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a b s t r a c t

Active tectonics in an area includes ongoing or recent geologic events. This paper investigates the
tectonic influence on the subsidence, uplift and tilt of western Saurashtra through morphotectonic
analysis of ten watersheds along with characteristics of relief and drainage orientation. Watersheds 7
e9 to the north (N) are tectonically active, which can be linked with the North Kathiawar Fault
System (NKFS) and followed by watersheds 6, 10, 1, 4 and 5. Stream-length gradient index and sin-
uosity index indicate the effect of tectonic events along the master streams in watersheds 6e9.
Higher R2 values of the linear curve fit for watershed 7 indicate its master stream is much more
tectonically active than the others. The R2 curve fitting model and earthquake magnitude/depth
analysis confirm the region to be active. The reactivation of the NKFS most likely led to the vertical
movement of western Saurashtra.
© 2023 Editorial office of Geodesy and Geodynamics. Publishing services by Elsevier B.V. on behalf of
KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Saurashtra (Kathiawar) peninsula of the Gujarat state (In-
dia) dominantly consists of Deccan basalts, while the coastal region
is constituted of Cenozoic sediments [1]. The Saurashtra region has
classically been considered a pericratonic basin [2]. Saurashtra is a
fault-bound plateau with an overall radial slope. The peninsula has
been considered to be neotectonically inactive for a long period [3].
Nevertheless, studies in the last few decades revealed its recent
tectonic activities [2e4]. For example, earthquakes were recorded
from August 9, 2000 to December 15, 2000 at Bhavnagar, eastern
Saurashtra [4]. Geochronologic and morpho-stratigraphic studies
of the coastal belts of Saurashtra indicate that its neotectonics is at
least 125 ky old [5,6].

The Indian city Dwarka is located near the western tip of the
Saurashtra peninsula (Fig.1). The southern fringe of the Gulf of Kutch
is occupied by the landmass Bet Dwarka/Bet Sankhodar (“Bet”/“Beyt”
means “island”) (Fig.1). The area is characterized by Cenozoic clastics
and carbonates [7]. Bet Dwarka was possibly connected with main-
land Saurashtra about 2000 years back and got inundated and de-
tached from the mainland approximately 1000 years ago [8].
Offshore of Dwarka used to be an ancient port. There is evidence of
several important maritime activities that continued till the late
medieval period (about late 5th - late 15th centuries) [9]. Unlike the
western boundary of the Indian subcontinent, Dwarka, Bet Dwarka
and the surrounding areas were affected by the Late Cenozoic sea
level changes [9e16] (detail in Appendix 1). The sea level fluctuation
curve for the western Indian continental margin [10] matches the
global sea level fluctuation history after the last glacial maxima
[17,18]. This indicates that the sea level rise here was in response to a
global phenomenon. One can expect a tectonic component in sea-
level fluctuation, which contributed to the submergence during the
Holocene Period. This is because the Saurashtra area is partly fault-
bound and seismic as well. The Tectonics of Saurashtra is inher-
ently linked with the Harappan civilization and the submergence of
the mythological city Dwarka. Therefore, Saurashtra's tectonics at-
tracts multidisciplinary interest.
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Geomorphic parameters can assess the active tectonics in Sau-
rashtra. Few geomorphic studies have been performed by the
previous workers in Saurashtra, but with different aims than this
work (Table 1). Previous researches did not investigate the entire
study area of this article in terms of watersheds and morphometric
parameters at linear and spatial scales.

Kandregula et al. worked with merely six basin-scale parameters
for the northernwatersheds of Saurashtra [26]. Further, Gandhi et al.
studied the drainage anomalies of five watersheds from western
Saurashtra [27]. In these works, no long profile curves were fitted to
R2 model, nor were any watershed-scale comparisons of morpho-
metric parameters performed. Few major faults have been

delineated in Saurashtra by the previous workers [26], and recent
tectonic events, e.g., the uplift and submergence of Saurashtra's
western portion, remain poorly understood. As one of the significant
sections of the Indian continental lithosphere, the Saurashtra
Peninsula has interesting geophysical anomalies and has experi-
enced tectono-thermal modification since the Mesozoic period. In-
depth studies are required to understand the seismo-tectonics and
morphotectonics of the entire Saurashtra [26].

The current study aims to examine the drainage characteristics
through morphometric analysis of ten watersheds of the Saurashtra
area (Fig. 2). This work utilizes the Index of Active Tectonics (IAT) to
evaluate and categorize the watersheds [28]. We evaluate nine

Fig. 1. Major structural lineaments, faults and geomorphic lineaments [19e21]. Line AB represents a fault [17]. Black dotted ellipse indicates the zone of rejuvenation [21]. Drainage
is extracted from the digital elevation model (Shuttle Radar Topographic Mission, acquired on Februray 11, 2000, published on September 23, 2014). Colored circles are earthquake
epicenters from 1872 to 2021 [22]. Circles with the smallest radius in blue, intermediate radius in red and largest radius in light yellow denote earthquake magnitude ranges
2.00e3.03, 3.04e4.07 and 4.08e5.10, respectively. Ten major channels (deep blue) indicate the master streams (MS). The green dot in the inset is the transpression regime [4]. Red
and green dashed rectangles are dominated by reverse faults. The reverse faults indicate compression along ESE-WNW and transtension related to NE-SW strike-slip faults
[21,23,24]. GOC: Gulf of Cambay/Khambat. Previous morphometric works can be found in Refs. [25e27].
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morphometric indicators at the basin-scale. The linear-scale pa-
rameters were also utilized that specify the tectonic imprint along
the ten master streams of the watersheds. Based on the R2 model,
tectonically sensitive master streams of the terrain were identified
andprioritizedwith ranks. Thus, thework includes (i)morphometric
analysis for assessing active tectonics ofwatersheds (basin-scale) and
streams (liner-scale) and (ii) seismologic overview of the study area.

2. Study area

2.1. General points

Rocks of Tertiary crop out at the westernmost portion of the
Saurashtra peninsula, including Okha, Dwarka, Bet Dwarka and the
surroundings [19] (Fig. 3 and Table 2). The ancient city Dwarka is
located at the westernmost tip of the Saurashtra mainland (Fig. 3).
The Bet Dwarka island occupies the southern fringe of the Gulf of
Kutch (Fig. 3), which is possibly a continuation of the mainland
Saurashtra. However, to understand the effect of active tectonics, an
extended region was selected for the study (Figs. 1 and 2). The Bet
coast (located approximately 3 km away from the Okha coast)
(Fig. 3) is about 13 km long NW-SE strip and about 4 kmwide [27].
The island is nearly 36 km2with about 8m elevation from themean
sea level [18]. The northwest part of the area is a low-lying portion
with fine beach sands. On the other hand, the southeastern part of
the beach comprises clayey materials with high cliffs [29]. The
eastern part of the Bet contains sand hills and bushes. The south-
west part has an elevation of about 20 m [12]. The Dwarka region
mainly comprises recrystallized fossiliferous Kalyanpur Limestone
Member and sandy Lower Pliocene limestone [29] (Fig. 3). Table 2
presents the major lithology and stratigraphic succession of the
westernmost part of the Saurashtra area.

The study area is located at 21� N to 23� N and 69�E to 71�E
(Fig. 2). Ten major master streams flowing in different directions
contribute significantly to the denudational landforms. Northerly
flowing master stream formed watersheds with an overall S-N
trend, and those flowing westerly developed E-W trending
watersheds.

2.2. Geomorphology and geology

Saurashtra is mainly characterized by rugged erosional topog-
raphy with linear ridges having several plutonic complexes of
different compositions and abundant dykes [30]. Appendix-2 pre-
sents the major geomorphologic divisions. The region consists of
hills, pediment/alluvial plains andmud-flats. Hills mainly consist of
Deccan trap basalts.

The tectonic structure of Saurashtra is influenced by the inter-
play of the three Precambrian tectonic grains: Dharwar (NNW-SSE),
Aravalli-Delhi (NE-SW) and Satpura (ENE-WSW) [1,30]. The faults

and lineaments are (sub)parallel to the major grains [31] (Fig. 2).
These grains define the region as a fault-bound horst.

The northern limit of the study area is marked by the North
Kathiawar Fault System (NKFS). NW-trending extension of theWest
Coast Fault parallels the coastline and defines the western limit
(Fig. 1) [30]. Different tectonic phases affected the regions while the
Indian plate rifted and subsequently drifted northward [30,32e35].
There are two unnamed NNE-SSW and NE-SW trending faults
bounding the Okha raan [7,19] (Fig. 3).

Regional maximum horizontal stress axis from the interpreted
borehole breakout data of the offshore Kutch-Saurashtra basin
trends NNE under a strike-slip regime (from World Stress Map in
Ref. [36]). Other authors’ conclusions, e.g., different stress orienta-
tions in different places [24], conflict in this regard.

3. Present work

3.1. Data & methodology

Shuttle Radar Topographic Mission (SRTM) Digital Elevation
Model (DEM) with 30 m � 30 m spatial resolution was used to
extract drainage, delineate and analyze watersheds and calculate
morphometric indices. The data does not contain cloud cover.
Hence atmospheric correction was not needed. Different areal, re-
lief and linear parameters were calculated using ArcGIS (version
10.3, 2014).

D8 Python algorithm for the required threshold value was used
to generate and extract the stream network. It includes demarca-
tion of the flow path. Slope directions were deduced from each
pixel to its eight-neighbor pixels.

Nine morphometric indices were calculated to understand the
tectonic activeness of the entire region. The geomorphic indices of
nine parameters and the Index of Active Tectonics (IAT) were
calculated for watersheds 1e10. Linear morphometric parameters
of each river were evaluated to correlate with the structural ele-
ments. To better understand the effects of tectonics, curve fitting
was also performed for four functions: linear, exponential, loga-
rithmic and power of longitudinal profiles. Fig. 4 presents the
methodologies used in this study. Specific locations in watershed 9
were surveyed in the field. Thus, both the primary field data and
secondary DEM data were utilized.

3.2. Relief and areal parameters and IAT analysis

Relief parameters, i.e., ruggedness number (Hd), relief ratio (Rh),
hypsometric integral (HI), and areal parameters, i.e., asymmetry
factor (AF), circularity ratio (Rc), elongation ratio (Re), form factor
(Rf), basin shape (Bs) and transverse topographic symmetry factor
(T) were calculated for all the watersheds (Tables 3 and 4). These
were used to calculate the IAT, indicating the relative tectonic

Table 1
Previous geomorphic works in and around the study area and the key results.

References Terrain Approaches Key results

Ref. [27] Southwestern
Saurashtra

Analysis of morphometric indices using GIS 1. Southern region (of southwestern Saurashtra) is
the most tectonically active zone.

Ref. [18] Entire Saurashtra Remote sensing and analysis of morphometric
indices using GIS

1. Predicting a fault AB (Fig. 1);
2. Northern Saurashtra is tectonically active with a
dextral strike-slip regime with a rotational component
manifesting tilting of the northern block towards east.

Ref. [26] Northern Saurashtra Analysis of morphometric indices using GIS
and correlation with earthquake epicenter locations

1.39.5% area of northern Saurashtra is active and
44% area is very active.

Ref. [21] Eastern and
Northern Saurashtra

Correlation of tectonic information and geomorphic
information (analysis morphometric indices using GIS)

1. Identifying an ENE-WSW trending zone of rejuvenation
in Northern Saurashtra (Fig. 1);
2. An active subsurface structural feature along the same trend.
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activities. For example, the asymmetry factor is a crucial parameter
for determining how much a river basin has tilted tectonically. The
main stream modulates its course and slopes away from the
midline of the basin. Table 3 defines the morphometric parameters.

IAT reliably evaluates the relative degree of tectonic activeness
[43e46]. IAT results quantitatively define the geomorphic and
drainage characters [47]. IAT values can be classified into certain
ranges to understand the relative tectonic activity [45,46]. The in-
dividual morphometric parameters were clubbed as class 1

(maximum tectonic influence), class 2 (moderate tectonic influ-
ence) and class 3 (minimum tectonic influence).

3.3. Linear parameters

These parameters (Table 4) are correlated with the position of
structural elements (faults and lineaments). The tectonic
morphometry includes Stream-length (SL) gradient index and
Sinuosity Index (SI) analyses [48] to examine the tectonic

Fig. 2. Ten watersheds (WS). The 698 lineaments are identified from the digital elevation model (DEM). Previously known lineaments [3] are also plotted. The rose diagram is
generated by RockWorks 20 software, 2022.
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signatures on drainage patterns. Each master stream of the ten
watersheds was divided into ten segments, and the SL index and SI
were calculated for each segment separately.

3.4. Analysis of the best-fit curve of longitudinal profiles of master
streams

Normalized longitudinal profile models can be developed by
these equations [51]:

Linear function : y¼ axþ b (1)

Exponential function : y¼ aebx (2)

Power function : y¼ axb (3)

Log function : y¼ a ln xþ b (4)

Here a and b are coefficients derivable from each profile, and the
results will be different due to different data sets.

The above four functions of a normalized longitudinal profile
can portray the tectonic effect on rivers [52]. Based on the
maximum values of R2 for fitting linear, exponential, logarithmic
and power curves, watersheds were categorized as per their tec-
tonic activity as very high, high, moderate, and low [52].

Two longitudinal profiles of watersheds 6 and 7 have higher R2

curve fitting values in linear than those with other R2 values of

Fig. 3. (A) Geologic formations with faults/lineaments and earthquake points of the study area [17,25]. (B)Major structural and stratigraphical elements of Dwarka, Bet Dwarka and
surrounding areas [7,20].

Table 2
Detailed lithostratigraphic classification of the Saurashtra area Dwarka, Bet Dwarka and surrounding areas, compiled from a-Ref. [32], b-Ref. [7], c-Ref. [19].

Age Formation Member (thickness) Lithology

Holocene Holocene Deposits Beach and dune sands, tidal clays and Alluviumb,c

Late Pleistocene to Holocene Chaya Formation Armada Reef Member (4 m)b,c Coral Reef limestoneb,c

Middle to late Pleistocene Chaya Formation Okha Shell Limestone Mb. (10 m)b,c Bioclastic limestoneb,c

Lower Pleistocene Dwarka Formation Kalyanpur Limestone Member (30 m)b,c Recrystallized fossiliferous limestoneb,c

Upper Miocene Dwarka Formation Sankhodhar Sand- Clay Member (60 m)b,c

(Tidal environment of
Pleistocene high sea level)a

Tidal rhythmites, hummocky cross-stratificationc

Flat pebble conglomeratea

Siltstonec

Fine-grained cross stratified sst.b

Flat pebble conglomeratec

Sandy clay and sst.b,c

Middle Miocene Dwarka Formation Positra Limestone (25 m)b,c Bioclastic and coralline limestone with few dolomitic bandsb,c

Lower to middle Miocene Gaj Formation Ranjitpur Limestone (5 m)b,c

Ashapura Clay Member (90 m)b,c
Yellow fossiliferous limestoneb,c

Clay, marls, and Gypsum bandsb,c
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exponential/logarithmic and power functions, indicating their
trend of tectonic activeness. To define the activeness difference
between the highest values of R2 for any function (linear/expo-
nential/logarithmic/power), the respective master streams were
considered. The differences in R2 values of eachmaster stream (MS)
were further ranked to assess tectonic control.

H is the elevation (m) of each intersecting point with respect to
mean sea level (MSL). H0 represents the source point of the
elevation (m) of the river. As per Eqs. (1)e(4), y¼ H/H0. L represents
the distance between the source point of the river and the
considered point. L0 is the total length (km) of a river, according to
Eqs. (1)e(4):

x¼L L�1
0 (5)

The coefficient of correlation (R2) determines the degree of fit
[43]. The curve having the highest value of R2 indicates the best-fit
curve. The difference between the value of linear R2 and the highest
R2 deduced from Eqs. (2)e(4) indicates how tectonics influenced
different master streams. The less the difference, the more the in-
fluence of the recent tectonic activity.

Different geomorphic parameters connote active tectonics
(Table 4). In tectonically active regions, such as the southwest
United States [53,54], Costa Rica [55], the Oregon Coast Range in the
United States [56], the Kutch region in India [57], the Jaisalmer and
the Barmer basins in Rajasthan, India [44,45], southeast Spain [58]
and western Taiwan of China, all these considered geomorphic in-
dicators were used. The channel's shape is changed in response to
the surplus flow and sediments as per the basin's lithology, climate,
rainfall and other pertinent factors [39,41,59].

Fig. 4. Flow chart of methodologies in this work.
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4. Results

4.1. Areal and relief parameters

The areal and the relief parameters were determined to analyze
topography, steepness, erosion rate, etc. These parameters were
used to calculate the IAT.

Table 5 shows that the ruggedness number (Hd) of all the wa-
tersheds varies from 0.07 to 0.42. The study reveals the relief ratio

(Rh) from 0.002 to 0.03 for all the ten watersheds. Hypsometric
integral (HI) in the ten watersheds ranges from 0.472 to 0.504. AF
varies from 37% to 80% for the ten watersheds. The normalized
value j50-AFj varies from 0.03 to 0.30 for all the watersheds. Values
of Rc for all the watersheds range from 0.15 to 0.33, which were
further clubbed into three groups.

In the study area, Re varies from 0.41 to 0.82, Rf ranges from 0.13
to 0.53, Bs lies between 1.4 and 4.7, and T ranges from 0.16 to 0.5
(Table 5). Higher values of Hd, Rh, normailized AF, HI, Bs and T

Table 3
Definition of geomorphic indices. sl. 1e3: relief parameters; sl. 4e9: areal parameters.

Sl.No. Parameters Formula Meanings of symbols References

1 Ruggedness number (Hd) R � D R ¼ Basin relief
D ¼ Drainage density of the basin

Ref. [37]

2 Relief ratio (Rh) R ⁄ Lb R ¼ Basin relief
Lb ¼ length of the basin

Ref. [38]

3 Hypsometric integral (HI) ðEleavg � EleminÞ
ðElemax � EleminÞ

Eleavg ¼ Average of elevation
Elemin ¼ Minimum elevation
Elemax ¼ Maximum elevation

Ref. [39]

4 Asymmetry factor (AF) ðAr=AtÞ � 100 Ar¼ Area of the Basin to the right of the master stream facing downstream
At ¼ Total area of the basin

Ref. [40]

5 Circularity ratio (Rc) 4pA ⁄P2 A ¼ Area of the basin
P ¼ 3.14; P ¼ Perimeter of the basin

Ref. [41]

6 Elongation ratio (Re) 1.128√A / Lb A ¼ Area of the basin
Lb ¼ Length of the basin

Ref. [31]

7 Form factor (Rf) A ⁄ Lb
2 A ¼ Area of the basin

Lb
2 ¼ Square of basin length

Ref. [41]

8 Basin shape (Bs) Bl /Bw Bl ¼ Basin length from Head point to mouth
Bw ¼ Width of the basin

Ref. [42]

9 Transverse topographic symmetry factor (T) Da /Dd Da ¼ Distance from the active meander-belt mid-line to the basin midline
Dd ¼ Distance from the basin divide to the basin midline

Ref. [43]

Table 4
Formulae and description of linear parameters.

Sl. No. Parameters (unit) Formula Meaning of symbols References

1 Stream-length
gradient index (SL) (m)

(DH/DL) � L DH ¼ Difference in altitude
DL ¼ Length of the reach
L ¼ horizontal length from watershed divide to the midpoint of the reach

Ref. [49]

2 Sinuosity index (SI) (unitless) CL/VL CL ¼ channel length between two points on a river
VL¼valley length (straight line distance between the same two points)

Ref. [50]

3 Concavity Index (Ө)
(unitless)

1=ðS2 � S1Þ � D E S1 ¼ Channel slope before disturbance,
S2 ¼ Channel slope after disturbance (e.g., due to a change in incision rate E)
D E ¼ Difference between the incision rate before and after disturbance.

Ref. [51]

4 Normalized Steepness
index (Ksn) (unitless)

ksAӨ ks characterizes channel steepness and q indicates the concavity of the
river channel, which are referred to as the channel steepness index
and the channel concavity index, respectively.

Refs. [51,52]

Table 5
Evaluated values and classification of basin-scale parameters for the watersheds (WS) [44,45].

Watershed Ruggedness
number (Hd)

Relief
Ratio (Rh)

Asymmetry factor
(AF) Normalized

Hypsometric
Integral (HI)

Circularity
Ratio (Rc)

Elongation
Ratio (Re)

Form
Factor (Rf)

Basin
Shape (Bs)

Trans.Topo.
Sym Factor (T)

WS 1 0.33 0.030 0.13 0.490 0.31 0.82 0.53 1.8 0.31
WS 2 0.21 0.010 0.19 0.485 0.30 0.80 0.51 1.4 0.38
WS 3 0.21 0.004 0.29 0.480 0.22 0.72 0.41 1.7 0.50
WS 4 0.11 0.004 0.25 0.472 0.33 0.61 0.29 2.6 0.50
WS 5 0.42 0.011 0.04 0.477 0.28 0.67 0.35 1.8 0.16
WS 6 0.07 0.002 0.03 0.494 0.15 0.41 0.13 4.7 0.36
WS 7 0.10 0.003 0.30 0.495 0.18 0.51 0.21 2.5 0.46
WS 8 0.08 0.005 0.13 0.499 0.22 0.68 0.37 1.6 0.42
WS 9 0.09 0.005 0.03 0.504 0.25 0.54 0.23 2.6 0.49
WS 10 0.10 0.006 0.11 0.490 0.31 0.68 0.36 1.6 0.39
Classification
Class 1 0.31e0.43 �0.010 0.21e0.30 0.496e0.507 0.15e0.21 0.41e0.54 0.12e0.25 �2.1 0.39e0.52
Class 2 0.18e0.30 0.005e0.009 0.11e0.20 0.484e0.495 0.22e0.28 0.55e0.68 0.26e0.39 1.6e2.0 0.27e0.38
Class 3 0.05e0.17 0.000e0.004 0.01e0.10 0.472e0.483 0.29e0.35 0.69e0.82 0.40e0.53 1.1e1.5 0.15e0.26
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indicate higher tectonic influence, whereas higher values of Rc, Re
and Rf connote lesser impact.

4.2. Linear parameters

SL index and SI were computed for each segment for all master
streams (Tables 6 and 7), respectively. The concavity index of each
master stream for the ten watersheds was evaluated to correlate
with the active tectonic zones (Table 1).

4.3. Analysis of best-fit curve of longitudinal profiles of master
streams

Table 8 documents the R2 values of four functions of the
normalized longitudinal profiles. The differences between the
highest R2 values of the exponential, logarithmic and power curves
compared to the linear R2 values help to rank the master streams as
per the tectonic influence on them.

5. Discussions

The drainage pattern follows the slope direction. For example,
watershed 3 with the maximum number of streams shows the
dominant slope direction to be NW and S to SE. Overall, the area is
characterized by a very low slope (0e1.65�) besides a few elevated
areas, such as around Girnar and Barda hills.

The Girnar hill within watershed 5 is characterized by a cen-
trifugal drainage pattern (Fig. 5). This confirms a domal structure at
Girnar hill. Multiple flow directions exist in the Barda hill region,
which is part of watershed 3. These flow paths following linea-
ments define a complicated barbed pattern supported by a slope up
to 75� [59,60]. The master stream of watershed 5 is fault-guided,
since it flows along the structural lineament of the Girnar Hill.
Watershed 2 is dominantly characterized by a rectangular drainage
pattern (Fig. 5), which connotes an orthogonal network of brittle
planes [60]. The stream network in watershed 2 trends NE-SW and
follows a structural lineament (AB in Fig. 1) parallel to the NKFS.
Another geomorphic lineament parallels the NKFS (Figs. 1, 2 and 7).
These figures demonstrate that the stream network at watershed 2
follows the NE- SW trend of two structural lineaments, one of
which parallels the NKFS (AB in Fig. 1).

Lower-order streams flow in a subcircular/concentric pattern
(annular drainage). The northern portion of watershed 4 is char-
acterized by a series of ridge-valley structures (Fig. 5). It defines a
pinnate drainage pattern.

For the northern watersheds of Saurashtra, Kandregula et al.
only used six basin-scale factors in their study [26]. Gandhi et al.
also investigated the drainage irregularities in five watersheds in

western Saurashtra [27]. Results of morphometric parameters
show that there was less tectonic activity during the Quaternary.

5.1. IAT analysis

For the assessment of IAT, all the morphometric parameters are
grouped into three classes (Table 5): class 1 (high), class 2 (mod-
erate) and class 3 (low).

Tables 5, 9 and 10 show that higher Hd for watersheds 1 and 5
signifies an unstable region, and 0.31e0.43 is the computed class 1
range for these watersheds. The lower Hd values (0.05e0.17) of
watersheds 4 and 6e10 indicate the least tectonic influence (class
3). Hd within 0.18e0.30 for watersheds 2 and 3 shows that these
watersheds are tectonically influenced. For watersheds 3, 4, 6 and 7,
the Rh values are low, which suggests that these watersheds are
generally less steep (class 3). Watersheds 8e10 display intermedi-
ate Rh (0.005e0.009) that reveals a modest steepness (class 2). In
contrast, watersheds 1, 2 and 5 belonging to class 1 have a greater
Rh value (0.010). This denotes stepper terrains with greater tectonic
inputs.

Watersheds 8 and 9 belonging to class 1 have higher HI
(0.496e0.507), indicating the development of recent landforms due
to active tectonics. These two watersheds are followed by water-
sheds 1, 2, 6, 7 and 10, which are moderately active belonging to
class 2. HIs for these watersheds range from 0.484 to 0.495. Wa-
tersheds 3, 4 and 5 under class 3 with lower HI (0.472e0.483)
indicate significantly less tectonic influence (Table 5).

For watersheds 3, 4 and 7, normalized AFs are0.29, 0.25 and 0.3,
respectively, indicating more tectonic tilting (class 1) than water-
sheds 1, 2, 8 and 10 (class 2). In watersheds 5 and 6, very low
normalized AFs are 0.04 and 0.03, respectively, indicating almost no
tectonic tilting (class 3). As per the lower Rc values (0.15e0.21),
watersheds 6, 7 and 8 are elongated. This suggests that there may
have been tectonic activity (class 1). Watersheds 1, 2, 4 and 10 have
higher values, indicating a more elliptical character of watersheds

Table 6
Evaluated values of SL index (m) of segmented master streams (MS).

Master stream S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

MS 1 4.00 6.90 7.50 15.75 9.90 13.75 9.75 0.01 0.01 1.90
MS 2 21.75 38.69 56.00 55.30 45.45 42.90 35.10 47.24 45.04 2.85
MS 3 9.10 0.60 44.25 65.43 55.78 0.55 63.03 50.98 58.63 47.49
MS 4 8.75 19.05 17.75 18.20 22.50 13.75 18.21 20.25 12.75 20.90
MS 5 37.46 85.49 77.48 71.36 72.49 38.50 58.49 67.09 40.37 28.50
MS 6 15.23 34.78 44.23 61.57 82.31 62.67 0.65 67.47 37.38 18.99
MS 7 19.20 40.94 50.24 46.54 95.82 42.89 42.89 45.74 43.34 18.99
MS 8 14.29 40.49 53.54 31.14 56.70 68.75 42.25 20.25 71.39 80.74
MS 9 19.70 57.59 45.25 74.90 50.40 62.15 60.45 64.60 64.60 41.80
MS 10 10.80 20.55 44.25 60.55 63.90 36.89 67.60 33.75 39.95 51.30

Table 7
Sinuosity index (SI) of segmented master streams of ten watersheds.

Master
stream

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

MS 1 1.31 1.18 1.23 1.32 1.33 1.08 1.00 1.05 1.05 1.06
MS 2 1.12 1.25 1.25 1.17 1.06 1.14 1.19 1.27 1.42 1.34
MS 3 1.09 1.17 1.40 1.10 1.16 1.14 1.19 1.24 1.22 1.24
MS 4 1.28 1.30 1.27 1.25 1.19 1.31 1.14 1.17 1.35 1.20
MS 5 1.35 1.17 1.17 1.12 1.12 1.12 1.12 1.23 1.14 1.17
MS 6 1.16 1.22 1.22 1.11 1.22 1.14 1.19 1.36 1.56 1.54
MS 7 1.18 1.09 1.12 1.07 1.27 1.17 1.08 1.25 1.54 1.26
MS 8 1.17 1.16 1.10 1.07 1.06 1.06 1.14 1.26 1.17 1.31
MS 9 1.29 1.19 1.48 1.16 1.05 1.26 1.18 1.12 1.12 1.39
MS 10 1.25 1.24 1.06 1.09 1.25 1.09 1.13 1.05 1.06 1.36
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(class 3). This is followed by elongated watersheds 3, 5 and 9 (class
2) (Tables 5, 9 and 10). Re ranging from 0.69 to 0.82 for the water-
sheds 1, 2 and 3 allots them into class 3 (low activity), watersheds 4,

5 and 10 with Re (0.55e0.68) are classified as class 2 (moderate
activity), and watersheds 6, 7 and 9 with Re (0.41e0.54) are clas-
sified as class 1 (active). The tectonic activeness was also measured

Table 8
Evaluated curve-fitting R2 values of master streams of the ten watersheds. Black bold font: the differences between the highest R2 values and the linear R2 values.

Master stream Linear R2 Exponential R2 Logarithmic R2 Power R2 Highest R2 -Linear R2 Rank

MS 1 0.8029 0.9723 0.8536 0.0119 0.1694 8
MS 2 0.8651 0.9881 0.9277 0.0241 0.1230 6
MS 3 0.9485 0.9540 0.8499 0.0275 0.0055 2
MS 4 0.8675 0.9917 0.9190 0.0056 0.1242 7
MS 5 0.8204 0.9967 0.9201 0.0019 0.1763 9
MS 6 0.9480 0.6625 0.8632 0.0020 0 1
MS 7 0.9177 0.9012 0.9001 0.0063 0 1
MS 8 0.9239 0.9630 0.8746 0.0022 0.0391 4
MS 9 0.8937 0.9478 0.8822 0.0031 0.0541 5
MS 10 0.9493 0.9565 0.8163 0.0036 0.0072 3

Fig. 5. Drainage patterns reveal the tectonic and topographic control on channel orientation. Rose diagram indicates the distribution of flow directions (using Rock Works 20
software, 2022).
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by magnitudes of Rc. For example, watersheds 6, 7 and 8 belong to
class 1 (Rc equals to 0.15e0.21). Watersheds 2, 5 and 9 come under
class 2 (Rc equals to 0.22e0.28). Watersheds 1, 2, 4 and 10 fall in
class 3 (Rc equals to 0.29e0.35).

Lower values of Rf (0.12e0.25) for watersheds 6, 7 and 9 (class 1)
signify the tectonic activeness. Higher values of Rf (0.40e0.53) for
watersheds 1, 2 and 3 (class 3) indicate practically less tectonic
control. Watersheds 4, 5, 8 and 10 (class 2) are under moderate
tectonic influence with Rf ranging from 0.26 to 0.39.

Watershed 2 has the lowest value of Bs (1.1e1.5), indicating
minimum tectonic influence (class 3). Watersheds 4, 6, 7 and 9 are
clubbed into class 1 (Bs � 2.1), followed by watersheds 1, 3, 5, 8 and
10 (class 2, Bs equals to 1.6e2.0). This indicates relatively moderate
tectonic effects in those watersheds. Higher Bs values (> 2.1) in
watersheds 4, 6, 7 and 9 indicate active tectonics (class 1). Water-
sheds 1, 3, 5, 8 and 10 are under the intermediate range (class 2, Bs
equals to 1.6e2.0). Only watershed 2 belongs to class 3 with Bs
ranging from 1.1 to 1.5, indicating its tectonic activity is minimum.

Master streams of watersheds 3, 4, 7, 8, 9 and 10 show higher
values of T. This suggests a higher deflection of the master stream
from the theoretical watershed mid-line. It indicates a higher
possibility of tectonic effect on thesewatersheds (class 1, T equals to
0.39e0.52). On the other hand, watersheds 1, 2 and 6 belonging to
class 2 indicate lesser possible tectonic influence (T equals to
0.27e0.3), followed by watershed 5 (class 3, T equals to 0.15e0.26).

As per the analysis, watersheds 7, 8 and 9 are tectonically highly
active. Watersheds 1, 4e6 and 10 are moderately active. Water-
sheds 2 and 3 are located in the western part of the study area,
where tectonic activity is less intense. The northern portion of the
study area in watersheds 6e10 experiences abundant earthquakes
indicating active tectonics (Fig. 6). There are several structural
lineaments in this northern zone, which includes watersheds 6e10.

IAT map with compiled tectonic information from previous
authors clearly shows that (i) tectonically active regions (water-
sheds 7e9) are characterized by the presence of faults, which could
be related to the NKFS. These threewatersheds are beside the NKFS,
andmajor structural elements parallel the NKFS. Regional NKFS can
influence the surroundings. (ii) Tectonically low active regions are
distinguished by fewer structural lineaments/faults. For example,
the central part of Saurashtra is less active as watershed 3 shows
high Re (0.72), low Rf (0.004), moderate Hd (0.21) and low HI (0.48).
It suggests that the area achieved enough time to expand the

watershed laterally, acquiring its circular shape without any tec-
tonic disturbances. Secondly, several localized lineaments do not
control the drainage lines. This is evident from the rose diagram for
watershed 3 (Fig. 6). Here, the drainage lines are almost equally
distributed along several directions. Only shorter NNW-SSE linea-
ments are found. The entire section of watershed 3 consists of
Dwarka Formation and forms a pinnate drainage pattern. This is
closely related to a uniform lithology that created an irregular tree
branch-shaped drainage pattern.

5.2. Linear parameters

Longitudinal profiles of the master streams of each watershed
are prepared from elevation and distance data for a better under-
standing of the variation in SL index and SI values (Figs. 7 and 8).
Evaluated values of these parameters strongly correlate with the
tectonic sensitivity of the area. Within the overall sinuous channels
with SI (1.0e1.5), the straight channel segments with SI (1.0e1.1)
possibly indicate vertical incision due to increased tectonic activity.
Knickpoints of each master stream (Fig. 1) are obtained from the
longitudinal profile of the corresponding master stream. Master
stream 1 has two identifiable knickpoints (Fig. 7). The second
knickpoint from the source of this master stream is tectonically
significant. This is because the river straightens after crossing this
point. The SL index of master stream 1 shows very low values after
crossing a structural lineament.

The master stream 2 is dominantly sinuous, but its SI decreases
near the knickpoints indicatinga straighter (SI equals to1.00e1.08)
flow path. A higher SL index in those regions also indicates vertical
incision rather than lateral erosion. The second knickpoint from the
upstream side of the master stream 3 is tectonically highly influ-
enced as the stream straightens (SI ¼ 1.09), and higher SL values
(65.43) represent more vertical incision. Master stream 4 is
completely sinuous, but knickpoint locations indicate the zones of
possible active area. Master stream 5 is sinuous but structurally
controlled as it parallels the local structural lineaments. Its higher
SL indices (85.49, 72.49 and 58.49) characterize three knickpoint
locations (Fig. 7). Fault/structural lineament crossing zone in
segment 8 of master stream 5 is also supported by the higher SL
values (67.09).

SI values display that the master stream 6 is a sinuous channel.
However, towards the mouth, it loses power and meanders. The
higher SL index values and fault/major lineament crossing this
watershed (Fig. 8) developed slope-break and knickpoints due to
vertical incision. Master stream 7 shows the alternate straight,
sinuous and meandering course. Such alternating channel behavior
is the result of episodic uplift/incision. This justifies several tectonic
events imprinted on the channel and the incision that occurred due
to the presence of faults/lineaments. A lower SI value indicates a
straighter channel. It strongly supports the structural control near

Table 9
Ranking of calculated values for the assessment of IAT.

Watershed Ruggedness
number (Hd)

Relief
Ratio (Rh)

Asymmetry factor
(AF) Normalized

Hypsometric
Integral (HI)

Circularity
Ratio (Rc)

Elongation
Ratio (Re)

Form Factor
(Rf)

Basin
Shape (Bs)

Trans. Topo.
Sym Factor (T)

IAT

WS 1 1 1 2 2 3 3 3 2 2 2.11
WS 2 2 1 2 2 3 3 3 3 2 2.33
WS 3 2 3 1 3 2 3 3 2 1 2.22
WS 4 3 3 1 3 3 2 2 1 1 2.11
WS 5 1 1 3 3 2 2 2 2 3 2.11
WS 6 3 3 3 2 1 1 1 1 2 1.89
WS 7 3 3 1 2 1 1 1 1 1 1.56
WS 8 3 2 2 1 1 2 2 2 1 1.78
WS 9 3 2 3 1 2 1 1 1 1 1.67
WS 10 3 2 2 2 3 2 2 2 1 2.11

Table 10
The classification of tectonic activeness among the watersheds.

Class Range Tectonic Activity Watershed

Class 1 1.50e1.80 High WS 7, 8, and 9
Class 2 1.81e2.11 Moderate WS 1, 4, 5, 6, and 10
Class 3 2.12e2.42 Low WS 2 and 3
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the knickpoints and the structural lineament crossing points.
Fieldwork supports that on a uniform basaltic basement, knick-
points developed along the channel due to the presence of faults.
Climate acts as a factor of water volume during monsoon. High
velocity, discharge stream power and shear stress augment erodi-
bity [60].

Master stream 8 is sinuous towards both source and mouth, but
is straight between them. Knickpoints and lineaments are close-
spaced. More lineament crossing zones and knickpoints display
the higher tectonic activity inwatershed 9. Higher SL value (57.9) in
fault crossing zones and knickpoint zones in master stream 9
possibly indicates a more tectonic control on the channel flow path

Fig. 6. IAT map where watersheds 7,8 and 9 are tectonically highly active, followed by watersheds 1, 4, 5, 6 and 10. Watersheds 2 and 3 are less active. Major structural lineaments,
faults, geomorphic lineaments and lineaments extracted from the DEM and earthquake epicenters are also plotted. Earthquake epicenters [22] are distributed along the structural
lineaments and faults. Those regions are tectonically more active as per IAT analysis in this work. Lineament orientations of ten watersheds are represented by grey rose diagrams,
prepared using RockWorks 20 software, 2022. The direction of flow path distribution of stream networks of all watersheds represented by blue rose diagrams, prepared using
RockWorks 20 software, 2022.
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(Fig. 8). All the knickpoint positions in master stream 10 are sup-
ported by the straight nature of the channel (SI < 1.1), indicating
higher vertical incision than the lateral (Fig. 8). Lineaments crossing
points and knickpoints signify slope-break where rapids, plunge
pools and pot-holes developed recently.

Lower values of the Concavity Index (Ө) of the master streams
5e10 indicate that they are tectonically influenced. Therefore, they
show the trend of convexity, i.e., vertical erodibelity. Vertical inci-
sion helps to make the drainage line straighter (less SI value). As per
higher values of Ө (0.0119e0.0275), master streams 1e3 have
minimum possible influence, indicating higher lateral expansion
than vertical incision towards the river mouth. Master streams 4
and 7 show an intermediate range of Ө (0.0056e0.0063), which
indicates that themaster streams aremoderately active. Basin-scale
IAT analyses compared to linear-scale Ө values show higher tec-
tonic activity in the northern part and lower tectonic activity in the
western to southwestern areas (Fig. 6).

5.3. Analysis of best-fit curve of longitudinal profiles of master
streams

The difference between the highest and the linear values of R2

indicates different degrees of tectonic activity for different water-
sheds (Table 8). Each master stream is ranked as per the evaluated

difference between the highest R2 and linear R2 value. The lower
the difference, the higher the tectonic influence. For the highest
influence, i.e., for the lowest difference, the watershed is ranked as
1. The highest difference of magnitude 0.9967 represents the
channel of watershed 5 to be least active, which is ranked as 9. As
per the analysis, watersheds 6 and 7 are highly active when the
highest R2 and the linear R2 are equal (rank 1). This is followed by
watersheds 3,10, 8, 9, 2, 4 and 1 (Table 8). IATanalysis indicates that
watersheds 7, 8 and 9 are highly active, whereas watersheds 2 and 3
are characterized by relatively lesser tectonic activity.

Therefore, the results from the analyses of IAT and R2 curve
fitting do not varymuch and showa convincing trend of the relative
influence of active tectonics except the watershed 3 and the master
stream 3. Watershed 3 is tectonically inactive (Table 9), whereas
master stream 3 indicates higher tectonic control as per the rank of
R2 curve fitting value analysis (Table 8). Hence, watershed 3 is sub-
circular, but the master stream is tectonically influenced. This in-
dicates that the zone got enough time to erode the topography to
make the watershed circular, but several lineaments and recent
tectonic activities affected the master stream to be more active. The
overall trend of relative tectonic activity from the R2 curve fitting is
satisfied by the concavity index (Ө) analysis. Comparison of
normalized steepness index (Ksn) values of ten watersheds with SL,
SI andӨ discloses that watersheds 6, 7 and 9 have the highest Ksn of

Fig. 7. Source-to-mouth length profiles of the master streams (watersheds 1e5) with the displayed segment-wise SI and SL index values. Sinuosity variation is shown by different
colors. Lineaments (extracted from DEM) and knickpoints are plotted. A strong correlation exists among the SI and SL index, lineaments and knickpoint positions.
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13.20, 0.74 and 1.16, respectively. These watersheds are under
active tectonic classes 1 and 2, and the master streams are mostly
under sinuous to straight pattern. It is followed by watersheds 5, 8
and 10. Low ksn values indicate a relatively low uplift rate over the
watersheds 1 (ksn ¼ 0.11), 2 (ksn ¼ 0.29), 3 (ksn ¼ 0.13) and 4
(ksn ¼ 0.23).

5.4. Seismicity & paleoseismic evidence

IAT analysis, linear parameter study and R2 curve fitting values
indicate an overall higher tectonic activity towards the northern side
around Jamnagar (Fig. 9). Numerous earthquakes in the recent past
in north Saurashtra corroborate this. The frequencyemagnitude
relation (b-value) and fractal correlation dimensions (Dc) from

2006 to 2011 [61] disclose that the Kutch rift near the Saurashtra
horst zone is active with the average b-value (0.7 ± 0.04) and Dc

(2.46 ± 0.01). The hypocenters of the Saurashtra seismic cluster at
5e10 km depth and justify the active tectonics [62].

Watersheds 2 and 3 are tectonically less active, located between
the two tectonically highly active regions, i.e., northern- and south-
eastern parts of the study area. This detached the Bet Dwarka re-
gion from the mainland about 1000 years ago [7]. However, no
seismicity has been reported from the Bet Dwarka area in the last
few hundred years. The May 2020 earthquake, occurred approxi-
mately 13 km south of Dwarka, was about 4.1 magnitudes with
approximately 10 km deep focus (Fig. 9). Mandal et al. also sug-
gested the occurrence of a paleo-earthquake presumably 2000
years back around Bet Dwarka [63,64]. This is evidenced by

Fig. 8. Source-to-mouth length profiles of master streams in watersheds 6e10 with segment-wise SI and SL. Structural lineaments, geomorphic lineaments and lineaments
extracted from DEM and knickpoints are shown. The bar diagram represents Ө of the master streams.
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seismicity-induced sand blow structures [65]. Additionally, Merh
et al. referred to liquefied material in Bet Dwarka, indicating tec-
tonics about 1980 ± 40 yrs BP [66e68]. Geodetic analysis of Sau-
rashtra defines a significant deformation with up to 5.0 ± 2.0 mm
y�1 rate at several places. The Global Navigation Satellite System
(GNSS) study constrains the horizontal movements of less than
1.0 ± 0.4 mmy�1 and vertical movements up to 2.3 ± 0.5 mmy�1 in
the study area [69, 70].

The elongated nature of watersheds on the northern side and
the circular watersheds on the southern side indicatemore tectonic
uplift in the northern portion [71e73]. The concentration of
earthquake epicenters in the northern part indicates the same. Rose
diagrams of lineament and drainage orientation in Fig. 6 show that
rivers flowing to the north follow the same trend as the lineaments.
This also indicates tectonically-controlled drainage [71].

5.5. Field verifications

Fieldwork was conducted in watershed 9 (Figs. 10A and 10B).
The field locates in the Dhanda village (Fig. 1), about 23 km south of
Jamnagar, where the master stream 9 flows. Significant heights of
knickpoints and cliff sections indicate tectonic uplift and rejuve-
nation of the river channel (Figs. 10C, 10D and 10E). Lineaments
extracted from DEM are identified at the micro-scale by hill shades
[53]. Field verifications also support this: (i) potholes of different
sizes (diameter about 0.2e2.5 m, depth about 0.1e1.5 m) (Figs. 10F
and 10H); and (ii) the break slope of the cliff section away from the
knickpoint locations (Fig. 10G). Potholes can be formed by
increased river discharge during heavy precipitation. Potholes can
also be caused by an increase in slope induced adjacent to

knickpoints, which increases the stream's power and accelerates
abrasion/corrosion [73]. Potholes in the study area may indicate
recent tectonic activity [74] (Fig. 11A, B, C and D).

Field verification confirms that the northern part of Sautrashtra
is tectonically active. The tectonically active zone was possibly
responsible for the uplift and inundation of the western tip of the
Saurashtra peninsula.

5.6. Other issues

The active faults' uplift rates indicate that Kutch has a compli-
cated geologic history, at least during the Quaternary. The vertical
uplift rates, ranging from 0.8 to 2.8 mm y�1, suggest that the KRB
has a varied tectonic compressive stress regime [75].

NKFS has an interesting position in the western part of Sau-
rashtra (Fig. 3). Previous researches and the present study prove
that the NKFS has been active in the recent past, which is supported
by sudden changes in river course in watersheds 6e8 [19]. Hence,
NKFS possibly reactivated and submerged/uplifted the western tip
of the Saurashtra peninsula. The following evidence supports this.

(1) Coastal cliffs of Dwarka dominated E-W and ENEeWSW
(Fig. 2). The region usually consists of vertical joints. There
are a few NW-SE trending joints as well. ENE eWSW to E-W
and NW- SE joints can be inferred to be related to the NKFS
system and the extension of West Coast Fault tectonics,
respectively. Towards south from Dwarka along the coastal
belt, NW-SE joints are documented dominantly. This in-
dicates the diminished influence of NKFS towards the south.
NKFS mainly affected rocks in and around Dwarka.

Fig. 9. Spatial variation of earthquake magnitude from 1872 to 2021 [21]. Contours represent depth in km.
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(2) Focal mechanism of earthquake suggests that the northern
part of Saurashtra is dominated by ESE-WNW trending
reverse faults and the Saurashtra region is dominated by
NE-trending strike-slip faults under transtension [76].
Hence, the stress regime is dissimilar in northern and
southern Saurashtra, with vertical movements plausible in
the north region. Along the active faults, brittle-ductile
transition (BDT) acted as a lubricant for the emergence

and triggering of the earthquake. Fluid migration de-
teriorates the fractured ductile crust by increasing its fluid
pressure, which minimizes the confining pressure and en-
dorses velocity weakening in the seismic layer. The
resulting shear instability triggered deep crustal earth-
quakes [77]. This probably contributed to the uplift and
inundation of the ancient city Dwarka and the surrounding
regions.

Fig. 10. (A) Knickpoint locations (white stars) in master stream of watershed 9 and the surrounding regions (Google Earth image acquired on 11-Feb-2022). (B) Zoomed in view
around Dhanda village shows two knickpoints. (C) Aerial view of knickpoint 1 (Google Earth image acquired on 11-Feb-2022). (D) Upstream view of master stream of watershed 8
shows knickpoint 1, about 4 m height (Bikramaditya Mondal (BM) marked in a red ellipse, height about 1.65 m). (E) Downstream view of master stream of watershed 8, photo taken
from the top of the knickpoint 1 (BM marked in a red ellipse, height about 1.65 m). (F) and (H) Large-scale pothole atop the knickpoint indicating tectonic uplift of the area and
rejuvenation of the river channel (notebook marked in a green ellipse, length about 22 cm). (G) Cliff section height decreases gradually from the knickpoint zone (BM marked in a
red ellipse, height about 1.65 m).
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6. Conclusions

The North Kathiawar Fault System (NKFS) has been tectonically
impacting the northern part of Saurashtra, including Jamnagar and
the surrounding regions. Watersheds 2, 3 and 5 with westward
flowing streams are circular, revealing lateral erosion stronger than
the vertical one. The majority of the northward flowing streams in
these watersheds are elongated and tectonically active (class 1).
Straight channels imply significant vertical incision in watersheds
6e9. The active tectonics can be indicated by potholes recorded in
these watersheds, the break of slope points and knickpoints. Sau-
rashtra's northern region is more tectonically active than the
southwest portion. The western flank of the Saurashtra may be
submerged during NKFS activation.
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Appendix-1(Sea-level changes)

The Kutch-Saurashtra region underwent a possible regression in
Pliocene to Early Pleistocene and two transgressions in the mid

Pleistocene and early Holocene [66,67]. Evidence also shows that
the sea level was about 40 m deep relative to the present-day level
[14]. As per the sea-level change curve of the India's western con-
tinental margin [18], the sea was 100 m deeper than the present-
day level (about 14,500 BP), and it rose to approximately 80 m
depth (about 12,000 BP). The rate of sea-level rise was about 10 m
per 1000 yrs at the mentioned time gap.

The Indian western continental margin has not suffered major
sea-level changes in the 2000 years during 12,000e10000 BP,
which was followed by a very high rate of rising (about 20 m per
1000 yrs) from 1000 years to 7000 yrs BP [11]. After 7000 years BP,
minor fluctuations were documented. The Gulf of Kutch suffered
earlier submergence (at least by 15 ka) than the other regions
(12e6 ka). After the Last Glacial Maximum (20 ky), the zone further
uplifted and subsided during the Holocene [12]. [15] suggested that
the southern and the western Saurashtra coasts are stable, at least
for the last 4000 years, whereas the shoreline in the Gulf of
Khambhat is presently receding. The Great Rann of Kutch was
navigable during the Harappan period [16]. Harappan civilization
was probably affected by the siltation of the area.

Thermoluminescence (TL) dating of the submerged potsherds in
the Bet Dwarka suggests different age ranges: 3870e2220,
3160e830, 1780e960 and 1240-880 years BP, at different locations.
Though age ranges varied, when ages are correlated with the loca-
tions, they are in conformity with the expected period [13]. [13]
considered shoreline change since 2000e3000 years BP in Bet
Dwarka. Sea level during mid-Holocene was 2e6 m higher, later, it
decreased and about 1000 years BP sea level increased. The later
submerged several historic sites [11]. Gaur et al. [16] used archeologic
proxies to understand the shoreline changes and concluded that.

i. During Harrapan time:
a) The shoreline was landward in the Gulf of Khambat.
b) Possibly Rann of Kutch was navigable.

Fig. 11. (A) Aerial view of knickpoint 2 (Google Earth image acquired on 11-Feb-2022). (B) Approximately 6 m high cliff section near the knickpoint 2. (C) Upstream view of the
master stream of watershed 8 showing the knickpoint 1 with height about 5 m. (D) A large pothole atop indicating tectonic uplift of the area and rejuvenation of the river channel.
(B)e(D): BM marked in a red ellipse, height about 1.65 m.
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c) Not much shoreline changes along the southern and
western coastline of Saurashtra.

ii. During the early historic period (4th BCE to 4th CE):
a) The sea level was lower about 2 m in Bet Dwarka and the

northern coast of Saurashtra.
iii. During medieval period:

a) Shoreline advanced and the temple at Pindara submerged.

Appendix-2

Geomorphologically Saurashtra peninsula can be subdivided
into five categories of landforms [19] viz., (i) denudational land-
form/dissected plateau (mainly occupied by Deccan volcanics of
37,462 km2), (ii) geological features such as dykes, fault scarp, fault
line scarp (750 km2), (iii) Coastal landforms (7100 km2), (iv) Aeolian
landform (2780 km2) and (v) Fluvial landforms (1505 km2).
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