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ABSTRACT ARTICLE HISTORY

The northwestern part of Indian plate consists of a number of Received 13 October 2021

sedimentary basins such as the Jaisalmer basin with Early Jurassic Accepted 10 April 2022

to Quaternary deposits. The NW-SE trending Kanoi fault and

Ramgarh fault with Mari-Jaisalmer Arch in the basin are tectonic-

ally active. We delineate the tectonically active areas of the basin e
o e . R . petroleum geoscience;

by cor?SIde:rlng watersheds, mlcro'—scale Igasms and spot locations. structural geology;

Analytic Hierarchy Process (AHP) is applied to calculate the Index active tectonics

of Active Tectonics (IAT) for the watersheds. Basin asymmetry

(AF), valley floor width to height ratio (Vf) and hypsometric curve

are calculated/generated. Computed R2 values and the IAT iden-

tify watershed-4, Miajlai depression, to be tectonically most active.

Three individual spots along the NW-trending Mari highland have

tectonic control on drainage patters. The hydrocarbon fields are

located in the Shahgarh and the Miajlar depression zones within

watersheds 3 and 4, which are under tectonically moderate and

high activities, respectively.

KEYWORDS
Tectonic geomorphology;

HIGHLIGHTS

I.  Geomorphology of the Jaisalmer basin in response to active
tectonics is investigated.

Il.  Watershed 4 is tectonically active followed by watershed 3.
Hydrocarbon fields are located in these two watersheds.

lll. The work will have far-reaching implication in petroleum
geosciences of the area.

1. Introduction

Hydrocarbon-bearing sedimentary basins possess enormous international attention for
exploration purpose (e.g. Dasgupta and Mukherjee 2017; Dasgupta and Mukherjee 2019;
Dasgupta et al. 2022). Field-specific geoscientific investigations to identify (new) locations
for hydrocarbon exploration becomes more challenging when rock outcrops are scarce
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and are mostly covered by surficial deposits. Jaisalmer basin is one such enigmatic
example from the western Rajasthan, India (e.g. Nigam et al. 1989; Pandey et al. 2019a,
2019b; Pandey and Maurya 2020). Despite several paleontologic and lithologic studies
conducted in this basin leading to a fairly well known stratigraphy (Table 1), its (mor-
pho)tectonic (field-based structural) data have been scanty.

Tectonically, there are three main provinces in Jaisalmer basin: (i) raised
Mari-Jaisalmer high, (ii) synclinal Shahgarh, and (iii) monoclinal Kishangarh and Miajlar
shelf. Shallow marine deposits dominantly exist in the Jaisalmer basin. The Bhadasar
Formations deposited in the Middle to Late Jurassic Period. Uplift initiated during the
Upper Cretaceous to the Lower Paleocene and incision exposed the Cretaceous sequences
following the axial high up to the basin margin area.

The Jaisalmer basin experienced several tectonic events along with distinct brittle
deformations- faulting and fracturing. The geo-tectonic set up has refined the morpho-
logic layout with arid cycles of uplift/incision sequence, which established the pediments
over the flat terrain, inselberg (eroded hills) and playas. Application of geomorphic indi-
cators with respect to the linear and watersheds/basin to constrain the Index of Active
Tectonics (IAT) of the Jaisalmer shelf area had remained a due.

In this study, we have considered only the Jaisalmer shelf within the Indian territory
for morphometric analysis. The Indus shelf part in Pakistan is not considered.

Tectonic activities strongly control the morphology or any faulting within the sediment-
ary basin. The spatial indicators viz., Basin Shape Index (Bs), Transverse Topographic
Symmetry Factor (T), Hypsometric Integral (HI), Elongation Ratio (Re), Circularity Ratio
(Re), Tilt angle () and Form Factor (Rf) are related with slope. Linear morphometric
parameters such as SL and SI also connote tectonic activity; e.g. uplift-induced steep valley-
cutting and straight nature of channel flow path. Presence of major fault lines lead to the
higher SL values. River basin displaced due to tectonic activity is rather rare. More common
are channel shift, increased headword erosion and river piracy.

This work performs morphotectonic analyses of the Jaisalmer basin. This is achieved
in three steps: (i) analyses of lineaments from Google Earth images; (ii) delineation of
basins/watersheds from DEM with the detail application of relief-scale/watershed or basin
scale aspects and drainage patterns; and (iii) evaluation of linear-scale parameters and
basin/watershed-scale indicators to specify the Index of Active Tectonics.

We identify tectonically active watershed areas in the Jaisalmer basin and point out
that sub-surface fault reactivation has happened near the Kanoi fault, Manhera fault and
Manhera Tibba structure.

2. Geology

The Jaisalmer basin is a shelf-zone of the Indus geosyncline, which is separated from the Bikaner-
Nagaur basin by the Pokhran-Nachna high in the northwest and Barmer basin by the Banner-
Birmama-Nagarparkar high/Fatehgarh fault in the south. The Jaisalmer basin is marked as a NW-
SE trending regional fault-bound zone from Jaisalmer up to around Mari (Awasthi 2002).

Sedimentary cycle started in Permian Period with the deposits of shales and sandstones
of Karampur Formation, which is overlain by Triassic Sumarwali Formation, Jaisalmer
Lathi of Middle to Lower Jurassic (Bonde 2010). Baisakhi, and Bhadasar Formation
deposited in Middle to Late Jurassic Periods. Cretaceous deposits known as Pariwar
Formation overlie the Jurassic sediments. This is followed by Parh in Upper Cretaceous,
Sanu in Paleocene, Khuila in lower Eocene, Bandah in middle Eocene and lastly Sumar in
Pleistocene to recent (Pandey et al. 2006; Patra and Sukla 2020); (Table 1).



12384 M. BISWAS ET AL.

Table 1. Stratigraphy of Jaisalmer Basin compiled from publications.

Age/Series/Formation

Lithology/key features

Recent

Windblown sand/alluvium®¢"

Dune sand, Alluvium Gravel/Trap wash'’

Recent - Pleistocene
Shumara,c,d,e,g,0,q,t,v,w,x,y,z,1 ,2,3,5,7,8,12,13.

a-Member?
B-Member?
v-Member?
8-Member?
Uttarlai '

Middle Eocene
Bunda ha,c,d,e,g,0,q,u,v,w,x,y,z,1 2,3,57,8,11,12,13

(Kirthar)®43
Bakhri Tibba®®
Habib Rahi
Bandah'
Bakhri Tibba Limestone"

Batrewala Limestone™>”#

Kinsar shale member®

Lower Eocene
KhuiaIaa,(,d,e,g,v,w,x,y,z,'l ,2,3,511,13
Lower Eocene - Paleocene
Khuiala®*'>13
(Laki)%™
Up. Ghazij?
Lr. Ghazij?
Dunghan‘
Khuiala*®
Upper Khinsar Shale”®
Sirhera"’®
Lower Khinsar Shale
Tetakkar>”#

7,8

Palaeocene
San ua,c,d,e,g,o,q,t,v,w,x,y,z,1 ,2,3,57,811,12,13

(Ranikot)®"!
Kharatar"®

Mohamad dhani*>”#

Upper Cretaceous

Turonian -Coniacian
Pa rha,c,d,e,g,q,u,w,><,z,1 2,3,8,11,12,13

Loose sand and alluvial material

Dune sand, gravel with ferruginous nodules, limestone. Mainly
gravels with ferruginous nodules cemented, at places limestone
cobbles forming pseudo conglomerate, occasionally coarse
grained ferruginous sandstones, eolian sand with streaks of
argillaceous, calcareous sandstone, intercalated limestone and
variegated clay.

Loose sand

Limestone and Calc. sandstone

Sandstone and variegated clays

Alternating variegated clays, sandstone and glauconitic clay

Foraminiferal limestone, clays at base, glauconitic clay, alternations
of grey shale and grey to greenish grey argillaceous,
foraminiferal limestone

Clay, limestone
Clay, limestone

Glauconitic calcareous sand, Greyish white hard
foraminiferal limestone

Alternations of grey shale and greenish grey, argillaceous
Foraminiferal limestone. Greyish white to pinkish white hard,
compact, foraminiferal limestone becoming argillaceous at base.

Gypseous, orcherous, yellow shales with whitish yellow, argillaceous,
thin limestone beds, calcareous silts and foraminiferal test beds.

Shales with limestone beds and calcareous silts.

Shale, Limestone
Shale
Limestone, marl

Greenish grey, micaceous fissile shale with intercalated limestone,
bioclastics with interbeds of shale

Bioclastic limestone with inter beds of shale
Creamish white to buff, hard compact, microcrystalline limestone
in up[per part and alternations of yellow shales and argillaceous
limestone/ calcareous claystone in the lower part.

Friable sandstone with minor clays, marl, limestone, shale, silty clay,
sandstone with lignite, sandstone with coquina bed
and glauconite.

Alternations of sand, marl and argillaceous limestone and
glauconitic sand at base

Sandstone, medium to coarse, friable, at places, glauconitic with
shale. Quartzose yellow to maroon, ferruginous, friable cross
bedded sandstone with minor purplish white clays, ferruginous
at base, siltstone, dark grey carbonaceous shale.

Marls, arenaceous limestone, argillaceous limestone, clay and marl,
interbeds of grey to greenish grey limestone, greenish grey silty,
feebly calcareous shale

(continued)



Table 1. Continued.

GEOCARTO INTERNATIONAL @ 12385

Age/Series/Formation

Lithology/key features

Aptian — Turonian
Gorua,c,d,e,f,g.q,u,w,1 1,12,13

xz,1,2,3

Up. Goru®
Lr. Goryd*=123.7
Cenomanian

Up. Goru®
Albian —Aptian
Lr. Goru®

Upper Cretaceous
Habur”
Lower Cretaceous
Aptian

Habur><4fmava1112 /abur /Hapur”

Aptian - Coniacian
Habur®
Neocomian
Pariwar

Valanginian — Barremian
Parihar®
Upper Jurassic

Baisakhi/ Bhadasar®<de9xy21237

Kimmeridgian - Tithonian
Baisakhi/ Bhadasar®'®

Tithonian/ Portlandian

Bhadasar®fm-epavmw1112. gagagipty

Mokal*P

Kolar Dunger®?4P?

Kimmeridgian

Baisakh ib,i,m,o,p,q,u,v.‘l 1,12
Rupsi®?
Ludharva®?
Baisakhi®?

Bhadasar*'

Early Cretaceous

Mokal*!

Tithonian
Kolar Dungar*’
Upper Jurassic
Bedesir®
Tithonian — Oxfordian

Baisakhi*"®
Lanela®"®
Ludhawra®*"®

a,b,cdefgopquvwxyz1237:811,1213

Sandstone and shale. Shale with glauconites, clay, Marl, shale, clay,
calcareous siltstone and shale Sandstone, shale, calcareous
siltstone, argillaceous sandstone, glauconitic very fine sandstone
and silty, sideritic claystone Glauconitic towards base.

Mainly greenish grey to grey feebly calcareous pyritic shale at
places silty marls beds towards top

Alternations of light grey fine grained glauconitic sandstone and
grey shale, towards bottom shale is glauconitic

Sandstone, Shale

Arenaceous limestone and calcareous, coquinoidal limestone, shale

Sandstone and shale alternation with plant fossils, fossilised tree
trunk, clean coarse sandstone, argillaceous sandstone, dominantly
clean sandstone medium to fine compact with interbeds of shale,
occasionally lignite present

Grit, gritty sandstone, quartzose sandstone, unfossiliferous

Sandstone and Shale, Clay, alternate layer of fissile, pyritic,
micaceous shale and medium to fine sandstone, alternations of
fine dirty white, feebly calcareous sandstone and grey
carbonaceous shale, micaceous shale at the middle part, base is
marked by brownish grey, silty glauconitic claystone

Alternations of fine dirty white to light grey, feebly calcareous and

pyritic sandstone and dark carbonaceous shale, base is marked by

brownish grey glauconitic shale.

Coarse to fine-grained sandstone, marine in the lower part grading

into nonmarine sequence at the top, sandstone above and shales

below, nodules bearing trace fossils, argillaceous sandstone, shale.

Sandstone and limestone.alternation of ferruginous gritty sandstone
and cemented sandstone beds with intercalations of
calcareous clay.

Marine shale and sandstone alternations, intercalated fine grained
argillaceous sandstone and grey shales, hard argillaceous
sandstone, grey to black shale, gypseous clay streaks, sandy
siltstones, hard quartzose, silty glauconitic clay.

Grit, sandstone and shale

Grey to black shale commonly ferruginous in nature and rare
remains of plants

(continued)
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Table 1. Continued.

Age/Series/Formation

Lithology/key features

-a,k,1,9

Rupsi
Basal“"?
Kimmeridgian-Middle Oxfordian
Baisakhi"®
Late Kimmeridgian
Lanela’
Middle Kimmeridgian
Ludhawrd’
Early Kimmeridgian-late Oxfordian
Rupsi"”
Late Oxfordian
Basal
Middle Jurassic
Bajocian — Oxfordian
Jaisalmer

Late Callovian — Oxfordian
Kuldhar®#4

Middle Callovian
Badabag™"*

Early Callovian
Fort>

Bajocian — Bathonian
Joyan®*

Bajocian — Bathonian
Hamira™"*
Thaiat*
Jaisal mera,b,c,d,e,f,g,i
Kuldhar®"
Jaisalmer
Jaisal mera,b,c,d,e,f,g,i,j,k,l,n,Q,‘I 0

Middle Oxfordian-Early Oxfordian
Jajiya®Hino910,14

Callovian
Kuldha ra,j,k,l,n,6,9,1 0,14

Late Bathonian

Badabaga,j,k,l,nﬁs,‘l0,14

Middle Bathonian-Early Bathonian

Forta,j,k,l,n,é,Q,] 0,14
Bajocian

a,b,cdefgijkvwxyz1234711,12

Brown hard argillaceous, sandstone and intraformational
conglomerate.

shale of grey to greenish colour which is intercalated with
sandstone of light brown colour.

Sandstone and gypseous shale

Limestone, shales, lower part carbonaceous.

Alternations of marine arenaceous limestone and calcareous
sandstones, at places oolitic and bioclastic towards the bottom,
dominantly buff to grey, hard and compact limestone interbeded
with fine to medium grained calcareous sandstone and shale.

Argillaceous, ferruginous silty and oolitic limestone types; oolitic
shale, gypsiferous clays and sandstone. Typical Section: Kuldhar
Nala section

Cross-bedded calcareoussandstone, dolomitized sandy limestone,
intraformational conglomerate, sandstone. Typical Section:
Badabag hill scrap section

Oolitic, coarse, sandy fossiliferous limestone, crossbedded sandy
limestone. Fine to medium grained sandstone. Typical Section:
Fort escarpment section

Coquinoidal limestone gritty-sandstone, ferruginous sandstone.
Typical Section: Jaisalmer to Thiat Road

Sandy limestone, calcareous sandstone, and marl bands
Typical Section: Thait scrap and section near Hamira village
Mainly shale and limestome with colites

Mainly limestone

Oolitic, bioturbated and cross-bedded limestones with hardgrounds
and sandstone, alternating limestone and shelly limestone,
golden oolite, and marly limestone. Yellow oolitic bioturbated
and cross-bedded limestone and sandstone

Oolitic limestone, fossiliferous, oolitic silty marls, shell

beds, shales and limestones, Yellow limestone, greenish shale, and
golder oolite, fossiliferous oolitic silty marl, shell beds, shales

Siltstones, sandstones, well cemented shelly and sandy limestones
with hardgrounds and intraformational conglomerate. Yellow and
buff limestone, shelly limestone, yellow sandstone, greenish shale
and conglomerate, marl mudstone

Poorly to moderately cemented sandstones, fossiliferous bioturbated
to cross-bedded limestones, Buff, yellow to greenish yellow
limestone, and soft, light coloured sandstone

(continued)
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Age/Series/Formation

Lithology/key features

Joya na,j,k,l,n,6,9,1 0,14

Hamirahkn62, 1014

Oxfordian - Callovian

Jaisalmerm'°""q'5'”'8'1 3

Kuldhar®
BadabagP?®
Fort?®

JoyanP?®
Hamira®
Lower Jurassic
Lias — Bajocian

Lathia,b,c,d,e,f,gyj,k,l,m,n,s,v,w,x,y,z,

Th aiyata,b,j,k,l,n,Q, 14

Odaniaa,b,j,k,l,n,4,9,1 4
Lias — Bathonian
LathijoP#13

Thaiyat®
Lias
Lathi®
Permo Triassic
Bhuana®9.7/811:1213

Triassic
Sumarwali
Permian
Karampur®*
Permo-Carboniferous
Badhaura Formation®
Proterozoic — Lower Cambrian
Cambrian
Birmania
Neoproterozoic
Tonian/Cryogenian
Randhaa,e,v,3,11,12
Basemente,v,7,11,12,13

e,fw,3

aev,3,11,12,13

Cross-bedded limestones with erosional surfaces and reworked large
coral heads, bioturbated limestones and fine-grained sandstones.
Shelly limestone, marl, shale and sandstone

Cross-bedded calcareous sandstones. Yellow arenaceous limestone,
shale and marl

Alternations of marine arenaceous limestone and calcareous
sandstone with a top fossiliferous oolite bed, shell limestone,
dominantly buff to grey tight limestone, thin intercalations of
shale are common

Mainly dirty white calcareous sandstone and intercalated shale with
occasional bands of limestone.

1.2 379112 453 dstone, shale, lignite, Plant fossils, Terrestrial to deltaic

sandstone. Calcareous sandstone variegated calcareous sandy silt
stone, conglomerate with fossil tree trunks in fossil tree trunks in
coarse sandstone, micaceous claystone, sandstones are medium
to coarse, dirty white to grey calcareous towards top, thin
intercalations of ferruginous claystone and micaceous
carbonaceous shale.

Siltstones and fine-grained sandstones

Cross-bedded, poorly sorted sandstones with pebbles

Mainly sandstone medium to fine, grey to dirty white at places
calcareous , thin intercalations of chocolate brown claystone and
grey shales, lignite streaks

Sandstone with plant fossil.

Sandstone red, brown and pink, claystone and shale, sandstones
coarse to medium with intercalations of ferruginous claystone
and shale.

Sandstone and clay stone

Shale and sandstone

Carbonate, dolomitic limestone, shale and sandstone

Calcareous quartzite, sandstone and shale
Malani igneous suite/metamorphic basement, Phyllite,
Schist, Granite

References:

aZadan and Arbab (2015),
bRai and Garg (2007),
cAhmad and Aquil (2000),
dVerma et al. (2012),
ePandey et al. (2019c¢),
fKrishna Brahman (1993),
gSingh et al. (2006),
iMahender and Banerji (1990),
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jSaha et al. (2021),

kAlberti et al. (2017),
ISharma and Pandey (2016),
mMude et al. (2012),
nPandey et al. (2012),
oTorsvik et al. (2005),
pSudan et al. (2000),

gDas Gupta (1975),

rKalia and Kintso (2006),
sAlam (1993),

tBhandari (2008),

uSigal et al. (1971),

vPatra and Singh (2015),
wAwasthi (2002),

xMitra et al. (1993). ¥ Sinha et al. (1993),
zLal (1994),

1Chidambaram (1991),
2Upadhyay (1991),

3Singh (2000),

4Ahmad et al. (2013),
5Bafna and Dhaka (1999),
6Kachhara and Jodhawat (1999),” Srivastava and Pandey (1996),% N.P. Singh (1996),
9Ahmad et al. (2022),
10Kaur et al. (2020).
11Asher et al. (2021)
12Zutsi and Panwer (1997)
13Bhadu and Mondal (2018)
14Kalita (2015)

Phanerozoic geologic evolution of the basin initiated when the Indian plate separated
from Gondwana (Torsvik et al. 2005) during Jurassic and Cretaceous. The NE-SW and
NW-SE fracture systems reframed the Jaisalmer basin whereby the oldest rocks crop out as
the Habur Formation (Pandey et al. 2019¢c). The major evolution of the Jaisalmer basin ini-
tiated in Mesozoic after a hiatus and commenced as the fluvio-deltaic deposition of the
Lathi Formation (Srivastava 1966). The Jaisalmer basin lies uncomfortably over the
Proterozoic basement. The Malani igneous suits and the Precambrian metamorphic rock
constitute the basement of the Jaisalmer Basin (Table 1). The basin consists of alternating
sequences of clastics and carbonates. Table 1 compiles the stratigraphy of the Jaisalmer
basin. Well-exposed Mesozoic rocks are mapped as six formations (Lathi to Habur
Formation; Zadan and Arbab 2015). As per Awasthi (2002), sedimentation in the Jaisalmer
basin started during Permian with shallow marine deposition of the Karampur Formation.

Ramgarh fault, Ghotaru fault, Kanoi fault and Fathegarh fault are the major faults of
the study area. The first three of them have overall NW trend whereas Fatehgarh fault
trends NE-SW. Between the Ramgarh and the Kanoi Faults, Manhera Fault and Manhera
Tibba structure exist along with the Kharatar structure (Alam 1993; Ahmad and Aquil
2000; Roy and Jakar 2002; Ahmad et al. 2013; Singh 2007; Figure 1A).

Several closure or flexural structures occur in the study area (Figure 1A; Das Gupta
1975), which are the major hydrocarbon producing structures formed due to strike-slip
tectonics (Mitra et al. 1993; Pandey et al. 2019b).

3. Methods
3.1. Meso-scale study

The tectonic processes are reflected by stream networking systems and manifest as mor-
photectonic characters of the watersheds. Weights have been assigned to basic relief,
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Figure 1. A. Geologic formations with major fault lines and structures of Jaisalmer basin (Pandey and Chowdhury
2010). Watersheds have been delineated in this basin. B. Analysis and superposition of lineaments extracted from
multi-look C-band SAR data with bi-directional rose diagram representing the lineaments. C. Fifty-three lineaments
have been identified from DEM in the Jaisalmer-Barmer area. Most of them strike NW-SE (inset rose diagram).

drainage and morphometric techniques that characterize channel and watershed-scale geo-
metries. These indicators cumulatively constrain the tectonic activity of the watersheds of
the basin. Exercise of integrated morphometric techniques and geometric data analysis are
computed using the Digital Elevation Model (DEM) of the Bhuvan Cartosat 1 (30 m reso-
lution), 2015.

The stream network system extracted from the DEM. This is based on flow path, the
direction at each point on the topographic surface tracing towards the downhill water
flowing path, and the crossing contours. Considering (i) streamline tracing and (ii) flow
direction based on steepest descent, the slope directions from each pixel to its eight-
neighbour pixels have been framed. Streamlines were generated and extracted using the
D8 Python algorithm adopting the required threshold value. Discrete flow angles and sin-
gle flow direction are applied to delineate the watershed boundaries.

The extracted drainage lines are in the Google Earth Pro in Arc 10.3 platform. We
incorporate relief characteristics, and drainage and morphometric parameters for each
watershed. The considered indicators for index of relative active tectonics (IAT) are veri-
fied by applying the Analytic Hierarchic Process (AHP) analysis in calculating weight.

AHP has been used to calculate the weight for each of the parameters used to identify
the tectonic effects over the rivers. AHP is a multi-criteria decision-making method intro-
duced by Satty (1980). First, pair-wise comparison matrix was prepared as per the Satty
Scale (Table 2).

Consistency Index (CI) is calculated (Liu et al. 2017):

M —

CIZW (1)
n—1

CR=CI—-RI 2)

Here CI: consistency index; consistency ratio CR; RI: random consistency indeX; Yijax:
computed average value of weight; n: number of parameters. There is a randomly gener-
ated comparison matrix (Satty scale1980, Liu et al. 2017). CR has been computed to check
the consistency of the judgement matrix. As per the Satty scale, for CR < 0.10, the matrix
can be marked with satisfactory consistency.
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Table 2. Applied linear & spatial scale methods to analyze tectonic signatures.

SI. No. Indices

Relief characterizes

Reference

1. Elevation map

2. Slope Map

3. Aspect Map

Sl. No. Indices

1. Drainage Density

2. Stream Order

3. Drainage Pattern
Sl. No. Indices
1. Normalize long profile

2. Concavity Index(©)

3. Stream Gradient Index (SL)

4. Hypsometric Integral (HI)

5. Transverse topographic
symmetry factor (T)

6. Sinuosity Index (SI)

Extracted from DEM in Arc GIS10.3

Extracted from DEM in Arc GIS10.3

Extracted from DEM in Arc GIS10.3

Drainage analysis

D4 = Ly/4 ( Extracted from DEM in Arc
GIS10.3)

Lu — Total stream length, A-Total area
Hierarchic order.

Extracted from Drainage map

Morphometric parameters

The linear function y = ax + b
The logarithmic function
y=alnx+b
Where, y is the elevation (H/Ho;

H = elevation of each point, Hy =
elevation of the source), x is the
length of the river (L/Ly;

L =distance of the point from the
source, Ly = total length of the
stream), a and b are the coefficients
derived independently from each
profile. The R2 value determines the
best fit. The curve with Highest R2
value is the best-fit curve.
(Extracted from SRTM 30 m DEM
and formulated using Arc GIS 10.4
and TNT mips 2014 platform)

Ceh = Sz < AE Where, S is the
channel slope prior to disturbance,
S, is the channel slope after
disturbance (e.g. due to a change in
incision rate E) and AE is the
difference between the incision rate
before and after disturbance.

SL= o InD Where, f=fall in
elevation (ez e,)

In = Natural logarithm of the
cumulative distance

*Higher SL value indicated tectonic
control over stream.

Hi = (i) Where, H
mean = Mean elevation of the
basin, Hmin = Minimum elevation of
the basin, Hmax = Maximum
elevation of the basin.

HI value < 0.30 states tectonically
stable basin and > 0.30 indicated
tectonically unstable basin.

T= gg Da = distance between the
midline of the drainage basin and
the active meander belt midline and
Dd = distance between the midline
and the basin divide.

If the river flows through the
midway of the basin, the resulting
(T) would be ‘0" indicates symmetric
basin. If the value is > 0, the river
basin is asymmetric.

Sl = C\'}:ﬂg;' IeL:"?th Straight channel
values <1%)

Straight to Sinuous values between

NA

NA

NA

Reference
Horton (1945)

Strahler (1952); Rai
et al. (2017)

Morisawa (1985)

Reference

e.g. Paul and Biswas(2019);
Kale et. al. (2014); Lee
and Tsai (2010)

e.g. Whipple et al. (2007);
Wobus et al. (2006)

Hack (1957)

Strahler (1952); Schumm
(1956); Andreani
et al. (2014)

Cox (1994); Sajadian et al.
(2015);
Takieh et al.(2015)

Biswas and Dhara (2019);
Miall (1977); Brice

(continued)
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Table 2. Continued.

SI. No. Indices Relief characterizes

Reference

>1.05 - <1.50
Meandering channel indicates >1.50

7. Basin shape Index (B) B, = g—; Where, B, _ Length of the
basin and B,,= Width of the basin
measured at its widest part.
Greater the B, value, more
tectonically active basin
representing its elongated shape.
Lower the B value, the basin is
tectonically less active representing
the circulatory shape.

8.a Basin Perimeter, Computed by Arc GIS software 10.3.1
8.b Basin Area, using SRTM data

8.c Basin Length. 30m.

9. Elongation Ratio (Re) Re=2/1Llb * (A /m) 0.5 Where,

Lb =Length of the river basin
A = Area of the river basin
e Circular (0.9-0.10), oval (0.8-0.9),
less elongated (0.7-0.8), elongated
(0.5-0.7), and more elongated
(< 0.5).
e 0.9-1.0Circular

0.8-0.90val
0.7-0.8Less elongated
<0.7Elongated

10. Tilt Angle B= N
arccos {(g) sina + cosza}

Where, a = average slope, a = half
of the length of the major axis,
b=b is the half of the length of
the minor axis.

(1964); Schumm and

Khan (1972);

Bull and McFadden (1977);
Ramirez-Herrera (1998)

NA

Schumm (1956)
Pareta and Pareta
(2011);

Rai et al. (2017)

Mandal and Sarkar(2016)

IAT is a function of a number of other indices that provides reliable semi-quantitative
assessments of the relative degree of tectonic activeness (e.g. Kale et al. 2014; Mahmood
and Gloaguen 2012; Biswas et al. 2022; Dasgupta et al. 2022; Surabhi et al., submitted).
These individual indices are Basin shape index (Bs), Transverse Topographic Symmetry
Factor (T), Hypsometric Integral (HI), Elongation Ratio (Re), Circularity Ratio (Rc), Tilt
angle (B) and Form Factor (Rf). These parameters have been clubbed as: class-1(High),

class-2 (Moderate) and class-3 (Low) (Tables 3 and 4).

3.2. Micro-scale study

Appendix presents the data sources and the software used in this work. We calculated the

following parameters for fluvio-morphometric studies.
Drainage Basin Asymmetry (AF) (Hare and Gardner 1985):

AF = (Ar/At) x 100

Here Ar: basin area on the right, and At: total basin area.

©)
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Table 3. Calculated values of different Basin scale parameters of 4 considered watersheds with their classification.

Hypsometric Basin shape Transverse Topographic
Circularity ~ Form Elongation
Parameters  Ratio (Rc) Factor (Rf) Ratio (Re) Integral (HI) Index (Bs) Tilt Angle (f)  Symmetry Factor(T)

Watersheds

Watershed 1 OFEHIN 042 0.39 2.398
Watershed 2 0.14 055 | 0.37 11994

Watershed 3 0.11 0.31 0.62 028 | 219 2,548 0.57

Watershed 4 0SI60 02 0.51 0.46 372 2.748 0.68
Classification

Class 1 0.10-0.12 0.20-0.32 0.51-0.61 041-046  3.09-3.99 = 2.16-2.91 0.62-0.87

Class 2 0.13-0.15 0.33-045 0.62-0.72 0.35-040 2.18-3.08  2.30-2.60 0.36-0.61

Class 3 0.16-0.18 0.45-0.58 0.73-0.83 0.28-034  127-217  1.99-2.29 0.10-0.35

Table 4. Ranking of calculated values for the assessment of IAT and classification of tectonic activeness amongst
the watersheds.

Hypsometric Basin shape Transverse Topographic
Circularity Form Elongation Integral Index Tilt Symmetry

Watersheds  Ratio(Rc) Factor(Rf)  Ratio(Re) (HI) (Bs) Angle p) Factor(T IAT
Watershed 1 _ 2 2.571429

! _ -

1
Classes Value range Tectonic
activeness

Class 1
Class2
Class3 2.27-277 Low

Valley floor width to height ratio (Vf) (Anand and Pradhan 2019):
2V,
[(Ela — Eva) + (Eya — Es)]

Here Vf: width of the valley floor, E;; and E,;: elevations of the divide on the left and
right side of the valley, respectively. Esc: average elevation of the valley.

Hypsometric Curve Analyses (Strahler 1952; Hamdouni et al. 2008; Smith et al. 2009;
Anand and Pradhan 2019) were performed using percentage method with two ratios: (h/
H) and (a/A). Here a: area within a given contour, A: total area, h: elevation of that con-
tour from the lowest point in the basin, and H: relief of the basin.

The geomorphic cycle of the basin is presented in terms of young, mature and old
stage of the basin development. These three stages can be linked with tectonics. Strahler
(1952) initiated such studies, which has been furthered by several workers (e.g. Hamdouni
et al. 2008; Smith et al. 2009; Anand and Pradhan 2019).

Regression analyses of the Stream Longitudinal Profiles utilized the following formulae:

Vf = (4)

LinearRegression :y = mx + b (5)
ExponentialRegression :y = ae® (6)

Micro-scale study was performed at three spots to decipher the morphologic expres-
sions for lineaments and faults. With details of tectonic map, three spot studies have
incorporated with their elevation profiles for all these spots. Data have been extracted
from Google Earth pro images and processed in Surfer 15 (ver. 2017) and Arc GIS 10.4
platform (2016).
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Figure 2. A. Cartosat 1 DEM based four delineated watersheds of the Jaisalmer basin. B. Elevation map of the area
where south-eastern part is mostly elevated, belongs to the Devikot high and south-western arc-shaped region is less
elevated, filled up by alluvium deposits.

It is a geomorphological work but morphological photos, and/or structures are not
added from field. Due to the COVID situation, we were unable to do field work. The
work is based on Remote sensing and morphotectonic quantification.

4. Results
4.1. DEM analysis (meso-scale study)

DEM reveals mainly NE-SW, ENE-WSW/E-W and NNW-SSE trending lineaments
(Figure 1B). Fifty-three lineaments of the Jaisalmer basin (and its adjacent Barmer basin)
were extracted from the remote sensing data (Figure 1C). NW-SE trend is revealed in the
rose diagram (inset in Figure 1C).

Four drainage watersheds (Figure 2A) were defined to establish the role of basement
tectonics with reactivation of the sub-surface structure (Pati et al. 2006) that control the
topographic slope variation. Few drainage lines were not possible to take under any
watershed, but they characterize the active tectonics, and are located near the Manhera
fault at NW and SW parts of the basin (Figure 1A). However, in Figure 2B the elevation
map presents the regional topographic variation from the Devikot high in the east to the
Kishangarh sub-basin in NW and Shahgarh Sub-basin in SW.

Characterization of spatial slope segments and their directions represent the aerial sur-
face topology that induced the flow paths of channels. The aspect slope map denotes the
direction of slope with elevated flat and plain surfaces, and therefore is comparable with
slope map in degree (Repository Figure S1A,B). Slope map ranging from 1.34° to 40.83°
covers mostly the watersheds 1, 3 and 4. It has the capability to apparently reflect (sub-
surface) structures, faults and lineaments, which in turn control the topography.
Watershed 3 and parts of 1 and 4 have higher slope (> 9°). The remainders are of lower
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magnitude within 1.5°. The accumulation of huge parabolic and parallel dunes in NW
and SW parts of the basin impose gentle slope.

The displacements of the Kanoi and Ramgarh faults create steep sides with a higher
slope of the watersheds. The elevated part is named as the Devikot high. Here basins/
watersheds/channels are related to rivers. In this article, we denote river watersheds as
watersheds or basins. The Jaisalmer basin has been designated as a tectonic basin. This
article makes primarily a geomorphologic analysis of the Jaisalmer basin and do not dir-
ectly comment about hydrocarbon exploration issues.

Stream order is a measure of the position of a stream in its hierarchy position of the
tributaries (e.g. Prakash et al. 2017). The stream classification is based on the master
stream with several tributaries defining stream-order and drainage coverage area (e.g.
Strahler 1957; Prakash et al. 2017). Watersheds 1 and 3 consist of fourth-order streams,
and 2 and 4 are under the third-order category. As per Horton’s law, the number of
streams decreases with geomorphic progression with increase in the stream-order (Figure
3A; Prakash et al. 2017).

Analysis of drainage pattern can constrain orientation of structures viz., faults, shear
zones, lineaments and folds (Ansa and Mangold 2006). Large extents of interleaved den-
dritic drainage patterns develop in fractured, equally resistant (Flugel et al. 2015) and
homogeneous lithologies with (sub)horizontal strata (Prakash et al. 2017). In watersheds
1, 2 and partly in 4, dendritic pattern is well developed over the Devikot high. A rect-
angular pattern indicates regular right-angled joint/fault sets in the rock. In the middle
part of watershed 3, rectangular drainage pattern is identified where the NW-trending
Ghotaru fault passes and is distinctly separated by the Kharatar structure from the upper
course of the basin.

The upper course of the watershed-3 is highly controlled by faults and lineaments viz.,
Manbhera fault, Manhera Tibba structure, NW-SE parallel Ramgarh and Kanoi faults and
the Mari Jaisalmer Arch in between. The complex structural pattern has controlled the
drainage into a trellis pattern. Here the main streams are more wide-spaced possibly
defining ‘fault trellis pattern’ (e.g. Drummond and Erkeling 2014). In the southeastern
part of Jaisalmer town, complex barbed pattern has developed in watershed 1 where
streams join in a hook-like junction indicating stream piracy. Here the SW-NE extended
Kanoi fault and the Barhi Tibba structure exist as the water divide for the NE-SW flow-
ing channels. The barbed pattern has developed typically in the Jurassic Baisakhi and the
Jaisalmer Formation (Figure 3B).

Figure 4A presents the drainage densities of the basin area considering each watershed
separately. All the watersheds drainage density values increase up to 0.46, and are
inversely related to elevation. Minimum drainage density values occur near the water-div-
ide and are followed by higher value towards downstream where several tributaries join at
a different angle and direction as per the slope. The terrain at higher elevation in the east-
ern part of the basin consists of low drainage density values, which covers the area of the
water divides from where two sets of drainage system originated with opposite flow direc-
tions as watersheds land 4. A minimum drainage density value of 0.07 comes out where
the Mari-Jaisalmer arch is elevated and E-W elongated between the Rangarh fault and the
Kanoi fault. This arch behaves as a water divide from where the drainage lines
spread out.

The morphometric indices provide a noticeable difference in values for the considered
four watersheds of the study area. The accuracy level in selecting the parameters for IAT
is verified with the application of AHP where individual indicators have given individual
weight with rank 1 to be tectonically active. Thus CI = 0.099304 and CR= 0.088133,
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Figure 3. A. Stream order map of the study area where the watershed 3 and 1 are the fourth-order stream, and
watersheds like 2 and 4 are the third-order stream. Stream-order defines the stream frequency number in different
order. B. Drainage pattern map of the four watersheds where rectangular, fault trellis, complex barbed and dendritic
pattern are marked in red dotted lines.

both < 1, indicate the judgment matrix with satisfactory consistency. It is essentially
applied to ensure that the given weight for the indicators is absolutely accurate for further
calculations (Figure 4B,C).

The relatively young drainage basins in terms of active tectonics can be constrained in
terms of the basin shape Index (Bs). A basin parallel to the topographic slope indicates
that it is tectonically active. The widths of the watersheds reduce where the energy of the
stream primarily evolve with vertical incision near the tectonically active areas. In con-
trast, rapid uplift disrupts where the valley widens by lateral erosion in the less active flat
terrain common in downstream area with lower slope. The range of Bs values (3.09-3.99)
is higher in watershed 4where the Kanoi fault exists as the evidence of active tectonics,
which decreases in watershed-3 (2.18-3.08), andinwatershedsl and 2 (1.27-2.17). The
northwestern part of watershed 1 and the entire watershed 2 has less elon-
gated geometries.

Elongation ratio (Re) is the ratio of the diameter of a circle of the same area of the
watershed to the maximum length of the basin/watershed. Values close to 1 distinctly sig-
nify the regions characterized by very low relief, gentle slope and less undulation as water-
sheds 1 and 2 (0.73-0.83). Values towards ‘0’ indicate a more elongated watershed located
on a steeper slope in the area. The specific detection of slope with ground is slant in
watershed 3. Re for watershed 3 ranges 0.62-0.72, and in watershed 4 it is 0.51-0.61. As
uplift stopped, watersheds became circular in tectonically-controlled areas (Singh et al.
2015). Re < 0.7 indicates the watershed to be tectonically active. Re > 0.7 connotes a sta-
ble watershed.

The hypsometric integral (HI) represents the elevation distribution of the watershed/
landscape. It is comparable with the stream length gradient index where rock strength
matters. Stream length (SL) index defines gradient within a short stretch. Where the slope
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Satty (1980) scale matrix for AHP calculation

Indicators Basin Shape Circularity Ratio Elongation Ratio Form Factor H1  Symmetry Factor Tilt Angle
Basin Shape 1 3 2 3 2 4 5
Circularity Ratio 1 3 3 4 5 5
Elongation Ratio 1 2 3 4 4
Form Factor 1 3 4 4
HI 1 3 2
Symmetry Factor 1 2]
Tilt Augle 1|B
Indicators Weightage
T0°300°E T2°00'E Basin Shape 0.300268
N - . .
z A —— i z Circularity Ratio 0.254469
g1 2 Elongation Ratio 0.159153
s 8 Form Factor 0.125559
all 0.0785045|
Symmetry Factor  0.0450675]
Tilt Angle 0.0369787|
cl 0.0993319 C

HI- Hypsometric Integral
C.| - Consistency Index

(Anon. 2020. AHP Calculation software by

CGIL Isc.senshu-u.ac.jp [online] Available

P ————— from: http://www.isc.senshu-
B o007 w.ac.jp/~thc0456/EAHP/AHPweb.html)
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Figure 4. A. Drainage density map of the watersheds ranging between 0.07 and 0.46 km/km~% B, C. Matrix calcula-
tion of the considered parameters for AHP calculation and computed weight of each indicator with result of the
Consistency Index used to calculate /IAT.

is steep and gradient become gentle, SL values become low (Moussi et al. 2018). Higher
the range of HI as in watershed 4 (0.41-0.46), lesser is the erosion in the upland. This
could indicate a younger landscape (e.g. Mahmood and Gloaguen 2012; Czerniawska and
Chlachula 2018). A highest range of HI (0.41-0.46) in watershed 4 denotes the effect of
recent incision over the geomorphic surface. The upper part of the catchment is made up
of Joyan Member, Fort Member and Badabag Member belonging to the Jaisalmer
Formation and is affected by Kanoi fault (Zadan and Arbab 2015). The Hi values are cate-
gorized as class-1 (0.41-0.46), class-2 (0.35-0.40) and class-3 (0.28-0.34). Watershed 4 is
less eroded (under class-1) and exists in an active young stage.

The parameter Circularity Ratio (Re) displays the degree of circular shape of the water-
shed and indicates the uniform infiltration/seepage in long time with respect to slope. In
the study area, sand covers watershed 3. This watershed gives a low range of Re
(0.10-0.12) indicating a uniform infiltration, which is followed by watersheds 2, 1 and 3.
Generally, topography having low circularity ratio generates dendritic drainage pattern
such as watershed 2 (Repository Figure S2D), but due to the presence of Ghotaru fault
and the Longewala structure, rectangular drainage pattern has also formed locally
(Figure 1A).
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Figure 5. A. Spatial distribution of tilt angle values ranging from 1.99 to 2.91.B. Map of IAT where watershed 4 is tec-
tonically active, followed by 3, and watersheds 1 and 2 are less active.

Form factor (Ry) defines the ratio between the river basin area to the square of the
basin length, which represents the topography. Lower the R; more elongated is the river
basin with steep slope (~9.48-40.83°). Ry values in watersheds 3 and 4 under class-1 indi-
cate steep topology related to Kanoi and Ghotaru faults. Another point, watershed 1 is
moderately steep (according to the moderate class with Rf=0.32-0.45) where both
Rangarh and Kanoi faults exist with the Mari Jaisalmer arch in between; and watershed 2
under class 3 has gentler slope (70% area under up to ~ 2.97°).

Transverse topographic symmetry factor (T) is the ratio between the lengths of midline
of the drainage basin to the midline of the active meander belt with space from the mid-
line to the basin/watershed limit (Cox 1994). T lies between 0 to 1. T=0 denotes a per-
fectly symmetric basin, whereas values towards 1 indicate increasing asymmetry.
Watershed 4 is under class-1 (T=0.62-0.87) and is highly asymmetric, Watershed 3
(T'=0.36-0.61) is moderately asymmetric, and watersheds 1 and 2 (T'=0.10-0.35) are
near symmetric. Asymmetric watershed 4 is more active as it is more tilted due to tec-
tonic control than the watersheds 3, 1 and 2 (Repository Figure S2A-F)

The tilt angle () represents segments of slope with their long axes oriented parallel to
the direction of tilting of the watershed. It has computed from the contours generated
from the DEM of the surface. Lower f represents a gentler slope. This indicates a tecton-
ically less active watershed. A high value of f§ represents structure-controlled higher tec-
tonic activity. Watershed 4 has a higher range of f (2.61-2.91). Watersheds land 3 are
moderately active and under class 2 with =2.30-2.60. Watershed 2 is mature and stable
with £=1.99. It comes under class 3. Considering the aspect map and slope map, 60%
area of this watershed is flat with a slope < 2.97° (Figure 5A).

Calculation of the index of active tectonics (IAT) utilizes the seven geomorphic indices
(Bs, T, Hi, Re, Rc, § and Rf) for all the watersheds delineated from the Jaisalmer basin.
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Figure 6. A. Normalized long profiles for four watersheds. Break of slope marked along the profiles indicate formation
of knick points. B. Graphical representation of R? values indicates that these watersheds are tectonically active.
However, comparing others, watershed 4 is most active, followed by watersheds 3 and 2. C. Source to mouth long
profile with the displayed sinuous values along the profile address channel pattern including the probable vertical
incision where the channel is straight. Alternating straight and sinuous pattern define tectonic anomalies along with
the presence of lineaments and faults. D. Graphical representation of stream length gradient index (SL) with respect
to elevation of watersheds 1, 2, 3 and 4, along the long profile from source to mouth.

Individual indicators address different range of clarifications that cannot provide an over-
all result of active tectonics. The watershed-scale parameters are arranged under three
classes. Computed IAT results portray the active tectonics in the scale of high, moderate
and low. For example, the calculated IAT values are grouped as class-1: 1.25-1.75 (high),
class-2: 1.76-2.26 (moderate), and class-3: 2.27-2.77 (low). The spatial distribution of
these values indicates that the watershed-4 comes under class-1, watershed 3 to class-2,
and watersheds 1 and 2 to class-3 (Figure 5B).

This morphotectonic analysis deciphers both the linear-scale study of drainage lines
and basin or watershed-scale parameters. The extracted drainage lines from the DEM rep-
resents the channel orientation, direction, alignment, angle of joining of any tributary to
the master stream, and the thalweg profile of the main consequent channel. The study of
profile analysis of a river system discloses the significant response to recent tectonic activ-
ities. Longitudinal profile preserves relevant information of landscape evolution with cer-
tain anomalies and abrupt changes in river gradients within the profiles. The breakoff
slope along the channel indicates the tectonic anomalies revealed by rejuvenation near
knick points. In the normalized steady long profiles of all the four main channels, distinct
breaks in slopes have been identified that formed by localized incision. The incision is
due to minor-scale local fractures along or across the channel, rock uplift and shear stress
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Table 5. Results of Basin Asymmetry (AF) analyses for basins 4 to 16 of the Jaisalmer area.

Basins Ar (km?) At (km?) Drainage Basin asymmetry (AF) AF = 100 (47)
4 21 39.56 53.08
5 54 77 70.13
6 38 60 63.33
7 32 61 52.46
8 145 173 83.82
9 692 1606 43.09
10 433 672 64.43
11 19 43 4419
12 57 92 61.96
13 65 76 85.53
14 33 50 66.00
15 124 237 52.32
16 137 328 41.77

applied to the resistant lithology. These are regionally related to the major fault lines and
lineaments (Figure 6A).

In Figure 6B, the comparative bar graphs of the square of the correlation coefficients
(R?) values show that the watersheds 4 and 1 are more active than2 and 3; but overall val-
ues point out the entire watershed area as active. Therefore, it is a gradation of tectonic
activeness of the considered watersheds. The normal long profile analysis with actual dis-
tance/elevation with exponential curve fit establish watershed 4 to be active and is fol-
lowed by 1, 3 and 2. The calculated SI index in different points of the long profile
represents the landscape transience and it is characterized by the valley incision and cat-
egorization of channel as straight, sinuous and meander in alternate sequence. The strik-
ing point of watershed 4, where the channel straightens from sinuous near confluence,
indicates a sudden change in gradient that promoted vertical incision following the weak
zone. The tectonic map of the area shows the presence of Kanoi fault (NNW-SSE),
Ramgarh fault (NNW-SSE) and Fatehgarh fault (SSW-NNE). These faults occur in the
upper part of the watershed 4 (Das Gupta 1975). The source area of the other channels
west of watersheds 1 and 4 is straight and alters to sinuous towards downstream.
Meandering occurs in the downstream section in watersheds 2 and 3. However, due to
regional inversion of relief (Kar 2011), steep gradient sinuous channels developed.
Therefore, the irregular vertical valley incision and lateral cutting along the channel is
associated with the change in landscape adjustment with tectonic evolution (Figure 6C).
These changes are analyzed according to the elevation of the channel bed from source to
mouth using the SL index. Lower SL values indicate that the channel is crossing the faults
(Dehbozorgi et al. 2010) and is younger than the faults. It works on river channel morph-
ology along with tectonically derived features. Higher values of SL indicate the major fault
lines whereas low magnitudes indicate the lineaments, fractures and minor scale faults
(Figure 6D).

4.2. Micro-scale study

Based on drainage networks of the ephemeral streams, 13 micro-scale watersheds are
delineated. Micro level study discloses that all the watersheds are composed of a number
of sub-basins/sub-watersheds, which execute same results in morphotectonic study. This
morphotectonic analysis involves both the linear-scale study of drainage lines as well as
basin or watershed-scale parameters. Total 13 watersheds/basins (4-16) have been consid-
ered and Table 5 presents the results of the basin asymmetry (AF) analyses (Hare and
Gardner 1985; Keller and Pinter 2002) for watersheds 4 to 16 (Figure 7A). Study indicates
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Figure 7. A. Dry gully systems identified in and around theJaisalmer area. Drainage basins/watersheds4 to 16 identi-
fied. Basin-9: between Jaisalmer to Jaisoorana to Arjanhar, basin-10: between Majpiya to Bhadasar to Pohar, Basin-16:
near Jaskaranpur, basin-15: around Jerat. Few playas identified near Sata, Manpiya, Pohar and Deuga. B.Basin asym-
metry factor (Table 5) obtained from transverse topographic symmetry analyses of basins 9, 10 and 16 C. Hypsometric
curves of these basins are plotted. C. Hypsometric curves drawn for 13 basins, plotted from elevations of correspond-
ing basins to the percentage of basin area. D. Normalised longitudinal profiles of major gullies of basins 9, 10 and 16
presented along with equations and R? values for linear and exponential regression analyses.

that watersheds 5, 8 and 13 are unstable with AF > 50%. This may indicate presence of
tectonic elements (faults or lineaments) within those watersheds (Figure 7B).

Out of the 13 watersheds, three major watersheds viz. 9, 10 and 16 are selected to cal-
culate the valley floor to height ratio (Vf) (Kale et al. 2014) as they cover most of the
drainage area of the Jaisalmer basin. As per Table 6, the main gully of watershed 10 has
narrow valley in mid and upstream segments indicating rapid incision. Similarly, gully of
the watershed 9 also has narrow valley upstream. Therefore, it may be inferred that
upstream segments of main gullies in these two basins have narrow valley indicating pres-
ence of either resistant rock formation or lineaments.

Table 7 presents the Sinuosity Index (SI) (Brice 1964; Horacio 2014) of main gullies of
the watersheds 9, 10 and 16. The data indicates presence of a meandering gully segment
(SI=1.89) in watershed 10, which further indicates moderate tectonic control over
the morphology.

Hypsometric Curve Analyses (Strahler 1952; Zavoianu 1985) of basins 4 to 7 are listed
in Table 8, watersheds 8 to 11 in Table 9, and watersheds 12 to 16 in Table 10. The
results are plotted in Figure 7C, which shows that the watershed 8 is below 300 m eleva-
tion, out of which < 3% of the total area is below 200 m, total area of watershed 9 is
below 276 m, total area of watershed 10 is below 234m elevation out of which ~ 94%
area is below 200m. Total areas of watersheds 11, 12, 13 and 14 are below 183 m eleva-
tion. Total area of watershed 15 is under 260 m elevation out which 47% area is below
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Figure 8. A.Tectonic map of the Jaisalmer and the adjacent areas. Three zones for spot study have shown.Sub-figures
B-F display the details of Zone 1. B. 3D representation of zone 1 along with Ramgarh fault and lineaments.C. Spatial
distribution of contour pattern with elevation differentiation. D. Slope aspect map showing the slope direction of the
area. E. Hill shade map of the area with detail drainage lines and identified drainage patterns. F. Absolute relief map
with intersecting drainage lines and demarcation of AB line for elevation profile. F1 represents the AB section with
fault/lineament and intersecting channels.

Table 6. Results for vfwh for main gullies from basins/watersheds 9, 10 and 16.

Basin

Locations (Lat/Lon)

Variables

Results (Vfwh) ZVI‘W/[(EM — Erd) + (E,.d — Esc)]

Basin 9

Basin 10

Basin 16

27° 03’ 43.4249" N
71° 28 11.9754" E
27° 08’ 58.0199” N
71° 17" 52.1659" E
27° 04’ 16.7164" N
71° 09’ 16.6620" E
27° 05’ 17.8375" N
71° 11/ 51.7008" E
27° 03/ 0.8854" N

70° 54’ 10.0394" E
27° 04' 54.6599" N
70° 46’ 56.1620" E
26° 58’ 22.0956” N
70° 51’ 8.9369" E

26° 57’ 12.0426" N
70° 48' 42.5089" E
26° 56’ 4.2878" N

71° 16’ 57.3800" E
26° 53’ 59.8426" N
71° 15’ 38.6885" E
26° 51’ 59.3459” N
71° 15’ 21.2440" E
26° 49’ 27.6613" N
71° 13/ 48.6998" E

Vi =519m, E;y3=143m
Ey=145m, E,=138m

Vi =869m, Ey=118m
Eq=115m, E,=113m

Vi =480m, Ey=130m
Eg=127m, Ec=125m
Vi =1061m, Ey=127.5m
E,4=125.6m, E,=118 m
Vi =1916m, E;y;=121m
Eg=114m, E,c=110m

Vi =627m, E;y=124m
E4=123.5m, E,,=121.5m
Vi =637m, E;y=155m
Ey=162.5m, E,,=145m
Vi =349m, Ey;=144m
Ey=145.5m, E,,=142m
Vi =340m, E;y=152.5m
Ey=152.5m, E,,=149m
VfW=395m, E,d=164m
Ey=167m, E,c=161Tm
Vi =478m, Ey=179m
E4=183m, E,c=172m
Vi =575m, E3=196 m
E4=192.5m, E,,=187.5m

207.60

347.60

192.00

22337

348.36

501.60

127.40

349.00

194.29

263.33

136.57

135.29

200 m. Total area of watershed 16 is below 254 m out of which 68% area is below 200 m
elevation. Therefore, gradient in gullies of the basins at Jaisalmer area low and the water-
sheds exist mostly in valleys of gentle slope with small highland catchment areas.
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Table 7. Results of SI of main gullies for basins/watersheds 9, 10 and 16.

Main Gully of Variables Sinuosity Index (S/) SI=CL/VL
Basin 9 CL=55.5km/VL =47.5km 1.17
CL=47.75km/VL =34.98 km 1.36
Basin 10 CL=34.16 km/VL = 18km 1.89
CL=23.42km/VL=19.12km 1.22
Basin 16 CL=22.8km/VL=19.3km 1.18

Table 8. Results of hypsiometric curve analyses for basins/watersheds 4-7.
Basin 4 Basin 5 Basin 6 Basin 7

Area (%) Elevation (m) Area (%) Elevation (m) Area (%) Elevation (m) Area (%) Elevation (m)

14.08 228 10.94 147 42.65 222 29.05 144
37.21 238 24.07 157 66.73 232 52.60 154
62.15 248 33.85 167 78.88 242 67.09 164
78.29 258 41.90 177 88.44 252 79.39 174
90.35 268 54.21 187 92.82 262 85.66 184
97.84 278 66.19 197 9537 272 90.91 194
99.72 288 75.60 207 98.47 282 95.08 204
100 298 82.47 217 99.94 292 98.92 214
88.24 227 100 302 100 224
93.71 237 234
96.77 247 244
98.90 257 254
99.79 267
99.99 277
100 287

Table 9. Results of hypsiometric curve analyses for basins/watersheds 8-11.

Basin 8 Basin 9 Basin 10 Basin 11
Area Elevation Area Elevation Area Elevation Area Elevation
0.84 181 7.16 106 3.01 109 21.40 133
2.60 191 12.93 116 22.77 119 47.61 143
7.59 201 23.80 126 37.68 129 66.72 153
17.60 211 37.31 136 48.24 139 84.25 163
31.44 221 47.27 146 56.96 149 98.16 173
4577 231 63.45 156 66.73 159 100 183
60.81 241 77.94 166 77.76 169
74.85 251 84.42 176 85.91 179
84.38 261 87.84 186 89.55 189
92.42 271 91.63 196 93.25 199
98.29 281 94.93 206 96.97 209
99.80 291 97.06 216 99.18 219
99.99 301 98.23 226 99.97 229

99.02 236 100 239

99.75 246

99.96 256

99.99 266

100 276

The considered parameter such as Topographic Symmetry Factor (T) (Cox 1994) cal-
culated for watersheds 9, 10 and 16 (Table 11) shows NNE to E lateral shifting of gully at
watershed 10, and NW to WNW shift of gulley segment at the western part of watershed
9. For watersheds other than 9, 10 and 16, parameters such as valley floor width to height
ratio (Vf) and sinuosity index (SI) have been applied. Broad watersheds (9, 10 and 16)
witnessed decipherable results than small gullies as the later are very dynamic and change
their flow path during every monsoon or in alternate monsoons. It indicates low tectonic
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Table 10. Results of hypsiometric curve analyses for basins/watersheds 12-16.

Basin 12 Basin 13 Basin 14 Basin 15 Basin 16
Area (%) Elevation (m) Area (%) Elevation (m) Area (%) Elevation (m) Area (%) Elevation (m) Area (%) Elevation (m)
32.95 103 29.60 121 30.90 123 5.83 170 4.50 144
57.14 113 65.31 131 45.95 133 18.08 180 16.68 154
74.11 123 83.16 141 54.69 143 33.32 190 28.05 164
87.16 133 92.15 151 62.48 153 4574 200 35.25 174
93.31 143 96.91 161 89.25 163 61.91 210 45.06 184
97.51 153 99.35 171 99.91 173 77.07 220 56.58 194
99.96 163 100 181 99.99 183 89.09 230 68.20 204
100 173 98.52 240 81.16 214
99.97 250 92.54 224
100 260 99.19 234
99.95 244
100 254

Table 11. Results of Transverse Topographic Symmetry Factor (T) from basins/watersheds 9, 10 and 16.

Basin 9 Basin 10 Basin 16

Da Dd T Da Dd T Da Dd T

1.7 337 0.50 3.96 6.67 0.59 1.12 6.37 0.18
2.15 533 0.40 1.16 6.47 0.18 0.93 6.38 0.15
1.5 3.95 0.38 1.52 6.84 0.22 0.05 6.07 0.01
2.05 4,08 0.50 0.48 10.33 0.05 0.59 6.77 0.09
3.29 7.16 0.46 0.1 6.78 0.01 0.85 6.07 0.14
3.89 57 0.68 1.48 7.19 0.21 0.55 6.14 0.09
4.12 11.56 0.36 3.54 8.65 0.41 13 6.58 0.20
13 11.22 0.12 6.24 10.13 0.62 0.49 6.49 0.08
0.5 11.39 0.04

3.05 12.95 0.24

2.5 1.8 0.21

0.08 9.2 0.01

0.88 9.13 0.10

0.78 9.98 0.08

2.34 10 0.23

control where the Vf magnitude is near 0 and a moderate tectonic control over the gulley
segments on the western part of the watersheds 9 and 10 (Table 11).

Normalized longitudinal profile analysis (Ayaz et al. 2018; Biswas and Paul 2021) per-
formed for main gullies of the basins 9, 10 and 16 are fitted with linear and exponential
regression curves (Table 12). A gully segment of watershed 10 shows significant variation
in profile section (watershed 10b in Figure 7D). Comparing the regressions curves, it can
be inferred that some structural elements intersect the gulley at upstream and therefore
give rise to depression in the profile. Such depression can also indicate rapid erosion and
downstream deposition (Table 12).

The considered spot study as zones 1, 2 and 3 reveal local topographic expression with
aligned faults/lineaments. Computation of channel SI determines the structural control on
channel flow path. Figure 8A presents spatial-scale analyses in detail from these
three zones.

Zone-1 incorporates an exposure in the area, which is easily understandable from the
3D representation (Figure 8B) with proper latitude/longitude and scale. The contour rep-
resentation of the area is in Figure 8C. Figure 8B also includes the position of NNW-SSE
directed Ramgarh fault and other lineaments. The major direction of physical slope face
is the aspect map where most of the slope facets are northwest aligned (Figure 8D). The
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Table 12. Linear and exponential regression analyses of normalized longitudinal profiles for the basins 9, 10 and 16.

Basins Linear Regression (y =mx+ b) Exponential (y = aeb)

% y=0.4005x 4 0.5995, R? = 0.9962 y=0.6144e>" R? = 0.9974
9b y=—0.3892x + 0.9098, R* = 0.9678 y=0.9247e %53 R? — 0.9881
10a y=—0.2906x + 0.9287, R* = 0.8435 y=0.9315¢ %3 R? — 0.8642
10b y=—0.3562x + 0.9263, R? = 0.9441 y=0.9361e%%7* R? = 0.9707
16 y=0.2833x 4 0.7148, R? = 0.9962 y=0.7223¢3"* R = 0.995

THAFIrE TPWIrE TIMENCE TOSEME TS ME

; Legend {Aspact map)
B Py

I e o225
§ [ ermesst 22 5-67.5)
;‘ Tl Eamiers-n2s)
z Il southeast (112 5.457.5)
& [0 Soun (187 82028
g I souttwest (202 5247 5
I et (247 5-292.5)
[ vortvwest 12925337 51
I e 13375380

z
&

s gl —————
EEEARAZRBERES o . TOUFITE TOMSIE TAFITE TIEZITE T0SNATE

_SEIU}UI_EIIE_ I S B THATINE TAENTE TPARIE MUSENE TPSSE
evation in m 7 # : . . v
Sl 1 P - Legend {Elevaian in m)

o
075 TO8 085
o 3.5

L P Si- C1= 0.7(Straight) i : TPMFICE TPATICE FPAFIE TUBENE TITERE
Sl- C2= 0.85(Straight)

{C=Channel R=River) _ Ramgarh Fault

R /RR

Ehon {m

E 1 Distance (km}

Figure 9. A. 3D representation of zone 2 with the overlapping of Ramgarh fault and lineament. B. Distinct identifica-
tion of hilly patched with low elevated elongated valley identified and detail contour spacing with elevation. C. Slope
aspect map of the area where most of the direction towards NW and N. D. Drainage orientation on hills shade map
with distinct identification of rectangular and sub-parallel drainage pattern. E. Absolute relief map with intersecting
drainage lines and alignment of AB line for elevation profile.E1.SSW-NNE AB section with fault/lineament and inter-
secting channels.

previous statement is also exemplified by Figure 8E and F, which shows most of the chan-
nels to be flowing towards NW. The major channels, C1 and C2 in Figure 8E, represent
sub-parallel and rectangular drainage pattern, respectively. It denotes the tectonic interfer-
ence. Position of Ramgarh fault confirms the structural control on drainage orientation.
Rectangular pattern represents lineament/fault-guided nature of channels as the tributaries
(Figure 8E). The trend of the rectangular channels also matches with the regional NNW-
SSE and NE-SW trend. As per the calculated Sinuosity Index (SI) of channels, most chan-
nels come under the straight category, which indicate that the vertical incision and ero-
sion is more than the lateral erosion. Elevation and depression from the sectional view
(Figure 8F,F1) along the computed line AB supports the position of faults and channels
in the area.

3D representation (Figure 9A) and contour representation (Figure 9B) of the area give
an overall idea of the zone-2. The zone is characterized by a steep slope at the SE corner.
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Figure 10. A.3D representation of zone 3 with the overlaying of Ramgarh Fault and lineaments. Elongated N-S hilly
patches with two low elevated elongated valleys (N-S) identified B.Detail contour spacing of the area with elevation
zones. C. Slope aspect map of the area where most of the slope direction towards E, W, NW and NE. D. Drainage
orientation on hills shade map with distinct identification of dendritic and rectangular drainage pattern. Four channels
are considered: C1-C4(C-Channel). E. Absolute relief map with intersecting drainage lines and alignment of AB line for
elevation profile. E1.NNW-SSE AB section with Ramgarh Fault/lineaments and intersecting channels.

Ramgarh fault passes through the elevated zone related to the steep slope. Proper posi-
tions of this fault and other lineament are shown in Figure 9A. Major slope direction of
the area is along northwest as per the aspect map (Figure 9C), which is also supported by
the channels flow from northwestern direction (Figure 9D,E). Rectangular drainage patter
in the area represents the fault-controlled course of streams, whereas sub-parallel channels
indicate that their paths are slope-controlled (Figure 9D). Calculated SI values of channels
(1.0, 0.7) of the area indicate that they are straight. Thus, more vertical incision than the
lateral erosion has worked on them. The sectional view along AB (Figure 9E) is shown in
Figure 9E1, which gives better idea about the positions of channels, rivers and
major faults.

The contour map (Figure 10B) of zone-3 represents a N-S trending valley like structure in
between two ridges. Figure 10A supports this and shows that the valley is along the Ramgarh
fault. Positions of other lineaments are also plotted in a 3 D representation (Figure 10A).
Aspect map (Figure 10C) of the area shows the major slope directions, which are NW and SE.
Arrangement of channels (Figures 10D,E) indicate the variation in slope directions of the
area, obtained from the aspect map. Channel 2 (C2), Channel 3 (C3) and Channel 4 (C4)
show dendritic drainage pattern, which can indicate gentle regional slopes or homogeneous
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Figure 11. A. Detail of planform cover and magmatism of the Jaisalmer area with Bouguer anomaly. Earthquake epi-
centers marked with major fault lines and lineaments (modified from Narula et al. 2000). B. Map of watershed basis
active tectonic zone with four tectonic sub-basins of Jaisalmer area. Probable oil fields are marked with six drilled
wells to the basements (modified from http://www.rajras.in/rajasthan/geography/minerals/hydrocarbon/ and Cozzi
et al. 2012).

bedrock or fine grain sediment deposition. Channel 1 (C1) shows rectangular drainage pat-
tern. This indicates major tectonic control of channels. Location of the Ramgarh fault sup-
ports the channel morphologic attributes(Figure E1).

5. Discussions

The spatial arrangement of drainage patterns connotes the structural signatures of the of
the Jaisalmer shelf in with respect to of the regional slope and relief. Near the Manhera
fault, channels flow westward and over the exposed Bhuana Formation, the flow path is
restricted towards SW. It clearly denotes clearly that the elevated topography of the
Kanoi fault acts as a water divide. Here, two watersheds originated. Hence, the SW
streams are arranged in a parallel irregular layout without forming a watershed.
Development of rectangular, trellis and complex barbed pattern signify fault lines over
which the channels are oriented. The linear-scale analysis discloses the existing major
fault lines along the master stream of each watershed where SL values have increased
and channels are straight to sinuous. The results of the calculated ranges of IAT classify
the watershed 1 as high, 3 as moderate, and 1 and 2 as low active. The classification is
associated with existing faults, lineaments and spatial erosion rate that have restructured
the shape of the watersheds.

Thus, the morphotectonic analysis of the Jaisalmer pericratonic basin gives a scope
to determine the tectonic activeness of the basin. Analyses of the considered three
spots also confirm the tectonic intervention in channel incision resulting straight flow
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path of small gullies and inception of rectangular to sub-parallel drainage pattern.
However, it is under the seismic zone III, i.e. moderate damage risk zone (Disaster
Management & Relief and Civil Department, Rajasthan Government, 2021, Earthquake
zones section; Earthquake hazard program 2021). As per the United States Geological
Survey (USGS), major earthquakes in the study happened in the recent past with of
5.6 (on 08-Nov-1991) and 5.1 magnitudes (on 09-April-2009). According to Laul
(2000), the NNW-SSE trending Kanoi fault is possibly related with seismicity.
Earthquakes on 08-Nov-1991 and 20-Nov-199loccurred due to reactivation of the
Kanoi fault. Seismic studies disclose that the epicenters of the earthquakes fall on the
Kanoi fault (Joshi et al. 1997). From the gravity map of Narula et al. (2000), it is well
defined that the seismicity resulted from the emplacement of lower crustal or upper
mantle materials at shallow depth.

The platform covers the area as fill, alluvial fill in intracratonic depression, marginal
overlap of sag, and shell facies covering the intracratonic sag. The Bouguer anomaly con-
tours and the basement depth indicate that both the lines are concentrated in the intra-
cratonic depression area. It covers the marginal overlap of the sag region where most of
the faults and lineaments are specified (Figure 11A). As per the morphotectonic study,
the area falls under four watersheds (Figure 11B). Watersheds 1 and 2 are near-circular
indicating a very low effect of active tectonics, whereas watersheds 3 and 4 are elongated
and indicate moderate and high influence of active tectonics, respectively. The tectonically
active watersheds belong to the Shahgarh and the Miajlar depressions. Channels of water-
shed 3 and 4 originated from the major NNW-SSE trending Ramgarh-Kanoi fault zone,
which is an evidence of a strike-slip movement (Pandey et al. 2019b). It is sinistral in
nature, as it is evident from NNE-SSW trending structural contours that extend towards
NNW and then again turn NNE-SSW.

6. Conclusions

The study identifies few morphotectonic signatures of on the Jaisalmer rift basin and
indirectly links them to sub-surface structures. The work can have a far-reaching implica-
tion in hydrocarbon exploration-related activities. The major outcomes are:

o The Jaisalmer basin consisting of several faults has been experiencing tectonic and seis-
mic activities. The fault segments along the watersheds are tectonically active.

e The analysis of IAT with SL, SI and micro-scale hypsometric analysis reflect that the
Jaisalmer basin is tectonically active.

e The three individual morphotectonic spot studies reveal the imprint of existing faults
and lineaments. It points out the role of active tectonics on small gullies in micro-
scale. The Shahgarh depression and the Miajlar depression, along with Kishangarh
shelf are mostly under tectonically active watersheds.

e Hydrocarbon fields are located in the Shahgarh depression and the Miajlar depression
area, which belong to tectonically active watersheds — 3 and 4.

e There is no direct relation between morphotectonic analysis with hydrocarbon explor-
ation and development. However, such studies help to assess the tectonic sensitivity of
the basin and thus pinpoints areas where the sub-surface faults need to be relooked in
terms of reactivation. The sub-surface fluid flow pathways will also be impacted in the
tectonically active zones of the basin.
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Appendix

Name of the Dataset: C1_DEM_16b_2005-2014_V3R1_73E24N_G43T, Theme: Terrain, Keywords:
Cartosat-1, DEM, Stereo data, India, ISRO, NRSC, Use Constraints: As per NRSC Data Dissemination
Policy, Purpose of creating data: Seamless DEM from IRS data, Spheroid/Datum: GCS, WGS-1984,Name
of the Satellite:Cartosat-1,Sensor :PAN(2.5m), Stereo Data.

Vector file for administrative boundary of the study area was downloaded from the ArcGIS Hub
(URL: https://hub.arcgis.com; accessed on 17-Jan-2020).

Landsat OLI 8 data of the study area was collected from USGS (United States Geological Survey) —
EarthExplorer (EE) n.d. (URL: https://earthexplorer.usgs.gov; accessed on 21-Feb-2020).

ALOS (Advanced Land Observing Satellite) Global Digital Surface Model ‘ALOS World 3D-30 m
(AW3D30) n.d” was collected from the Earth Observation Research Center of Japan Aerospace
Exploration Agency (https://www.eorc.jaxa.jp/ALOS/en/aw3d30/index.htm, accessed on 03-April-2020)

Sentinet-2 MSI Level-2A data was collected from Copernicus, European Space Agency (ESA),
European Union (https://earthengine.google.com, accessed on 28-01-2021)

GIS software viz. QGIS (ver.3.12, year 2020) and Global Mapper (ver. 2019) were used for performing
DEM and raster-based analyses. Vector layers of drainage and lineaments have been extracted using digit-
iser tools. Inbuilt raster tools are used to perform analyses of profiles, ridges/lineaments, drainage and
hypsometric curve.

Spreadsheet software (a part of Excel Office, ver. 2021) was used to perform statistical calculations e.g.
linear, exponential, logarithmic and power regression.


https://hub.arcgis.com
https://earthexplorer.usgs.gov
https://www.eorc.jaxa.jp/ALOS/en/aw3d30/index.htm
https://earthengine.google.com
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