/formation

Rock type

Kankawati Series
Khari Series
Ber Moti Series
Berwali Series
Madh Series
Deccan trap
Bhuj Formation
Jhuran Formation
Jumara Formation
Jhurio Formation
Goradongar Formation
Kala Dongar Formation
Wagad Formation
Washtawa Formation
Khadir Formation

Conglomerate alluvial fan,
channel Bll, tidal Cat, mud
Cat
Sandstone
Limestone and Sandstone
Limestone
Limestone and Sandstone
Laterite and Limestone
Basalt
Shale and Sandstone
Shale and Sandstone
Shale and Sandstone
Limestone and shale
Sandstone and Limestone
Limestone and Sandstone
Sandstone
Shale and Limestone
Sandstone and Limestone

Holocene/quaternary

Tertiary

Mesozoic

Pliocene
Miocene
Oligocene
Eocene
Paleocene
Mainland Group

Late Cretaceous
Early Cretaceous
Jurassic

Pachham Group

Jurassic

Eastern Kachchh
Group

Early Cretaceous
Jurassic
Jurassic

Strength/
resistance
2–3

6.5
3.5–6.5
3.5
3.5–6.5
2–3.5
6
3–6.5
3–6.5
3–6.5
3–3.5
3.5–6.5
3.5–6.5
6.5
3–3.5
3.5–6.5

3. Active structures of the Kachchh Basin

3.2 Wagad Uplift (WU)

Structurally, the Kachchh paleo-rift Basin is
dominated by the presence of folds and anticlines of
various dimensions along and oblique to the strike
of the main faults (Biswas 2016). These structures
are elongated and tilted, owing to localized compression generated by the later phase of reactivation of synthetic and conjugate faults (Biswas
2016). The brief description of the major uplifts
and master faults are given below.

The Wagad Uplift (WU) is the second largest uplift
located in the eastern part of Kachchh (Bgure 1).
The northern boundary of the uplift is marked by
Gedi Fault (GF), and the southern boundary is
marked as South Wagad Fault (SWF) (Bgure 1;
Kothyari et al. 2018 and references therein) and
covers an area of *2340 km2. Studies show that
the WU is a right lateral step block of the KMU
(Biswas 1987) and inclined towards the north. The
southern limit of WU is faulted and separates the
boundary of Wagad from Samkhiyali basin to the
south and salty marsh land (Little Rann) towards
southeast (Kothyari et al. 2016b). The fault is
steeply dipping towards south and extends *90
km from Manfara on the west to Kanmer–Madak
on the east. Eighteen south Cowing rivers cross
through the SWF zone. These rivers are actively
incised along the strike of the fault. Geomorphologically, the SWF zone is marked by presence of
truncated alluvial fans surfaces and 10–40 m high
south dipping fault scarp (Malik et al. 2017).
The E–W trending, *50 km long Gedi Fault
is located in the northeastern part of KRB
that demarcates the boundary of Wagad region
and Bela Island. The fault is well exposed
between Gangtabet–Desalpar–Gedi and Fatehgadh
localities (Bgure 3C and D). Along the strike length
of GF, a chain of folds is well exposed towards the

3.1 Island Belt Uplift (IBU)
The Island Belt Uplift (IBU) located to the north of
KMU and WU is detached into four discrete uplifts
evidenced by relative displacements, block rotations, strike continuity of the formations, and
similar stratigraphy along the northern edges
(Biswas 2016) (Bgures 1 and 2).
The strikes of dissected IBU blocks vary in
different directions. The Pachham Uplift (PU) is
aligned NW–SE, Khadir Uplift (KU) is oriented
E–W, Bela Uplift (BU) trends WNW–ESE and
Chorar Uplift (CU) strikes NE–SW (Biswas 2016).
These blocks are positioned differently indicating
rotation and shifting along the transverse faults.
The fault extends *130 km from the northern
margin of the IBU (Biswas 2005, 2016) (Bgure 3A
and B).
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Figure 3. Field photograph of (A and B) Island Belt Fault scarp near Khadir Island, (C and D) development of Fault scarp and
slickensides along Gedi Fault (after Kothyari et al. 2016b), (E) development of Fault scarp along the South Wagad Fault (after
Kothyari et al. 2016a).

uplifted block of GF (Bhattacharya et al. 2013;
Kothyari et al. 2016b). GF and NWF mark the
surface lithological faulted contact between Mesozoic sandstone to the south and the Tertiary and
Rann sediments to the north (Biswas 1993).
3.3 Kachchh Mainland Uplift (KMU)
The KMU is the major folded uplift located in the
central and eastern parts of the KRB. Northern
boundary of the KMU is deBned by *160 km long
KMF starting from Lakhpat in west to Bhachau in the
east (Biswas 2005; Bgure 1). The KMF can be geomorphologically identiBed by *30 to 80 m high north
facing fault scarp and hog back ridges developed
against the Banni plains (Biswas 2016; Chowksey
et al. 2011; Maurya et al. 2003) (Bgure 4A). Previous
studies based on geomorphic investigation shows that
the KMF is dissected and displaced by various

NNE–SSW and NNW–SSE trending transverse faults
(Biswas 1993; Maurya et al. 2003).
The Katrol Hill Fault (KHF) divides the KMU
into two parts the north and the south. The KHF
extending *100 km in E–W direction consists of
rugged topography with north facing scarps
(Bgure 4B). The down thrown and up thrown sides
of the fault are well exposed with the repetition of
Mesozoic strata (Maurya et al. 2003). The KHF is
dissected sinisterly and dextrally by numerous
NNE–SSW and NNW–SSE trending faults (Maurya et al. 2003) and morphologically expressed by
the presence of deCected streams, sags, oAset of
shutter ridges (Patidar et al. 2007, 2008).
The NW–SE oriented Vigodi Fault (VF) shows a
complex morphology of several subsidiary shear
fault segments developed clockwise to the KHF
(Biswas 2016; Maurya et al. 2016; Bgure 1). The VF
splay out into three fault branches and generating
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Figure 4. Field photograph of (A) Kachchh Mainland Fault scarp, (B) Katrol Hill fault scarp, and (C) Vigodi Fault scarp.

Gugriana, Vigodi, Khirasra fault zone complex
(Biswas 2016). The VF originates near Meghpar to
the northeast of the Valka Mota locality within the
outcrop of Jhuran Formation and extends towards
the southeast aAecting the rocks of Bhuj Formation. This fault scarp can be traced for 32 km up to
the Deccan trap outcrop to Jadodar where it disappears below the trap Cows (Biswas 2016)
(Bgure 4C). The VF changes its nature from place
to place. In Vigodi–Khirsara–Gugriana complex, a
system of step faults has produced a zone of local
uplifts (Biswas 2016). Following the regional
structural style, each uplift comprises an asymmetric anticline with a chain of domal closures
along the fault on its upthrown side (Biswas 2016).
4. Geomorphology and drainage pattern
of the KRB
The landscape of the Kachchh basin is grouped into
four geomorphic units: (a) Rann of Kachchh,
(b) Banni Plain, (c) hilly uplands, and (d) coastal

plains (Biswas 2016) (Bgure 5). Presence of east–
west chain of uplifted rocky islands in the central
portion of Great Rann is one of the remarkable
geomorphic expressions of the area (Biswas 2016)
(Bgure 5). The Ranns are salty encrusted desolate
lands to the north of the Island belt region. The
plain of Banni is located to the north of the
mainland of Kachchh and it is bordered by
the boundary of the Great Rann of Kachchh. The
two hill ranges (NHR and KHR) in the Mainland
region are represented by folded rocky undulations
of cuestas, domes, half domes, anticlinal topography (Biswas 1971; Maurya et al. 2003).
These geomorphic units are occupied by several
ephemeral streams Cowing in all the directions. Most
streams are dendritic, while a few Cowing through the
domes and doubly plunging anticlines are radial
(Biswas 2016). The streams Cowing across the lowlying area exhibits meandering and are braided in
nature, while those within the fault zones are incised
and display major deCections and oAsets parallel to
the strike of faults. At many places beheaded streams
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Figure 5. Geomorphic and Drainage Network map of the Kachchh Rift Basin (modiBed after Kothyari et al. 2015). For
abbreviations please refer Bgure 1. Dashed lines represent transverse faults.

and knick points are also observed. Stream piracy and
sudden termination of outlet is also a major complex
feature observed within the fault zones.

5. Methods and materials
The GLA technique is proved to be capable in
detecting landform adjustments caused by tectonic


deformations along river courses (Zibret
and Zibret
2014, 2017; Talukdar et al. 2019; Kothyari et al.
2019b). This method is based on the vital speculation that the river proBles may be swiftly adjusted
over geological time forced to trail an exponential
decrease in elevation. The predicted anomalies of
GLA, in general, are governed by critical assumptions, i.e., (a) those regions, where high precipitation
and erosion rates are observed, it is considered, that
the rivers in these regions, reaches to an equilibrium
state amidst of sedimentation and erosion over short
periods of geological time (Font et al. 2010),
(b) abrupt slope changes or any significant deviations in river proBles can be ascribed to long-term
tectonic processes or man-made structures (dams,


reservoirs, etc.) (Zibret
and Zibret
2014, 2017).
(c) On a local scale, the river gradient decreases
along the fault due to the instant response by active
tectonic uplift; contrary to this, the instant response
by the active tectonic subsidence increases the river
gradient along the fault on a local scale. These eAects
are superBcial, but no long-term responses to
regional deformation.
The equation for the theoretical river proBle is
expressed as:

H ¼ eKLþn ;

ð1Þ

where H is height of the stream, L is the distance
measured from source to sink, and K and n are the
speciBc coefBcients of the river attained from the
best-Bt exponent regression curve. Differentiating


equation (1) on both sides (Zibret
and Zibret
2014, 2017):
dH ¼ dLeKL ;

ð2Þ

dH
¼ eKL :
dL

ð3Þ

From equation (3), it can be noted that the gradient of
the ideal river is also decreasing exponentially with
a negative exponent from the source to mouth. If
the parameter K is obtained from the best-Bt
approximation of the actual river gradient, it can be


called as predicted gradient curve (Zibret
and Zibret
2014, 2017). Comparing these predicted river proBles
with those that are obtained from the DEM, the
anomalies in the river proBle can be observed. These
anomalies are called as GL anomalies where the actual
river gradient (Dh/Dl) deCects considerably from the
predicted proBle. Here, the operator delta (D) is used in
place of the differential (d), since the values of h and L
are taken from the DEM. If the deviations are positive,
it indicates that the river gradient at a particular point
is substantially larger than the predicted one, denoting
that the area has undergone tectonic subsidence or it
has experienced high erosion rates or may be by
anthropogenic activity. Similarly, if the deviations are
negative, i.e., the river gradient at a speciBc point is
considerably lower than the predicted proBle. This
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denotes that the area has been subjected to active
tectonic uplift or due to increased rate of sedi
mentation or by any anthropogenic activity (Zibret

and Zibret
2014, 2017). The anomalies from the
predicted proBle can be obtained from the equations


(4 and 5) (Zibret
and Zibret
2014, 2017).
GLL border ¼ eKLþnr ;

ð4Þ

GLU border ¼ eKLnr ;

ð5Þ

where r is the standard deviation of differences
observed between predicted and measured river


gradient (equation 6; Zibret
and Zibret
2014, 2017).
The constant ‘n’ is regulated to obtain the desired
response. DIF in equation (7) gives difference
between the natural logarithm of the absolute
measured and expected value for River bed
gradient, i.e., dH/dL (equation 7) and imax is the
number of river gradient measured along the length


of stream course (Zibret
and Zibret
2014, 2017).
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u imax
imax
uX
X
r ¼ t ðDIFi 
DIFn Þ2 =imax  1; ð6Þ
i¼1

i¼1

DIF ¼ ln jDh=Dl measuredDh=Dl expectedj: ð7Þ
The GL anomalies arise when:
Dh=Dl \ GLL border ;

(Boulton and Stokes 2018). The SRTM data has
less noise and correspondingly fewer sinks needed
to be Blled in the DEM to form a hydrologically
sound network (Boulton and Stokes 2018). The
extraction of the river network from the SRTM 30
m DEM is done with the help of global mapper
software using the generate watershed tool with an
input stream cell count of 300. The projection used
here is WGS 84. The river network generated by
following this algorithm, i.e., keeping the stream
cell count 300 correlates well with the original river
network. The extracted river network from the
SRTM 30 m DEM is cross checked with the already
digitized rivers from the Survey of India (SOI)
topographical maps and also with Google Earth
software to ensure accuracy for the best Bt to the
real drainage network conBguration. The river
proBle curves were then acquired from the
DEM using Surfer software. IdentiBcation of
GL anomalies and their magnitude (size) were
processed using Microsoft Excel spread sheet.
Precautions were taken while extracting the river
proBle curves from the DEM to avoid inaccuracies,
which can cause errors in anomalies leading to
misinterpretation. Furthermore, we used existing
seismic tomograms of significant portion of the
KRB to understand the relation of surface and
subsurface dynamic processes along the existing
faults. The obtained GLA results are Bnally
correlated with the PGA results of the KRB for
the assessment of seismic hazard.

GLU border \Dh=Dl:
The Bnal value of the GL anomaly is given by


equation (8) (Zibret
and Zibret
2014, 2017)
GL anomaly
8
Dh Dh
>
< GLL border þ
¼
\GLL border
Dl
Dl
¼
Dh Dh
>
: GL
¼
[ GLU border :
U border 
Dl
Dl

ð8Þ

The detection of the GL anomalies is done from
the Shuttle Radar Topography Mission (SRTM),
Digital Elevation Model (DEM) of 30 m (1 arc
second) resolution and Survey of India (SOI)
topographical maps (1:50,000 scale). SRTM 30 m
DEM generated Cuvial networks are more complex
and obeys the actual course of the river (Boulton
and Stokes 2018). The SRTM data possesses higher
eAective resolution, although the DEM is still fairly
smooth, but in most areas the stream network
produced represents the original river system

6. Results and interpretation
The n value that controls the deviations which
occurred from the predicted river gradient is estimated between 3 and 4, as these values permits
adequate amount of positive and negative statistical variances from the river proBles. For better
understanding, the calculated values of GLA for
each fault are categorized into three classes on the
basis of their anomaly magnitude range (high to
low) using the geometrical interval method, where
class-1 indicates higher magnitude anomalies
(maximum activity), class-2 denotes moderate
activity and class-3 depicts negligible or minimum
activity. The obtained negative and positive GLA
values are used to generate magnitude contour
maps by interpolating these values using the
nearest neighbour gridding method to estimate the
distribution of deformation. The details of each
class for the particular fault are given in table 2.
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Table 2. ClassiBcation of GLA categories.

Fault zone
IBF
GF & NWF
SWF
KMF
KHF & VF

No. of
Rivers
analysed

Negative

Positive

43
15
18
27
27

4 to 2.67
1.29 to 0.86
2.23 to 1.49
2.45 to 0.65
1.68 to 1.12

4.14 to 6.19
1.28 to 1.89
0.8 to 1.29
1.28 to 4.4
3 to 4.4

Gla class-1 values

Gla class-2 values
Negative
2.67
0.86
1.49
0.65
1.12

to
to
to
to
to

1.34
0.43
0.75
0.35
0.56

Positive
2.06 to 4.14
0.67 to 1.28
0.4 to 0.8
0.7 to 1.28
1.5 to 3

Gla class-3 values
Negative
1.34
0.23
0.75
0.35
0.56

to
to
to
to
to

0.006
0.01
0.018
0.0083
0.0016

Positive
0.00024 to 2.06
0.06 to 0.67
0.02 to 0.4
0.007 to 0.7
0.0017 to 1.5

Figure 6. (A) Detected negative GL anomaly map of the Island Belt Fault (IBF), (B) Positive GL anomaly map of the IBF.
(C) GLA magnitude map of the IBF. Earthquake focal mechanism after Singh et al. (2016a). GDF: Gora Dungar Fault;
GDU: Gora Dungar Uplift; KDU: Kala Dungar uplift.

A total of 43 river proBles were analysed for GL
anomalies within the Island Belt Fault zone. The
results reveal that the maximum uplift is detected
in the Pachham Island, whereas the maximum
subsidence is identiBed in the Bela Island
(Bgure 6A and B). Dholavira in Khadir Island
shows moderate uplift (Bgure 6A). The maximum
uplift zones identiBed from the Pachham Island
is correlating well with the Kaladungar and
Goradungar uplift ranges (Bgure 6A and C). The
obtained results for the 15 north Cowing rivers
passing through the Gedi and North Wagad Fault
zones are well corroborating with distinct structural highs (Ramvav Uplift and Fatehgadh High)

and low (Rav Low) present in the region
(Bgure 7C). The upper and lower reaches of the
Malan and Karaswali rivers show maximum
activity, may be because, these rivers are dissected
by the GF and NWF (Bgure 7A). The GL
anomalies detected from analysing 18 south-Cowing rivers crossing through the SWF zone shows
majority of the uplifted areas are clustered at
central and eastern segments of the fault
(Bgure 8A). The maximum subsided zone coincides
with the Samkhiyali Basin (Bgure 8B). Besides
this, several N–S trending high contrast anomalous
zones of GL has been observed (Bgure 8C). This
linear trend across the SWF zone is well correlating
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Figure 7. (A) Detected negative GL anomaly map of the Gedi Fault (GF) and North Wagad Fault (NWF). (B) Positive GL
anomaly map of the GF & NWF. (C) GLA magnitude map of the GF & NWF. Earthquake focal mechanism after Kothyari et al.
(2018). RMU: Ramvav Uplift; RL: Rav Low; FH: Fatehgadh High. The red star represents previous earthquakes epicenters.

with the transverse faults existing in the region,
viz., Lakadia, Jadwas, Kidiyanagaru faults.
For detailed analysis, the E–W trending KMF
zone has been divided into three segments
(Bgure 9). The segment-1 deBnes eastern part of
KMF (from Khirsara to Rudramata); segment-2
is deBned between Rudramata and Keera, and
segment-3 extends between Keera and Lakhpat.
The GL anomalies have been estimated for 27
north Cowing rivers passing through the KMF
zone. Majority of the uplift and subsidence is
detected in the segments 1 and 2 (Bgure 9A and B).
Even though, segment-3 shows major uplift and
subsidence, it is miniscule when compared to the
other two segments. Several NE–SW linear trends
have been observed along the rivers where the
areas of the maximum uplift and subsidence (class1 anomalies) crossing the KMF are detected and
this NE–SW linear trend is matching well with the
NE–SW transverse faults dissecting the KMF
(Bgure 9A). From the analysis of 27 south Cowing
rivers passing through KHF for GL anomalies,
three distinct zones showing significant contrast in
negative and positive GLA values are recognized
(Bgure 10C). The Brst zone is observed at the

western end of the KHF which is correlating well
with the Deccan Trap Uplift (Bgure 10C; Biswas
2016). The second zone is found near Bhuj, which is
well matched with the structural low of the Bhuj
(Bgure 10C; Biswas 2016). The third zone is identiBed towards the south of the Katrol Hill Fault
zone extending from Poladia to Bhuvad which can
be linked with the Katrol Hill uplift (Bgure 10C).
The spatial distribution of the GL anomalies of all
three classes for each fault is given in table 3.
7. Discussion
7.1 Gradient length anomaly (GLA)
Since, the Kachchh region is prevailed by arid
climatic conditions, where the precipitation rate is
minimal, i.e., *300 mm/yr (Gavali et al. 2011),
the Mesozoic bed rocks with varying resistance
between 3 and 6.5 (moderate to highly resistive;
table 1; Bgure 2) do not get aAected much by the
erosion processes, but the tectonic forces might
have changed the base levels of rivers, that is
reCected in the form of positive and negative GL
anomalies. Hence, it can be inferred that the rock
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Figure 8. (A) Detected negative GL anomaly map of the South Wagad Fault (SWF). (B) Positive GL anomaly map of the SWF.
(C) GLA magnitude map of the SWF. Fault pattern and earthquake focal mechanism after Kothyari et al. (2016a, 2017).

Figure 9. (A) Detected negative GL anomaly map of the Kachchh Mainland Fault (KMF). (B) Positive GL anomaly map of the
KMF. (C) GLA magnitude map of the KMF. Dashed lines represent transverse faults.
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Figure 10. (A) Detected negative GL anomaly map of the Katrol Hill Fault (KHF). (B) Positive GL anomaly map of the KHF.
(C) GLA magnitude map of the KHF. DTU: Deccan Trap Uplift; BL: Bhuj Low.
Table 3. Spatial distribution of GL anomalies (class-wise) and their percentage of area occupied.

Fault
zone
IBF
GF
SWF
KMF
KHF
Total

n value
from
equations
(3 and 4)
3–4

ve
anomalies

4571
1553
2189
3797
3782
15892

22
491
69
1018
141
1741

Gla class-3

Gla class-2

Gla class-1
Total
detected
anomalies

+ve
anomalies

Area
(%) of
class-1

ve
anomalies

9
14
21
207
13
264

1
32
4
28
4
13

77
494
838
1139
1389
3937

resistance played a minimal role in base level
changes and the anomalies aroused do not get
aAected by spatial changes in lithology. From the
results of GLA, it can be observed that the
majority of the higher magnitude negative
anomalies (class-1) indicating uplift are observed
proximal to the fault zones, whereas the positive
anomalies (class-1) indicating subsidence are found
away from the fault zones (Bgures 6–10). This
observation helps in accurately demarcating the
extent of the fault zones. The GL anomalies
detected in the KRB assisted in distinguishing
several structural highs and lows of the region, viz.,

+ve
anomalies

Area
(%) of
class-2

ve
anomalies

+ve
anomalies

Area
(%) of
class-3

51
27
34
229
77
418

3
33
40
31
71
27

3603
473
1198
982
1904
8160

809
54
29
222
258
1372

97
35
56
41
25
60

Kaladongar and Goradongar uplifts from the IBF
zone; Rav low, Fategadh high and Ramvav uplift
from the GF and NWF zones; Samkhiyali Basin
from the SWF zone and Deccan Trap uplift, Katrol
Hill uplift and Bhuj low from the KHF zone
(Bgures 6–8 and 10).
The estimated results of GLA were correlated
with the existing results of tectonic geomorphology
of Kachchh (McCalpin and Thakkar 2003; Mathew
et al. 2006; Kundu et al. 2010; Chowksey et al.
2011; Ngangom and Thakkar 2016; Malik et al.
2017; Dumka et al. 2019; Kothyari et al.
2015, 2016a, b, 2018, 2019a). Our estimates show
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that the western part of the IBF is more active
than the eastern part which correlates well with the
results of morphometric studies and GPS observations in the IBF zone (Ngangom and Thakkar
2016; Dumka et al. 2019). Higher amount of subsidence is detected towards the eastern part of the
IBF (near Bela Island) which we assume, might be
due to the presence of negative Cower structure in
between the Bela Island and the GF (Kothyari
et al. 2018). The detected tectonic activity is higher
in the NWF than the GF which is well corroborating with the inferences made by Bhattacharya
et al. (2013) and Kothyari et al. (2015, 2018). The
SWF shows maximum activity towards the western and central portions which coincide well with
results provided by Kothyari et al. (2016b, 2017)
and Malik et al. (2017). The observations from the
KMF zone reveals that the central and eastern
portions (segment-1 and 2) are more active than
the western portion (segment-3), which is well
corroborated with the geomorphic analysis of
Chowksey et al. (2011). The chronological constraints of geomorphic anomalies suggest that the
central and eastern portions of the KHF are more
active (Patidar et al. 2008). In the present study,
the observed values of higher deformation pattern
along the KHF are well correlated with the geomorphic anomalies (Patidar et al. 2007; Kundu
et al. 2010).

7.2 Correlation between subsurface geodynamic
processes and drainage anomalies
The P wave velocity perturbations allow us to
identify brittle and ductile crustal heterogeneities
close to the seismically active regions (Kayal et al.
2002; Mandal et al. 2004; Singh et al. 2011;
Kothyari et al. 2018). The velocity perturbations
generally depend on a Cuid-Blled fractured rock
matrix, variations of rock density within the
lithological contacts, fractured and sheared rocks,
high crack density within the active faults (Mishra and Zhao 2003; Mishra et al. 2014). Therefore,
the tomo-DD images of P wave velocity perturbations permit to identify the subsurface structure
of fault and deformation pattern (Zhang and
Thurber 2003; Kato et al. 2006; Dorbath et al.
2008; Singh et al. 2016a; Kothyari et al. 2018). We
re-interpret the published results of tomo-DD by
Singh et al. (2016b) at different depth levels
ranging from 5 to 35 km to understand variability
in crustal heterogeneity (Bgure 11). These velocity
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perturbation zones significantly aAect the drainage
pattern and are well reCected in the surface
geomorphic anomalies estimated using the GLA
analysis. The results show that the crustal
heterogeneity decreases with depth (Bgure 11).
The near-surface structural heterogeneities of
SWF, NWF, GF and IBF are marked by a transition zone of high and low velocities reCected at
the depth slice of 5 km (Bgure 11A). The depth
slices of 10, 15 and 20 km reveal high and lowvelocity separation zones along KHF, KMF,
SWF, GF, and IBF zones, respectively (Bgure
11B–D). In 25 km depth slice, heterogeneities are
only observed along KHF, KMF, GF zones
(Bgure 11E). The central portion of SWF shows a
small amount of structural variability. The
velocity perturbations along the GF and SWF
seem to be more prominent in the depth slices of
30 and 35 km (Bgure 11F and G). Apart from
E–W oriented high and low-velocity zones, several
N–S and NE–SW oriented high and low-velocity
zones are observed in the 5–30 km depth slices
(Bgure 11). These N–S and NE–SW velocity zones
are correlated with the transverse faults crossing
the E–W trending structures in the basin, which
is well corroborated with the geological model
proposed by Biswas (2005). Furthermore, Kothyari et al. (2018) concluded that the hydrological
network and oAset of drainages of Kachchh region
are significantly aAected by the deeper fault
structure and inCuenced by deep tectonic processes. The GLA results observed close to the
transition zone of low P wave velocity within the
IBF, GF, NWF and SWF zones shows negative
GL anomalies. Whereas, the zones indicating high
P wave velocities show positive GL anomalies.
These transition zones are well correlated with the
Cuvial oAset pattern, where rivers cross these fault
zones (Kothyari et al. 2018; Bgures 6–9). The
linear E–W oriented high and velocity zone of
northern hill range is marked as KMF which is
well reCected by the negative and positive GLA
transition zones (Bgures 9 and 11). The positive
GL anomalies are observed only towards the
hanging wall of KMF, which is expected because
of hanging wall subsidence of pre-existing normal
faults.

7.3 Peak ground acceleration (PGA)
The severity of the earth movements awaited in
seismically active region is vital for the seismic
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Figure 11. P wave velocity (Vp) perturbations maps of Kachchh Rift Basin at depth slices: (A) 5 km, (B) 10 km, (C) 15 km,
(D) 20 km, (E) 25 km, (F) 30 km, and (G) 35 km (modiBed after Singh et al. 2016a). Faults are marked by solid black lines. For
abbreviations please refer Bgure 1.

hazard assessment (Chopra et al. 2012). We used
the results obtained by Chopra et al. (2012) which
are estimated using the stochastic method of
dynamic corner frequency proposed by Motazedian
and Atkinson (2005). The observed values (0.4 and

1.15 g) of PGA by Chopra et al. (2012) are
estimated at bed rock level (Vs 760 m/s) for the
Kachchh region is presented in Bgure 12. The value
depends upon the site-speciBc soil character such
as coastal areas, alluvial plain, salt Cats and mud

J. Earth Syst. Sci. (2020)129:193

Page 15 of 18 193

Figure 12. Peak ground acceleration (PGA) maps at bedrock for the major faults in the KRB (modiBed after Chopra et al. 2012).
(A) Island Belt Fault zone, (B) Gedi and North Wagad Fault zone, (C) South Wagad Fault zone, (D) Kachchh Mainland Fault
zone, and (E) Katrol Hill Fault zone.

Cats with calcareous sandy and loamy soils have a
high potential for liquefaction (Youd and Perkins
1978; Chopra et al. 2012).
The observed GL anomalies are well correlated
with the results of PGA. In IBF zone, the Bela
and Pachham islands have undergone higher
amount of deformation in comparison to the
Khadir Island (Bgures 6A, B, 12A). The higher
PGA in the Pachham and Bela islands could be
due to the presence of Quaternary sediments as
these sediments are more prone to liquefaction.
The Gedi Fault zone, structurally located within a
stretch of negative Cower structure (Kothyari
et al. 2018), is occupied by thick cover of Quaternary sediments (Cuvial/Rann sediments). The
Gedi Fault zone shows moderate to high PGA
values ranging between 0.65 and 0.85 g
(Bgure 12B). These moderate to high zones of
PGA are well corroborated with the class-1 negative GLA of the Gedi Fault zone (Bgure 7A).
Furthermore, the PGA values of NWF zone ranges from 0.65 to 0.45 g (Bgure 12B). The western
portion of the NWF zone, where the presence of
Quaternary sediments, shows moderate PGA,
while the eastern portion comprising Mesozoic
rocks (Kothyari et al. 2015), shows low PGA
values. Comparing with GLA, the western part of
NWF shows higher amount of deformation than
the eastern part (Bgure 7A and C). The western

and central portions of the SWF zone is located
within the epicentral zone of the 2001 Bhuj
earthquake. The central portion of the SWF, i.e.,
near Adhoi, shows high PGA values (0.7–1.0 g)
(Bgure 12C). Whereas, the western portion shows
moderate PGA values (0.5–0.65 g), while the
eastern portion shows low PGA (0.2–0.35). The
moderate to high PGA values observed in the
central and western regions of the SWF zone is
assumed to be due to the presence of the alluvial
soil. The values in the eastern portion are comparatively low owing to the presence of Tertiary
and Mesozoic rocks. Further, these observations
are well correlated with the existing results of
strain accumulation in the Wagad area of
Kachchh (Kothyari et al. 2016b, 2017). The
observed PGA values are well corroborated with
the GLA values detected in the region (Bgures 8
and 12C). Figure 9(A) reveals that the majority of
the class-1 negative GL anomalies are observed
around the central and western regions. In the
KMF zone, the eastern (segment-1) and central
(segment-2) show high PGA values ranging from
0.6 to 1 (Bgure 12D). These two segments fall
within the isoseismic zone of the 2001 Bhuj
earthquake event. The estimated range of PGA
values observed from the western part (segment-3)
is very low as compared to the central and eastern
parts. The western segment is mostly covered by
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Mesozoic and Tertiary rocks; therefore, the low
PGA values can be expected. Although the GLA
values of this segment shows class-1 anomalies
(Bgure 9A and B), it is very much low as compared to the rest of the segments. Majority of the
class-1 anomalies of negative and positive GLA
falls in the eastern (segement-1) and central
(segment-2) (Bgure 10A and B) portions which are
well validating with the PGA results of the KMF
zone. Except at the intersection of the Katrol
Hill–Vigodi faults, the PGA values are lower along
the fault zone. This zone of low PGA values may
be due to the presence of Deccan traps in that
region.
8. Conclusion
We have quantiBed the recent tectonic activity in
the seismically and tectonically active region of the
KRB. Geomorphic data combined with published
results of geophysical and geotechnical data presented in this study allow us to describe surface
deformation pattern for accurate assessment of
seismic hazard.
The following conclusions are drawn from this
study:
1. Our estimates based on GLA analyses reveal
that, in Kachchh region of western India, about
13% of the area is highly active, while 27% of
the area is moderately active, and 60% of the
area shows minimum activity/inactive.
2. From GLA analyses, we infer that the Pachham
and Bela islands in IBF zone, eastern portions of
the GF zone and the NWF zone, western and
central portions of the SWF zone, central and
eastern portions of the KMF zone, and eastern
portion of the KHF zone, shows higher deformation and hence having more potential for
seismic hazard in near future.
3. The active and moderately active zones marked
by GLA are well corroborated with the results
of P wave velocity perturbation zones of tomoDD, which further suggests that the transition
zones of high and low P wave velocity perturbations are the active segments of major faults,
which are capable for generating moderate to
large magnitude earthquakes in the future.
4. The results of the peak ground acceleration
(PGA) are consistent with the results of GLA.
From this correlation, we interpret that the
central and eastern parts of the KRB are more
prone to coseismic deformation.
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