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A B S T R A C T   

The NW-trending Barmer rift in western Rajasthan is one of the major petroliferous Indian basins. The basin 
rifted twice: (i) NW – SE extension in Early Cretaceous, and (ii) NE – SW extension during Late Maastrichtian to 
Early Paleogene. We performed structural fieldwork mainly along the rift margins to decipher the rift kinematics 
through geologic time. We collected ~500 fault-slip data from limited outcrops along the basin’s western and 
eastern margins. Paleostress analysis was performed for the first time in this basin using Win_Tensor, T-Tecto and 
FaultKin software. The outcome of this analyses shows that a strike-slip stress regime was prevalent in the 
western rift margin whereas the eastern margin experienced extension to transtension. Four paleostress regimes, 
DΔ, Dα, DΦ, and Dβ, were identified by inverting the fault-slip data. The two separate extensional regimes, during 
the Early Cretaceous and in the Late Maastrichtian to Early Paleogene, are confirmed. These are Dα (NW – SE 
extension) and Dβ (NE – SW extension). The analysis also presents two strike-slip regimes with varying maximum 
horizontal stress (SHMax) orientation, viz. DΔ and DΦ. Exact age correlation for these strike-slip regimes remains 
indeterminate. However, we deduced DΔ and DΦ were associated with the first extensional phase (Dα) during 
Early Cretaceous linked to India – Madagascar oblique separation. The Barmer rift extended obliquely guided by 
pre-existing structures. Remote sensing image analysis indicates that part of the western margin is neotectoni
cally active as inferred from the drainage morphometry. The stress inversion analysis of earthquake focal 
mechanism data depicts a strike-slip transpressive regime prevailing at present in the NW India along with ~ N- 
trending SHMax. This is mainly responsible for the neotectonic activities in the basin. We documented several 
fault gouge zones along moderately-dipping faults in the Cretaceous outcrops at the eastern margin. The lower 
the fault dips, the thicker the gouge zones associated with the faults. Such thick fault gouge of around 100 cm or 
more may act as a structural fault bound trap for Cretaceous reservoirs at depth. (Words: 324).   

1. Introduction 

1.1. Background 

Rifted continental margins and intra-continental rift basins have al
ways been a focus of academic and petroleum industrial research to 
address the nature and significance of lithospheric stretching (e.g. 
Morgan and Baker, 1983; Gibbs, 1984; Brun, 1999; Merle, 2011; Nem
čok, 2016; Cemen, 2023). Rift-basins can either be active: crustal thin
ning linked to mantle upwelling (e.g., Sengör and Burke, 1978; Condie, 

1982; Turcotte and Emerman, 1983; Buck, 1986, 1991; Merle, 2011; 
Wright et al. 2016), or passive: related to far-field stresses (e.g., Merle, 
2011; Koptev et al. 2015). Passive rifting-related lithospheric thinning in 
extensional stress regimes can result in basaltic magmatism manifested 
as dykes and sills (e.g., Parsons and Thompson, 1993; Gudmundsson 
et al., 2008; Koptev et al. 2015; Tibaldi et al. 2020). 

Continental rift opening is not always orthogonal; rather in most 
cases it is oblique (Withjack and Jamison, 1986; Corti, 2008; Brune 
et al., 2018). Oblique rifting has certain characteristics viz., (i) 
en-echelon faults with relay ramps, which trend at an angle to the rift 
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axis, and (ii) strike-slip associated with transtension/transpression lo
calizes strain and develops pull - apart basins (Fossen and Rotevatn, 
2016; Brune et al., 2018; Farangitakis et al., 2021; Dasgupta et al., 
2022). Heterogeneity in crustal stress, rheology and pre-existing struc
turally weak planes promote oblique rifting and slip reorients along 
faults (Withjack and Jamison, 1986; Schumacher, 2002; Morley et al., 
2007; Morley, 2010, 2016; Corti et al., 2013; Philippon et al., 2014; 
Brune et al., 2018). 

Structural inheritance controls rift fault propagation guided by ac
commodation zones/transfer zones/relay ramps (Gawthorpe and Hurst, 
1993; Morley, 1999; Fossen, 2013; Misra and Mukherjee, 2015; Das
gupta, 2019). Such fault planes linked to pre-existing structures do not 
necessarily obey Andersonian stress regimes, and thus are often identi
fied as non-Andersonian faults (Anderson, 1905; Brune and Autin, 2013; 
Bonini et al., 2016). 

The Barmer intra – cratonic continental rift basin is one of the major 
sedimentary basins in western Rajasthan, India (Fig. 1). The other two 
sedimentary basins in western Rajasthan are the Jaisalmer and the 
Bikaner – Nagaur basins situated NW and NE of Barmer basin, respec
tively (Dasgupta 1975, 2021; Pandey and Bhadu 2010; Arora et al. 2011; 
Singh and Tewari 2011; Krishna, 2017; Biswas et al., 2022a). These 
basins evolved since the Mesozoic having mostly the Malani Igneous 
Suite (MIS) of Late Proterozoic and Cambrian rocks as the basement 
(Dasgupta 1975; Misra et al. 1993; Pandit et al., 1999; Biswas 2012; 
Dwivedi 2016; Dasgupta and Mukherjee, 2017). 

The Barmer basin is ~200 km long and ~50 km wide NW-trending 
rift, which is separated from the northern Jaisalmer basin by a NE- 
trending structural high-the Devikot-Fatehgarh/Barmer-Devikot- 

Nachana ridge (Fig. 1; Misra et al., 1993; Compton, 2009; Dolson et al., 
2015). A gravity low exists along the rift basin, whereas the rift shoul
ders show gravity highs (Fig. 1a; Dasgupta and Mukherjee, 2016). The 
basin deepens towards the S/SE with a sediment thickness of > 6 km. 
The Devikot – Fatehgarh ridge/Fatehgarh fault trend shows a moderate 
gravity high, separating the Barmer basin from the gravity low of the 
Jaisalmer basin (Fig. 1a; Mishra, 2011; Dasgupta and Mukherjee, 2016, 
2017). Similar trends are also observed form the residual magnetic 
anomaly maps (Mishra, 2011). Gravity modelling studies in the Barmer 
basin depict crustal thinning, presence of magmatic intrusion and 
mantle upwelling at ~27–28 km depth below the basin. This indicates 
reactivation during early phase of Deccan volcanism (Mishra, 2011; 
2022d; Burley et al., 2023). 

The Barmer basin has limited outcrop exposures (Fig. 1a–c). The 
basin, along with its eastern and western margins, is largely covered by 
the (longitudinal) sand dunes of the Thar Desert (Dolson et al., 2015; 
Dasgupta and Mukherjee, 2017). In the eastern margin, Lower Creta
ceous Ghaggar-Hakra Formation crops out near the Sarnoo/Sarnu 
village. Along the western margin, isolated outcrops of Late Proterozoic 
Malani Igneous Suite (MIS) occur around Barmer town, Dhorimana and 
north of Gehoon/Gehu village (Pandit et al., 1999; Torsvik et al., 2001; 
Sharma, 2007; Dasgupta and Mukherjee, 2017). The Paleogene succes
sion from Paleocene Fatehgarh Formation to Eocene Dharvi – Dungar 
and Akli Formation crops out at N along the uplifted NE trending 
Devikot-Fatehgarh ridge (Compton 2009; Dasgupta and Mukherjee, 
2017). The Bariyada Member of Lower Paleocene is a typical volcanic 
ash deposit characteristic of K/T impact debris (Sisodia et al., 2005). The 
seismic-derived fault map depicts transfer zones in the northern part of 

Fig. 1. (a) Geological map of western Rajasthan depicting the Barmer basin along with different fault trend including sub-surface faults from seismic data inter
pretation, neo-tectonic and other lineaments, rift fracture trend of Malani Igneous Suite (MIS) and other major tectonic elements. This has been overlaid on free air 
gravity map of western India and Pakistan (Compiled and modified from Dasgupta et al., 2000; Dolson et al. 2015; Kothari et al., 2015; Dasgupta and Mukherjee, 
2017, URL-3). The field outcrop locations are marked as blue dots along the periphery of the Barmer basin. The major oil and gas field locations are marked within 
the basin. RF: Rift Fractures of MIS. Recent earthquakes locations which occurred in 1985 and 1991 in western rift shoulder area are plotted on the map (coordinates 
obtained from website: www.earthquaketract.com). (b) Rose diagrams of the strike and dip of fault slip data taken for this analysis. Out of 418 selected dataset; (i) 
106 fault data are from Barmer and its surroundings, (ii) 124 fault data are from Dhorimana hill area, and (iii) 188 fault data are from Sarnoo hill area. (c) 
Tectono-stratigraphic chart of Barmer basin (Compiled and modified from Dolson et al. 2015; Kothari et al., 2015; Dasgupta and Mukherjee, 2017), 1-Main Central 
Thrust, 2-Main Boundary Thrust, 3-Himalayan Frontal Thrust. 
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the basin (Bladon et al., 2015). Meso-scale transfer zones are also 
identified from outcrops in the northern boundary along the Fatehgarh 
fault trend (Dasgupta and Mukherjee, 2017, 2019). The eastern basin 
margin consists of steep normal faults whereas the western margin 
uplifted isostatically (Bladon et al., 2014, 2015; Dolson et al., 2015; 
Dasgupta and Mukherjee, 2017). 

The tectonics of the western Rajasthan sedimentary basins, including 
the Barmer basin, initiated since Rodinia fragmentation in the Late 

Proterozoic (~751–771 Ma) through anorogenic rifting in the NW 
portion of the proto Indian plate together with Madagascar and 
Seychelles (Torsvik et al., 2001; Sharma 2005; Wang et al., 2023). This 
rifting resulted in bimodal volcanism exceeding 50,000 km2 extent i.e., 
the Malani igneous province/MIS/Malani rhyolites (Pareek, 1981; 
Chawade and Chandrasekaran, 1996; Pandit et al., 1999; Bhushan, 
2000; Roy, 2001; Torsvik et al., 2001; Sharma, 2005; Gregory et al., 
2009; Sisodia, 2011). The MIS is associated with ~ N-NW linear fracture 

Fig. 1. (continued). 
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trends with volcanic flows, indicating a lineament-controlled magma
tism related to intra-cratonic rift zones (Fig. 1a; Sharma, 2005, 2007). A 
phase of the bimodal volcanism comprises of dolerite and aplite dykes 
trending ~ NW to NNE (Pooranchandra Rao et al., 2003; Sharma 2005). 
Intra-cratonic rift related sedimentation occurred during Late Protero
zoic to Cambrian in the Punjab rift and the Bikaner – Nagaur basin 
(Al-Husseini 2000; Mandal et al., 2022). The Bikaner – Nagaur basin is 
located ~200–300 km NE of Barmer basin. Few small inliers such as the 
Birmania basin, of Late Proterozoic to Cambrian age, are found in the 
western Rajasthan, ~100–120 km NW of Barmer (Maheshwari et al., 
2002; Hughes et al., 2015). No Late Proterozoic – Cambrian sedimentary 
unit has been documented till date in the Barmer basin, in rift margin 
outcrops or in sub-surface stratigraphy (Dasgupta 1975; Dolson et al., 
2015; Bladon et al., 2015; Dasgupta and Mukherjee, 2017). However, 
the older pre-existing rift fractures/weak zones act as sweet spots for the 
subsequent rifting events that occurred in this area during Mesozoic and 
Paleogene time. 

Rift-related extension in the Barmer basin occurred twice – NW 
extension in Mesozoic linked to Madagascar separation and NE exten
sion in Paleogene linked to Seychelles micro-continent segregation 
(Bladon et al., 2015; Dasgupta and Mukherjee, 2017). Pre-existing rift 
faults and basement fractures of MIS guided the second and the main 
extension phase during the Paleogene time (Bladon et al., 2015; Das
gupta and Mukherjee, 2017). Thus, it can be well stated that the Barmer 
rift basin tectonic evolution is complex and structural inheritance played 
a major role in the basin. 

The basin consists of major hydrocarbon producing fields and is 
termed as a category 1 hydrocarbon producing basin by the Directorate 
General of Hydrocarbons (DGH), India (Dwivedi 2016, URL-1). Note 
that category 1, as per DGH, indicates that the basin has proven hy
drocarbon presence and is under production. Hydrocarbon exploration, 
development and production activities are continuing in this basin for 
last few decades (Dwivedi 2016, URL-1). 

Besides hydrocarbon exploration and production, the basin has 
prospectivity for exploration of rare earth element (REE) in the eastern 
rift shoulder areas near Sarnoo and Siwana (Fig. 1a; Chandrasekharam 
et al., 2014; Singh et al., 2014; Aranha et al., 2022; Kumar et al., 2022c; 
Sinha, 2022). In recent times shallow aquifers of the Barmer basin has 
been studied which inferred that there is a change in flow dynamics and 
hydro-chemical equilibrium within the aquifers (Kumar, 2023). Also, 
the basin is being evaluated for deep geologic repository (in granite and 
bentonite units) to dispose radioactive waste (Kumar et al., 2022b, 
2022d; Kale and Ravi, 2022, 2023; Srivastava et al., 2022). The Barmer 
basin has higher than average geothermal gradient of ~42–43 ◦C km− 1 

in north - central part with a further elevated gradient of ~70 ◦C km− 1 in 
northern portion around sub-crop basement high near Uttarlai (Naidu 
et al., 2017). Present day average heat flow varies between ~40 and 70 
m W m− 2 (Kapoor and Kapoor, 2016; Naidu et al., 2017). Due to this 
reason the basin has been considered to harness geothermal energy 
along with hydrocarbon production (URL-2). 

Paleostress analyses have been undertaken in the past few decades to 
decipher the tectonic stress regimes in an area (e.g., Carey and Brunier 
1974; Angelier and Mechler, 1977; Armijo and Cisternas, 1978; Etch
ecopar et al. 1981; Angelier et al. 1982; Angelier, 1984; Angelier et al. 
1985; Delvaux et al., 1997; Zain Eldeen et al., 2002; Glorie et al., 2012; 
Assie et al., 2022; Shaikh et al., 2020; Biswas et al., 2022; Shan et al., 
2023). Application of paleostress analyses in sedimentary basins helps in 
interpreting the direction of stress tensors and variation in stress regimes 
(Gartrell and Lisk, 2005; Åse et al., 2022; Ping et al., 2022). This may 
play an important role in understanding the petroleum geology of a 
basin mainly related to tectonic evolution, hydrocarbon migration di
rection, fault re-activation and entrapment potentiality. Few examples 
of paleostress studies from the hydrocarbon-bearing sedimentary basins 
are: in Oslo graben and northern Bømlo islands, Norway (Sippel et al., 
2010; Scheiber and Viola, 2018), paleostress analyses from faults 
derived from 3D seismic data in Cooper–Eromanga basin and Timor Sea 

area, Australia (Gartrell and Lisk, 2005; Kulikowski and Amrouch, 
2018), from Sichuan basin, China (Ju et al., 2017) and from Central 
basin of Spitsbergen, northern Norway to infer the subsidence history 
(Kleinspehn et al., 1989). 

1.2. Purpose of this study 

The Barmer basin is one of the major hydrocarbon-producing basins 
of India with >4 billion barrels of in-place oil and considerable amount 
of gas reserves (Farrimond et al. 2015; Kothari et al. 2015). The majority 
of the producing hydrocarbon fields of Barmer basin e.g., Mangala, 
Aishwarya/Aishwariya, Raageshwari, Saraswati, Bhagyam, D-P, and 
Kameshwari, are from the Early Paleogene successions (Fig. 1a; Comp
ton, 2009; Kothari et al., 2015; Dolson et al., 2015; Saha et al., 2021). 
Hydrocarbon potential in Cretaceous succession has also been 
evaluated. 

The asymmetric Barmer rift basin consists of half-grabens (Dolson 
et al., 2015). The sub-crop sediment thickness is non-uniform; the SE 
part is having much greater sedimentary column than that of W and N 
portions of the basin (Dolson et al., 2015). The Mesozoic stratigraphic 
unit is located in the E and SE part of the basin whereas the Paleogene – 
Neogene sedimentary succession is distributed throughout the basin 
(Compton, 2009; Bladon et al., 2015; Dolson et al., 2015; Dasgupta and 
Mukherjee, 2017). The older depocenters are situated alongside the 
NE-trending faults, whereas the main rift phase depocenters are adjacent 
to the NW-trending eastern margin rift-parallel faults, as has been 
observed from the central to eastern part of the basin (Bladon et al., 
2015). This indicates that there is variation in subsidence with geologic 
time, which indirectly can imply that the stress regime varied tempo
rally during the two rifting events that affected the basin. Also, stress 
regimes seem to vary spatially across the basin. 

Hence, in order to understand the temporal and spatial discrepancy 
of stress field in the Barmer basin, structural fault-slip data were 
collected from the outcrops of the eastern and western rift margins. 

The objectives of this study are to (i) reconstruct the paleostress 
tensors based on structural fault-slip data from field by using standard 
techniques, (ii) determine the major stress regimes acting along the 
Barmer rift margins, and (iii) investigate the inherent relation between 
continental rift evolutions through geologic time along with variation in 
stress regime. Recent tectonic changes in the basin are also discussed. 

2. Geology 

2.1. Stratigraphy 

Barmer is a typical continental rift basin with an Early Jurassic to 
Late Miocene stratigraphic succession along with major hiatuses at 
Jurassic to Early Cretaceous, Mid- Late Cretaceous, and Late Eocene to 
Mid-Miocene (Supplementary Table 1; Fig. 1c; Dasgupta, 1975; Beau
mont et al. 2015; Dolson et al., 2015; Kothari et al., 2015, Fig. 2 in 
Dasgupta and Mukherjee, 2017; Beaumont et al. 2019; Chakraborty 
et al., 2019). Besides the Paleogene hydrocarbon reservoirs, the lacus
trine Paleocene - Eocene units consisting of carbonaceous shale and 
lignite deposits are the prominent source kitchen for the petroliferous 
Barmer basin (Dolson et al., 2015; Farrimond et al., 2015; Singh et al., 
2016; Choudhury and Banerjee, 2022; Kar et al., 2022; Singh et al., 
2022; Kumar et al., 2023). 

2.2. Tectonics 

The Barmer basin sits on the MIS basement rocks. During Mesozoic 
and Early Paleogene, the basin experienced two non-coaxial extensions- 
(i) NW-SE tension during Early Cretaceous associated with the Ghaggar- 
Hakra deposition, and (ii) NE-SW tension during Maastrichtian to Early 
Paleogene accompanying with the main rift phase (Bladon et al. 2014, 
2015). These are linked to two tectonic episodes viz., the oblique 
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separation of the Madagascar from India and break-up of Seychelles 
micro-continent from the Indian plate, respectively (Collier et al., 2008; 
Mishra, 2011; Torsvik et al., 2013; Bladon et al., 2015; Dasgupta and 
Mukherjee, 2017). The second and the main rifting phase continued 
further south in the Cambay basin. Few igneous intrusions occur in the 
Ghaggar-Hakra Formation in the Sarnoo hill area, which was plausibly 
fed by precursor of Deccan volcanism and/or Early Aptian Karentia 
volcanics (Basu et al., 1993; Roy, 2003; Sharma, 2007; Bladon et al., 
2015; Vijayan et al., 2015). In Neogene to recent, during the Himalayan 
orogeny, the basin experienced ~ NNW compression, at shallow (0–10 
km) crustal depth. This is recognized from the following field observa
tions:(i) uplifted Devikot-Fatehgarh ridge/Fatehgarh Fault associated 
with fault scarps, and (ii) lineament-controlled geomorphic signatures 
and neotectonic landscape in the eastern and western rift margins 
(Compton 2009; van Hinsbergenet al., 2012; Kelly et al., 2014; Dasgupta 

and Mukherjee, 2019; Biswas et al., 2022b). 
The present-day maximum horizontal stress (SHMax) orientation in 

western Indian terrain is along N to NNE with some ~ NNW components 
(Chatterjee et al., 2013, 2017; Heidbach et al. 2016; Dash et al., 2017; 
Sen et al., 2019). Recent structural field studies conducted in the basin 
(as in Dasgupta and Mukherjee, 2017) depicts the key findings: (i) faults 
in the western margin trends mostly NW and NE-trending faults are at 
places displaced by the NW faults; (ii) in the Sarnoo area, NE and NW 
trending faults co-exists, major displacements are observed along the NE 
and ~ E-trending faults; (iii) the MIS basement rock consists of 
NW-trending faults parallel to dykes at places, and (iv) structural in
heritance of older MIS basement fractures occurred during Barmer 
rifting. 

Fig. 2. (a)–(j) Fault slip slickensides collected from Barmer hill area and Gehoon. (a) Slickenside feature (crescentic marker) observed on inclined fault plane (strike: 
160◦, dip 34◦, dip direction 250◦, rake − 96◦) missing block moved down. Location: NW of Ratanada temple in Barmer hill area, Barmer town (e.g. from stress tensor 
1). (b) Slickenside feature (crescentic marker) observed on inclined fault plane (strike: 192◦, dip 24◦, dip direction 282◦, rake − 106◦) missing block moved down. 
Location: NW of Ratanada temple in Barmer hill area, Barmer town (e.g. from stress tensor 1). (c) Slickenside feature (crescentic marker) observed on inclined fault 
plane (strike: 148◦, dip 63◦, dip direction 58◦, rake − 124◦) missing block moved down (left). Location: NW of Ratanada temple in Barmer hill area, Barmer town (e.g. 
from stress tensor 1). (d) Slickenside feature (step and crescentic marker) observed on near vertical fault plane (strike: 248◦, dip 71◦, dip direction 338◦, rake − 152◦) 
missing block moved bottom-left. Quartz mineralization seen on the fault surface. Location: NW of Ratanada temple in Barmer hill area, Barmer town (e.g. from stress 
tensor 2). (e) Slickenside feature (crescentic marker) observed on inclined fault plane (strike: 248◦, dip 28◦, dip direction 338◦, rake − 95◦) missing block moved 
down. Calcite mineralization is seen on the fault surface associated with slickensides. Location: N of Ratanada temple in Barmer hill area, Barmer town (e.g. from 
stress tensor 3). (f) Slickenside feature (crescentic marker) observed on inclined fault plane (strike: 234◦, dip 53◦, dip direction 324◦, rake − 124◦) missing block 
moved bottom left. Quartz mineralization seen on the fault surface associated with slickensides. Location: N of Ratanada temple in Barmer hill area, Barmer town (e. 
g. from stress tensor 3). (g) Slickenside feature (crescentic marker) observed on near vertical fault plane (strike: 275◦, dip 75◦, dip direction 5◦, rake − 80◦) missing 
block moved down. Calcite and possibly kaolinite mineralization is seen on the fault surface associated with slickensides. Location: N of Ratanada temple in Barmer 
hill area, Barmer town (e.g. from stress tensor 4). (h) Slickenside feature (step and crescentic marker) observed on vertical fault plane (strike: 261◦, dip 89◦, dip 
direction 351◦, rake − 123◦) missing block moved bottom left. Calcite mineralization is seen on the fault surface. Location: Barmer hill area, W of Barmer town (e.g. 
from stress tensor 4). (i) Slickenside feature (step) observed on vertical fault plane (strike: 72◦, dip 84◦, dip direction 162◦, rake − 41◦) missing block moved bottom 
right. Quartz mineralization is seen on the fault surface. Location: Barmer hill area, W of Barmer town (e.g. from stress tensor 5). (j) Slickenside feature (crescentic 
marker) observed on near vertical fault plane (strike: 304◦, dip 72◦, dip direction 34◦, rake 38◦) missing block moved top right. Location: Roadside exposure towards 
Gehoon village (e.g. from stress tensor 6). 
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3. Methodology 

Structural fieldwork has been carried out to identify brittle shear 
features and fracture planes from the field exposures. Fault-slip data 
were acquired from the western and eastern margin of the rift basin 
(Figs. 1–7) and detail regional structural and paleostress was analysed in 
order to understand the rift kinematics. Furthermore, some neo-tectonic 
outcrop features (vertically cut gullies, fault scarp) were documented 
from the western and northern margin of the basin. A remote sensing 
analysis, using Shuttle Radar Topography Mission data (SRTM) 30 m 
Digital Elevation Model (DEM) and Google Earth Pro imagery, was 
carried out using Arc GIS 10.4 (2016). This was executed to understand 
the geomorphic changes due to neotectonic activities at the western 
basin margin near the Barmer town. Also, to understand the present-day 
stress regime in the W India, stress inversion analysis has been done 
using earthquake focal mechanism data (source: www.usgs.gov/pro 
grams/earthquake-hazards). Supplementary Fig. 1 presents the meth
odology using a flowchart. 

3.1. Brittle shear deformation and slickenside 

Brittle shear faults are demarcated by secondary fractures -low angle 
R and P-planes bound by usually straight Y-planes (Supplementary 
Fig. 2a; Petit, 1987; Passchier and Trouw, 2005; Mukherjee and Koyi, 
2010; Mukherjee, 2012). Due to brittle faulting, slickensides display 

various geometries of lineation/striation like curved marking, steps, 
asymmetric elevation etc. (Supplementary Fig. 2b; Doblas, 1998). The 
movement direction can be inferred from the nature of these striations 
or grooves. Often mineral steps are observed on slickensides consisting 
of mainly quartz and calcite. Genesis of these steps depends upon the 
fluid circulation along the fault zones associated with the pressure – 
temperature conditions (Doblas, 1998; Pascal, 2022). 

3.2. Field structural analysis 

Around 500 fault-slip data were collected from field (Figs. 2–8). Each 
of these data consists of fault plane orientation and rake of slickenside 
observed on the fault planes. The slickenside kinematic indicators 
include (mineral) steps, crescentic markers and few asymmetric eleva
tions (Supplementary Fig. 2b). The fault plane smoothens towards the 
direction of missing block movement in many cases. Out of these, only 
418 data (Fig. 1b; Supplementary Table 3; 106 from Barmer area, 124 
near Dhorimana and 188 in Sarnoo hill area) have moderately to 
distinctly developed slickensides. Only these data were utilized in the 
different paleostress techniques. 

3.3. Paleostress analysis 

Paleostress analysis is commonly applied to decipher the principal 
stress axes orientations from fault-slip data and thus deduce the different 

Fig. 3. (a)–(e) Fault slip slickensides collected from Barmer hill area and towards Jasai village. (a) Sinistral strike-slip fault observed on plan view, strike of Y plane is 
104◦. Quartz mineralization on inclined Y plane is observed. Bottom right inset– stepped slickenside feature observed on vertical Y plane (strike: 104◦, dip 34◦, dip 
direction 194◦, rake 47◦) missing block moved top-to-right up connoting the sinistral strike-slip movement. Location: NW of Ratanada temple in Barmer hill area, 
Barmer town. (e.g. from stress tensor 6). (b) Dextral strike-slip fault observed on plan view, strike of Y plane is 72◦. Mineralization along Y- and P-planes consists of 
mainly calcite and secondary quartz. Top left inset– stepped slickenside feature observed on vertical Y plane (strike: 73◦, dip 58◦, dip direction 163◦, rake 144◦) 
missing block moved top-to-left up connoting the dextral strike-slip movement. Location: W of Ratanada temple in Barmer hill area, Barmer town. (e.g. from stress 
tensor 7). (c) Stepped slickenside feature observed on vertical fault plane (strike: 140◦, dip 84◦, dip direction 50◦, rake 21◦) missing block moved top-left up. Quartz 
mineralization seen on the fault surface associated with slickensides. Location: Barmer hill area, W of Barmer town. (e.g. from stress tensor 7). (d) Stepped slickenside 
feature observed on near vertical fault plane (strike: 140◦, dip 64◦, dip direction 156◦, rake 152◦) missing block moved top-left up. Quartz mineralization seen on the 
fault surface associated with slickensides. Location: Barmer hill area, W of Barmer town. (e.g. from stress tensor 7). (e) Stepped slickenside feature observed on 
vertical fault plane (strike: 73◦, dip 68◦, dip direction 163◦, rake 78◦) missing block moved top-left up. Calcite mineralization seen on the fault surface. Location: MIS 
outcrop towards Jasai village, ~15 km W of Barmer town (e.g. from stress tensor 8). 
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tectonic events (Etchecopar et al. 1981; Angelier, 1984; Angelier et al. 
1985; Mercier et al. 1991; Delvaux et al., 1997; Zain Eldeen et al., 2002; 
Federico et al., 2014; Vanik et al., 2018; Shaikh et al., 2020; Jani et al., 
2022; Pascal, 2022). Faults slip along the maximum resolved shear stress 
direction on the Coulomb fracture surface (Bott, 1959; Delvaux and 
Sperner, 2003). Slickensides/striations/frictional grooves help in 

deducing the orientation of the slip movement on the fault surface. Thus, 
the fault-slip data used for paleostress inversion consists of the strike and 
dip of the faults, as well as striation orientation (rake) and slip sense 
along the faults. Paleostress analyses do not usually yield the principal 
stress magnitudes, but gives their trends. Such structural analyses 
decipher changes in stress regimes during plate tectonic reconstruction 

Fig. 4. (a)–(k) Fault slip slickensides obtained from Dhorimana hill area, W of Dhorimana village. (a) Slickenside feature (step) observed on NW trending inclined 
fault plane (strike: 140◦, dip 55◦, dip direction 230◦, rake − 150◦) missing block moved bottom left (e.g. from stress tensor 9). (b) Slickenside feature (step) observed 
on NW trending inclined fault plane (strike: 130◦, dip 62◦, dip direction 220◦, rake − 132◦) missing block moved bottom left (e.g. from stress tensor 9). (c) Slickenside 
feature (step and crescentic marker) observed on NW trending vertical fault plane (strike: 306◦, dip 86◦, dip direction 36◦, rake − 4◦) missing block moved right (e.g. 
from stress tensor 10). (d) Slickenside feature (step) observed on NNE trending vertical fault plane (strike: 197◦, dip 81◦, dip direction 287◦, rake − 154◦) missing 
block moved bottom left (e.g. from stress tensor 10). (e) Slickenside feature (step and crescentic marker and step) observed on ~ N trending inclined fault plane 
(strike 174◦, dip 72◦, dip direction 264◦, rake − 104◦) missing block moved down indicated by arrow (e.g. from stress tensor 11). (f) Slickenside feature (step) 
observed on quartz cemented ~ N trending vertical fault plane (strike 174◦, dip 82◦, dip direction 264◦, rake − 31◦) missing block moved bottom right (e.g. from 
stress tensor 11). (g) Slickenside feature (step) observed on NE trending vertical fault plane (strike 215◦, dip 85◦, dip direction 305◦, rake − 88◦) missing block moved 
down indicated by arrow (e.g. from stress tensor 11). (h) Slickenside feature (step) observed on NE trending inclined fault plane (strike 222◦, dip 44◦, dip direction 
312◦, rake − 18◦) missing block moved bottom right (e.g. from stress tensor 12). (i) Slickenside feature (step and crescentic marker) observed on quartz cemented 
NNE trending vertical fault plane (strike 13◦, dip 82◦, dip direction 103◦, rake − 94◦) missing block moved down (e.g. from stress tensor 12). (j) Slickenside feature 
(step) observed on NW trending inclined fault plane (strike 120◦, dip 50◦, dip direction 30◦, rake 153◦) missing block moved top left (e.g. from stress tensor 14). (k) 
NW trending brittle shear feature, with a top-to-N (up) slip, observed on sub-vertical section associated with Y (strike 130◦) and P planes. Bottom left inset - stepped 
slickenside feature observed on vertical Y plane (strike 130◦, dip 83◦, dip direction 220◦, rake 51◦), missing block moved top-to-right up (e.g. from stress tensor 15). 
(l) Slickenside feature (step) observed on quartz cemented NE trending inclined fault plane (strike 42◦, dip 68◦, dip direction 132◦, rake 79◦) missing block moved up 
indicated by arrow (e.g. from stress tensor 16). 

Fig. 5. (a)–(e) Dyke related outcrop pictures from Dhorimana hill area, W of Dhorimana village. (a) NW trending brittle shear feature, with a sinistral slip, observed 
on plan view associated with Y (strike 113◦, dip 82◦, dip direction 23◦) and P planes. Mafic fine grained dolerite dyke body present along Y plane. MIS acts as bridge 
between continuous ~ 5–16 cm thick dyke segments observed on a sub-horizontal outcrop. σ3 - minimum horizontal stress direction ~ N direction. Parallel joints 
orthogonal to the dyke margin are present within the dyke that does not extend into the MIS. These are likely to be cooling joints. Few P –planes cut across these 
cooling joints in the dyke. The 15 cm pen acts as a marker (e.g. from stress tensor 13). (b) Slickenside feature (step and crescentic marker) observed on NW trending 
vertical fault plane (strike 294◦, dip 84◦, dip direction 24◦, rake − 10◦) along the dyke margin. Missing block moved right (e.g. from stress tensor 13). Location (b) 
marked in Fig. (a). (c) Slickenside feature (step and crescentic marker) observed on NW trending vertical fault plane (strike 144◦, dip 80◦, dip direction 234◦, rake 
148◦) parallel to dyke margin (not in picture). Missing block moved left top (e.g. from stress tensor 13). (d) Sinistral brittle shear affecting dolerite dyke (~18–32 cm 
thick) observed in a plan view. Y plane (strike 292◦, dip 88◦, dip direction 22◦) oriented along dyke margin, P plane cutting across the dyke. The 15 cm pen acts as a 
marker. (e) Sinistral brittle shear affecting dolerite dyke (~20–27 cm thick) and also host MIS observed in a plan view. Y plane (strike 286◦, dip 88◦, dip direction 
16◦) oriented along dyke margin, P plane cuts across the dyke displacing the cooling joints. P plane is also observed in the adjacent host MIS rock. A thin dyke (3–4 
cm thick) is seen along Y plane with same shear sense towards right. The 15 cm pen acts as a marker. 
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at different geologic times. 
Paleostress analysis using different software was carried out on fault- 

slip data from outcrops. The analysis considers mutually perpendicular 
three principal stress axes (σ1, σ2 and σ3). Here σ1 and σ3 are the 
maximum and the minimum principal stress axes, respectively, thus σ1 
> σ2 > σ3 (Angelier, 1994). The plunge of σ1, σ2 and σ3 defines the 
three end member tectonic stress regimes: extensional (vertical σ1), 
strike-slip (vertical σ2) and compressional (vertical σ3). The shape of the 
stress ellipsoid is defined by the unit-less stress ratio parameter R or D 
(Delvaux et al., 1997; Žalohar and Vrabec, 2007) = [(σ2- σ3)/(σ1- σ3)] 
and ranges from 0 to 1 (Angelier, 1990, 1994; Delvaux et al., 1997). In 
between this there are three end member tectonic stress regimes. There 
can be other subordinate stress regimes defined by the function of R/ 

(stress regime index) that ranges between 0 and 3 (Delvaux et al., 1997). 
Extensive regime (R/ = R) varies from radial extensive (0< R/< 0.25), 
pure extensive (0.25 < R/<0.75) to partly transtensive (0.75 < R/<1). 
The strike-slip regime [R/ = (2-R)] is defined by transtensive (1 <
R/<1.25), pure strike-slip (1.25 < R/<1.75) and transpressive (1.75 <
R/ < 2). While compressional regime [R/ = (2 + R)] can be partly 
transpressive (2 < R/< 2.25), pure compressive (2.25 < R/ < 2.75) to 
radial compressive (2.75 < R/ < 3). 

The trend of fault-slip on a pre-existing weak plane, oblique to the 
principal stress directions: σi (i = 1, 2, 3), is governed by (i) the applied 
shear stress, (ii) the R value, and (iii) the orientation of the fault plane 
with respect to σi (Angelier, 1990, 1994). 

Several assumptions exist for fault-slip inversion and to deduce 
paleostress (Wallace, 1951; Bott, 1959; Pollard et al., 1993; Nemčok and 
Lisle, 1995; Žalohar and Vrabec, 2007; Žalohar 2018; Pascal, 2022). (i) 
The rock is isotropic and the stress field is homogeneous; (ii) The same 
stress field govern the movements along the faults; (iii) fault-slip par
allels the maximum resolved shear stress direction on the Coulomb 
fracture surface, as deduced from the regional stress tensors; (iv) the 
slip/displacement is translational; and (v) faults do not interact/link up. 
Paleostress analyses in this work mostly follow these assumptions. In 
particular, since the rock type is uniform devoid of veins and secondary 
mineralization as seen in naked eyes around Barmer, Dhorimana and 
Sarnoo (Figs. 3–4, 6), and majorly devoid of any marker/lineation, point 
(i) is almost followed. Second, faults documented in this study are all 
translational as indicated by the straight slickenlines developed on the 
fault planes. Third, interlinked faults/fault scarps do occur at the 

northern basin margin (Section 4.1.4; Fig. 8). However, we picked up 
only discrete faults from field from the eastern and the western margins 
for the paleostress analysis. These faults do not interact. 

The aim of paleostress analyses is to find out information on stress 
regime, and secondly to identify stress regimes that changed temporally. 
The stress inversion process used in paleostress analyses, are the Right 
Dihedron, iterative rotational optimization and the Gaussian method 
(Delvaux and Sperner, 2003; Žalohar and Vrabec, 2007; Pascal, 2022). 
Fault data depicting spatial variation of stress tensors are termed as 
heterogeneous fault-slip data (e.g. Zain Eldeen et al., 2002; Biswas et al. 
2022). Such data can only be explained in terms of different stress ori
entations and regimes. On other hand, homogeneous fault-slip data 
connotes a single stress regime. To initiate stress inversion, the entire 
heterogeneous dataset needs to be separated into homogeneous subsets 
based on the degree/amount of misfit (of fault-slip data group) deter
mined with respect to the calculated stress regime at every step (Yamaji, 
2003; Yamaji et al., 2006). Each of these subsets consists of homoge
neous fault-slip data related to specific tectonic event. 

We used three open-source software applications for the standard 
paleostress calculations -Win_Tensor (v.5.9.2; Delvaux and Sperner, 
2003), T-Tecto studio X5 (Žalohar and Vrabec, 2007) and FaultKin 
(v.8.1; Marrett and Allmendinger, 1990; Allmendinger et al., 2012). 
Paleostress analysis results may vary for different applied methods, 
therefore several techniques are recommended on the same data set (e. 
g., Simón, 2019 and as adapted in Shaikh et al., 2020, 2022; Maurya 
et al., 2021; Biswas et al., 2022; Goswami et al., 2022). 

Win_Tensor applies the Right Dihedron Method (RDM), while 
Gaussian weighted RDM is used in T- Tecto studio X5 for inverse ana
lyses of fault planes to get the paleostress tensors (Delvaux and Sperner, 
2003; Žalohar and Vrabec, 2007). Linked Bingham statistical method is 
utilized in FaultKin (Allmendinger et al., 2012). All the homogeneous 
subsets of the fault-slip data have angular misfit ≤30◦, which is 
reasonably acceptable (Delvaux and Sperner, 2003). All these three 
software applications provide stress axes trend and plunge for each 
stress tensors. Win_Tensor and T-Tecto also provides stress ratio R and D 
respectively. These varied applications were used to precisely calculate 
the paleostress tensors linked to unique tectonic events, thereby mini
mizing the level of uncertainties. Supplementary text details these 
software. 

Relative timing of activation of the obtained paleostress tensors can 

Fig. 6. (a)–(m) Fault slip slickensides obtained from W side of Mesozoic outcrop of Sarnoo hill area located E and SE of Sarnoo village. (a) Near E trending brittle 
shear normal fault associated with thick (2–3 ft) fault gouge observed on near vertical section of Upper Ghaggar- Hakra sandstone unit. Top right inset: Slickenside 
feature (step) observed on the inclined fault plane (strike 275◦, dip 60◦, dip direction 5◦, rake − 55◦), missing block moved bottom left. There is another smaller fault 
(dip ~ 45◦) towards right which merges with the main normal fault (e.g. from stress tensor 17). Person (height 171 cm) standing as a marker. (b) Slickenside feature 
(step) observed on ENE trending inclined fault plane (strike 256◦, dip 63◦, dip direction 346◦, rake − 80◦), missing block moved down (e.g. from stress tensor 17). 
Kaolinite and probable calcite cementation seen on fault surface. (c) Slickenside feature (crescentic marker) observed on NW trending inclined fault plane (strike 
140◦, dip 62◦, dip direction 230◦, rake − 158◦), missing block moved left (e.g. from stress tensor 18). (d) NW trending normal faulting observed on a near vertical 
section on one side of a hillock. Top right inset 1: NW trending Normal faulting (strike 135◦, dip 63◦, dip direction 225◦) in the upper part of the hillock. Right inset 2: 
Prominent slickenside feature (step) observed on NNW trending vertical fault plane (strike 168◦, dip 80◦, dip direction 258◦, rake − 102◦) in the lower section of the 
hillock, missing block moved down. Bottom right inset: Fault gouge (1–1.2 ft thickness) seen along this near vertical fault in the lower section of the hillock (e.g. from 
stress tensor 18). (e) 1 - NW trending listric normal fault associated with thick (~34 cm) fault gouge. This fault has displaced a yellow colour sandstone bed in the 
upper part. The fault terminates at another NW trending fault (2) towards right. 2 - Fault plane surface seen on hangingwall. Top right inset: Slickenside feature (step) 
observed on hangingwall side of NW trending near vertical normal fault plane 2 (strike 118◦, dip 76◦, dip direction 208◦, rake − 104◦), missing block (footwall) 
moved top right (e.g. from stress tensor 18). The truncation of fault plane 1 against fault plane 2 indicates that fault plane 2 is younger. (f) Slickenside feature (step) 
observed on NE trending inclined fault plane (strike 205◦, dip 69◦, dip direction 295◦, rake − 126◦), missing block moved bottom left. Kaolinite cementation seen on 
fault surface (e.g. from stress tensor 19). (g) Slickenside feature (step and crescentic marker) observed on NE trending near vertical fault plane (strike 58◦, dip 78◦, 
dip direction 148◦, rake − 78◦), missing block moved down (e.g. from stress tensor 20). (h) Slickenside feature (crescentic marker) observed on NE trending inclined 
fault plane (strike 225◦, dip 22◦, dip direction 315◦, rake − 94◦), missing block moved down (e.g. from stress tensor 20). Kaolinite and probable calcite cementation 
seen on fault surface. (i) Slickenside feature (step) observed on NNW trending vertical fault plane (strike 173◦, dip 82◦, dip direction 263◦, rake − 76◦), missing block 
moved down (e.g. from stress tensor 21). Kaolinite cementation seen on right side of the fault surface. (j) Slickenside feature (crescentic marker) observed on NW 
trending vertical fault plane (strike 150◦, dip 80◦, dip direction 240◦, rake − 148◦), missing block moved bottom left (e.g. from stress tensor 21). (k) Slickenside 
feature (step) observed on NW trending near vertical fault plane (strike 158◦, dip 69◦, dip direction 68◦, rake − 60◦), missing block moved bottom right (e.g. from 
stress tensor 22). (l) Slickenside feature (step and crescentic marker) observed on NW trending near vertical fault plane (strike 152◦, dip 80◦, dip direction 242◦, rake 
− 41◦), missing block moved bottom right (e.g. from stress tensor 24). (m) Slickenside feature (step and crescentic marker) observed on NNW trending near vertical 
fault plane (strike 173◦, dip 85◦, dip direction 263◦, rake − 34◦), missing block moved bottom right (e.g. from stress tensor 24). Kaolinite cementation seen on 
fault surface. 
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be deduced from the direct field-based observations of the faults slip 
data taken as inputs. These are (i) cross-cut relation amongst faults, (ii) 
known stratigraphic age of the faulted (host) rock, and (iii) minerali
zation on the faults and associated slickensides – striations on the 
mineralized/cemented or non-mineralized faults. 

3.4. Drainage morphometry analysis around Barmer 

We analysed the drainage morphology quantitatively along the 
western margin around Barmer and Jasai areas, in order to understand 
the neotectonic activeness and its impact on landscape. The terrain is 
devoid of major rivers and is covered by ~ NE-trending longitudinal 

Fig. 7. (a)–(i) Faults and slickensides obtained from W side of Sarnoo hill area located E of Sarnoo village. (a) Vertical cross-sections of NW trending strike slip brittle 
shear observed in the Cretaceous sandstone. The P – and the Y planes together depict a flower structure. Bottom left inset: Slickenside feature (crescentic marker) 
observed on NW trending vertical Y plane (strike 152◦, dip 78◦, dip direction 62◦, rake − 8◦) on the right side block (e.g. from stress tensor 23). Missing block moved 
left thus inferred a dextral sense of shear. Bottom right inset: schematic 3D block diagram of a dextral strike slip fault. (b) Slickenside feature (step) observed on NNE 
trending near vertical fault plane (strike 192◦, dip 69◦, dip direction 282◦, rake − 133◦), missing block moved bottom right (e.g. from stress tensor 25). Kaolinite 
cementation seen on fault surface. (c) Slickenside feature (step) observed on NNW trending vertical fault plane (strike 159◦, dip 83◦, dip direction 69◦, rake − 134◦), 
missing block moved bottom right (e.g. from stress tensor 26). Kaolinite cementation seen on fault surface. (d) Slickenside feature (step) observed on NE trending 
vertical fault plane (strike 224◦, dip 80◦, dip direction 314◦, rake − 155◦), missing block moved left (e.g. from stress tensor 27). (e) Slickenside feature (step and 
crescentic marker) observed on NE trending vertical fault plane (strike 240◦, dip 82◦, dip direction 330◦, rake − 178◦), missing block moved right (e.g. from stress 
tensor 27). Calcite and kaolinite cementation seen on fault surface. (f) Slickenside feature (step and crescentic marker) observed on NE trending near vertical fault 
plane (strike 215◦, dip 68◦, dip direction 305◦, rake 83◦), missing block moved upward (e.g. from stress tensor 28). Kaolinitic and probably calcite cementation seen 
on fault surface. (g) Slickenside feature (step) observed on NW trending vertical fault plane (strike 130◦, dip 88◦, dip direction 220◦, rake 78◦), missing block moved 
up (e.g. from stress tensor 29). (h) Slickenside feature (step) observed on NW trending near vertical fault plane (strike 14◦, dip 74◦, dip direction 104◦, rake 94◦), 
missing block moved up (e.g. from stress tensor 30). (i) Slickenside feature (step) observed on NW trending inclined fault plane (strike 136◦, dip 55◦, dip direction 
226◦, rake 167◦), missing block moved left (e.g. from stress tensor 31). 
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sand dunes (Ghose, 1964). Google Earth pro satellite imagery, SRTM 
digital elevation model (DEM) with 30 m resolution and ArcGIS (10.4) 
have been used to identify seasonal drainage basins. 

These images of the dry channels are compared with that of the base 
map, toposheets NG 42-12 series U502 of Barmer (India) and Pakistan of 
1:250,000 scale. The unclassified streams on this map have been traced 
on the DEM in ArcGIS for the present study and for drainage basin 
analysis. The basic geomorphologic parameters including the area, 
length, stream number, stream frequency, drainage density, basin relief, 
relief ratio and hypsometric integral have been calculated to understand 
the basin area with respect to the basin slope (Supplementary Table 2). 
Details in Supplementary text. 

3.5. Earthquake focal mechanism 

Ten recent earthquake focal mechanism data, between 1990 and 
2010, with moment of magnitude (Mw) above 5 from USGS (www.usgs. 
gov/programs/earthquake-hazards) were taken for this study (Supple
mentary Table 3). Two are from Jaisalmer basin area while the 
remaining eight are from the Kutch (Kachchh) basin. Also, among these 
nine focal mechanism data are of magnitude between 5 and 5.8 Mw 
while only one (near Bhuj, Gujarat, India) is having a magnitude of 7.7 
Mw. The earthquake focal depths are within 10–45 km below the sur
face. Stress inversion analysis was performed using earthquake focal 
mechanism data in order to deduce the present-day stress regime in the 
NW India using Right Dihedron and Rotational Optimization methods in 
Win_Tensor (v.5.9.2; Delvaux and Sperner, 2003). 

Fig. 8. (a)–(f) Outcrop observations from Fatehgarh fault area in the N margin. Location: Along Fatehgarh fault trend, ~14–15 km SW of Bariyada village. (a) 
Outcrop view of large scale transfer zone (synthetic approaching) along Fatehgarh fault. Bottom left inset: Satellite imagery from Google Earth Pro of the same area. 
The yellow box and observation point highlights the exact location. Right inset: location area marked in red box on the Barmer basin fault map. (b) and (c) Flexed 
beds consisting of calcareous unit and volcanic ash bed likely to be of Barmer Hill Formation and/or Bariyada Member. (d) Transfer zone guided seasonal drainage 
sourced from the Fatehgarh fault, observed on the NW side of the fault zone. (e) Interlinked fault planes in Fatehgarh sandstone near Fatehgarh fault observed on 
planer surface. The ~ E trending F1 faults are having normal throw. The F2 fault has laterally displaced the F1 fault. Top left inset: Slickenside feature (crescentic 
marker) observed on E trending vertical fault plane (strike 265◦, dip 85◦, dip direction 355◦, rake − 82◦), missing block moved down. (f) Vertical cross section of the 
F2 fault observed on Fatehgarh sandstone depicting a flower type of structure. There is a small lateral displacement of one block with respect to the other. Right inset: 
Slickenside feature (crescentic marker) observed on N trending vertical fault plane on the left fault block (strike 180◦, dip 88◦, dip direction 270◦, rake − 12◦), missing 
block moved right, indicating sinistral displacement. Note: These faults (F1 & F2 and others along the Fatehgarh fault trend) have not been considered for paleo
stress analysis. 
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4. Results 

4.1. Fault-slip analysis 

All the fault-slip data collected from the western and eastern margin 
outcrops depict overall NW, NE, ~E and ~N striking faults (Supple
mentary Table 3). The individual extents of the outcrop faults are short 
(< 10 m) and discrete. In the western margin, around Barmer and 
Dhorimana area, the faults are observed in MIS basement rock. In the 
eastern margin, Sarnoo hill area, the sandstones of fluvial Lower 
Cretaceous Ghaggar-Hakra Formation are brittle deformed. At few pla
ces the MIS basement crops out alongside the Ghaggar-Hakra Formation. 
Both these units are brittle deformed. All the outcrops faults are iden
tified based on the presence of brittle shear Y and P planes, and/or 
slickensides on brittle planes. At many places, Y-planes consist of the 
slickenside kinematic indicator, which enables to decipher the slip 
senses. Fault-slip data with reliable slickenside slip sense were consid
ered for paleostress analysis. The fault planes were interpreted on sub- 
vertical and inclined sections and also on sub-horizontal outcrops. In 
the northern boundary of the Barmer basin, near Devikot- Fatehgarh 
ridge, quality fault-slip data is scanty (<10) also, many of them are 
interlinked and so those were not incorporated in the paleostress 
analysis. 

In the present analysis, all the 31 fault-slip groups from 418 fault-slip 
data were analysed. The faults in the western margin (Figs. 2–5) are 
dominantly normal dip-slip to oblique slip and strike-slip. Some reverse 
dip-slip faults also exist. At eastern margin the faults (Figs. 6 and 7) are 
majorly normal dip-slip to oblique-slip with lesser strike-slip move
ments. Each of the obtained 31 stress tensors from western and eastern 
basin margins consists of a stress regime index value (Rʹ) and a 
maximum horizontal stress (SHMax) orientation (Figs. 9–11, Table 1). 

In the western margin, both in Barmer and Dhorimana areas, cross- 
cut relation has been recognized in our field study, the NE faults are 
cut by NW faults (Supplementary Figs. 3 and 4). This indicates that the 

NW-trending faults are younger. Besides, we have also noticed quartz, 
calcite and possible kaolinite mineralization on several faults in Barmer 
area and also locally around Dhorimana and Sarnoo. Slickenside – stri
ations do occur on many of these mineralized/cemented fault surfaces 
(Fig. 2d–i; 3a-e; 4f, i, l; 6b, f, h, i, m; 7b, c, e, f), thus indicating fluid flow 
along fracture planes. 

The outcrop specific results are presented below. 

4.1.1. Around Barmer hill area, western margin 
The outcrops near Barmer town are (i) hill area west of Barmer, (ii) 

Gehoon village area NW of Barmer, and (iii) hilly outcrops towards Jasai 
village SW of Barmer. These outcrops consist of faulted Malani rhyolite 
basement rocks. Faults dip moderate to steep (50–85◦; Fig. 1b). Slick
ensides are either present directly on the faults or in many cases 
observed on the cements, quartz or calcite, associated with faults (Figs. 2 
and 3). Mineralization along brittle shear planes is quite common in 
these outcrops. The slip sense is deduced from the slickenside kinematic 
indicators. NW-trending faults cut NE-trending faults at three places, 
enabling determination of relative time of those deformations (e.g. 
Supplementary Fig. 3). These faults are mostly oblique-slip and strike- 
slip (Figs. 2 and 3). Near dip-slip to oblique-slip occurs mainly for the 
NW-trending faults. Normal, reverse and strike-slip faults have been 
identified from outcrops, out of which normal oblique-slip faults are 
more numerous. Eight paleostress tensors were obtained from these 
outcrops consisting of 106 fault-slip data. Out of these, three tensors 
belongs to extensive to transtensive regime (Fig. 9 no. 1, 3–4; Supple
mentary Figs. 8 and 9; Table 1; also see field photos Fig. 2a–c, e-h), three 
in strike-slip regime (Fig. 9 no. 2, 5, 7; Supplementary Figs. 8 and 9; 
Table 1; also see field photos Fig. 2d, i, 3b-d) while two are of 
compressive regime (Fig. 9 no. 6, 8; Supplementary Figs. 8 and 9; 
Table 1; also see field photos Fig. 2j and 3a, e). 

4.1.2. Around Dhorimana hill area, western margin 
The Malani granites crop out in the hilly terrain adjacent to the 

Fig. 9. 8 Stress tensors (Schmidt net, lower hemisphere), obtained from different sites of Barmer and its surrounding areas in western margin, deduced from 
Win_Tensor Right Dihedral Method (RDM) of stress inversion output (Delvaux and Sperner, 2003). Fault planes are shown by black lines associated with slip vectors 
(marked by hollow circle with arrow). Red inward pointed double arrow: orientation of maximum horizontal principal stress (SHmax). Blue outward pointed double 
arrow: orientation of minimum horizontal principal stress (Shmin). Red circle, triangle and square with smaller cyan circle inside: orientation of maximum (σ1), 
intermediate (σ2) and minimum (σ3) stress axes respectively (σ1 ≥ σ2 ≥ σ3). Solid black small lines at the periphery of stress tensors: SHmax orientation for in
dividual fault-slip data. n/nt: number of fault-slip data used in paleostress analysis with respect to the total number of fault-slip data collected from the particular 
location. R and R/: stress ratio and stress index respectively (Delvaux et al., 1997). The blue and white gridded quadrant of the stereoplots corresponds to regions of 
tension and compression respectively. 
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Dhorimana village. Faults in this granitic outcrop exhibit brittle shears. 
The NW and NE major lineament trends are well-observed in Google 
Earth Pro imageries (as in Dasgupta and Mukherjee, 2017). The 
observed small-scale fault trends in the outcrop matches well with the 
larger lineament trends in the Dhorimana hill area. Faults trend domi
nantly NW but several trend NE. Here also the NW-trending faults cut 

the NE-trending faults as observed at four places at the Dhorimana hill 
area (Supplementary Fig. 4), thereby indicating the relative timing of 
deformation. Faults dip steeply (>60◦; Fig. 1b). The dominant fault 
types are oblique-slip normal, strike-slip and reverse faults (Figs. 4 and 
5). Cement along the fault surfaces is infrequent (Fig. 4). Brittle shear 
and slickenside kinematic indicators are observed along near-vertical 

Fig. 10. 8 Stress tensors (9–16), obtained from different sites of Dhorimana hill area W of Dhorimana village in western margin, deduced from Win_Tensor (Delvaux 
and Sperner, 2003). Refer to Fig. 9 caption for details of the legends. 

Fig. 11. 15 Stress tensors (17–31), obtained from different sites of Sarnoo hill area S & N of Sarnoo village in eastern margin, deduced from Win_Tensor (Delvaux and 
Sperner, 2003). Refer to Fig. 9 caption for details of the legends. 
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Table 1 
Paleostress analyses results as obtained from fault slip data of western (Barmer and Dhorimana) and eastern (Sarnoo) margins.  

Area No. Sense of 
Slip 

Dominant 
Rock Type 

Number of 
Fault Slip 
data 

Software and Method used Stress 
Ratios 
(unitless) 

Stress Regime 
(unitless) 

SHMax 
(Win 
Tensor, in 
◦) 

SHMax 
(T-Tecto, 
in ◦) Win Tensor - RDM T-Tecto - Gauss weighted RDM FaultKin - Linked Bingham Statistics 

σ1 (trend/ 
plunge, in 
◦) 

σ2 (trend/ 
plunge, in 
◦) 

σ3 (trend/ 
plunge, in 
◦) 

σ1 (trend/ 
plunge, in 
◦) 

σ2 (trend/ 
plunge, in 
◦) 

σ3 (trend/ 
plunge, in 
◦) 

σ1 (trend/ 
plunge, in 
◦) 

σ2 (trend/ 
plunge, in 
◦) 

σ3 (trend/ 
plunge, in 
◦) 

D R R/ Inference 

W Margin - 
around 
Barmer 

1 Normal MIS 25 249/82 340/0 70/8 194/77 348/11 79/5 218/75 343/9 75/12 0.4 0.5 0.5 Pure Extensive 160 170 
2 Normal MIS 12 98/28 283/62 189/2 105/24 291/66 22/0 106/20 282/70 15/1 0.7 0.71 1.27 Pure Strike Slip 99 105 
3 Normal MIS 8 220/86 47/4 317/0 353/84 229/3 138/4 337/84 228/2 138/6 0.5 0.69 0.5 Pure Extensive 47 55 
4 Normal MIS 10 133/52 279/33 21/17 132/44 277/40 24/20 135/48 270/32 16/24 0.4 0.35 0.82 Extensive to 

Transtensive 
120 113 

5 Normal MIS 6 15/22 232/63 111/15 27/28 210/62 113/3 13/26 224/61 235/4 0.5 0.75 1.34 Pure Strike Slip 20 26 
6 Reverse MIS 7 45/18 312/6 205/70 63/12 154/6 267/75 53/16 144/4 246/74 0.6 0.36 2.25 Pure 

Compressive 
46 57 

7 Reverse MIS 9 295/0 28/87 205/3 110/0 200/85 32/5 113/1 224/86 22/4 0.2 0.22 1.5 Strike Slip to 
Transpressive 

115 113 

8 Reverse MIS 7 187/18 93/12 332/69 165/19 75/0 345/73 179/21 84/12 327/66 0.7 0.57 2.33 Pure 
Compressive 

13 10 

W Margin - 
around 
Dhorimana 

9 Normal MIS 22 350/19 163/71 259/2 7/30 181/60 90/0 356/26 169/64 265/3 0.6 0.64 1.41 Pure Strike Slip 170 177 
10 Normal MIS 19 75/21 218/64 340/14 82/35 273/55 172/8 78/34 243/56 343/7 0.2 0.45 1.45 Pure Strike Slip 72 68 
11 Normal MIS 10 113/51 353/22 249/30 117/40 347/37 230/31 113/49 347/27 242/28 0.4 0.55 0.85 Extensive to 

Transtensive 
147 136 

12 Normal MIS 12 210/15 31/75 300/0 163/69 37/31 302/18 210/33 28/57 119/1 0.3 0.62 1.5 Pure Strike Slip 30 15 
13 Dyke 

Parallel* 
MIS 22 83/6 252/83 353/1 75/1 264/89 162/0 261/1 35/89 171/1 1 0.71 1.5 Strike Slip to 

Transtensive 
84 87 

14 Reverse MIS 10 182/8 71/68 275/20 169/12 66/47 273/39 180/10 48/76 272/10 0.2 0.15 1.38 Strike Slip to 
Transpressive 

2 336 

15 Reverse MIS 10 259/3 103/87 349/1 81/0 0/90 163/0 256/7 35/81 165/6 0.2 0.3 1.5 Strike Slip to 
Transpressive 

79 80 

16 Reverse MIS 7 124/4 218/36 28/53 303/11 193/60 39/27 123/6 224/61 30/28 0.4 0.07 2.11 Transpressive to 
Compressive 

124 129 

E Margin - 
around 
Sarnoo 

17 Normal Sandstone 30 176/85 59/2 329/5 138/80 234/1 144/0 183/83 60/4 330/6 0.3 0.38 0.56 Pure Extensive 59 63 
18 Normal Sandstone 26 16/62 149/20 247/19 32/61 136/8 230/27 17/61 140/17 237/23 0.2 0.37 0.66 Pure Extensive 167 160 
19 Normal Sandstone 22 156/71 246/0 336/19 160/61 255/2 346/29 169/64 68/5 336/25 0.2 0.64 0.62 Pure Extensive 66 60 
20 Normal Sandstone 10 318/69 60/5 152/20 323/74 59/2 150/14 317/71 64/6 156/18 0.2 0.4 0.7 Pure Extensive 66 86 
21 Normal Sandstone 12 46/54 167/21 269/28 60/46 168/16 271/39 45/46 165/26 273/32 0.7 0.67 0.86 Extensive to 

Transtensive 
5 360 

22 Normal Sandstone 14 272/68 145/14 50/17 267/77 153/5 62/12 273/73 146/11 54/14 0 0.36 0.64 Extensive 132 120 
23 Normal Sandstone 7 269/51 74/38 170/7 283/55 65/29 163/15 268/36 95/54 0/3 1 0.5 0.85 Extensive to 

Transtensive 
83 80 

24 Normal Sandstone 9 133/3 12/84 223/6 126/7 311/83 43/0 133/16 335/73 224/6 0.7 0.89 1.52 Strike Slip to 
Transtensive 

133 129 

25 Normal Sandstone 7 31/53 215/37 123/2 45/43 212/46 122/0 40/41 213/49 307/4 0.4 0.79 0.88 Extensive to 
Transtensive 

33 25 

26 Normal Sandstone 7 255/65 2/8 96/23 239/70 9/13 102/13 247/63 4/13 100/24 0.5 0.79 0.63 Extensive to 
Transtensive 

7 15 

27 Normal Sandstone 6 101/17 334/63 198/21 96/17 303/71 180/11 97/13 326/70 191/15 0.5 0.67 1.7 Pure Strike Slip 106 90 
28 Reverse Sandstone 8 306/30 213/6 112/59 311/28 219/4 123/57 306/31 215/2 122/59 0.7 0.38 1.76 Transpressive to 

Strike-slip 
130 125 

29 Reverse Sandstone 7 184/40 280/6 17/49 186/39 286/13 32/50 184/40 279/5 14/49 0.9 1 1.27 Transtensive to 
Strike Slip 

107 105 

30 Reverse Sandstone 7 88/9 196/63 354/25 113/19 226/48 13/37 80/14 189/52 340/34 0 0.36 1.54 Strike Slip to 
Transpressive 

87 114 

31 Reverse Sandstone 6 339/11 246/15 104/71 172/0 262/39 99/49 349/10 255/24 99/64 0.1 0.33 2.3 Compressive to 
Transpressive 

160 183 

Note: Software applications used for this analysis are Win_Tensor (v.5.9.2; Delvaux and Sperner, 2003), T- Tecto studio X5 (Žalohar and Vrabec, 2007) and FaultKin (v.8.1; Marrett and Allmendinger, 1990; Allmendinger 
et al., 2012). RDM: Right Dihedral Method; σ1 – maximum principal stress axes; σ2 – intermediate principal stress axes; σ3 – minimum principal stress axes (σ1> σ2> σ3). Trend and plunge measured in degree. Stress ratio 
(unitless) R obtained from Win_Tensor and D from T-Tecto. Stress regime index - R⁄⁄ (unitless) is obtained from Win_Tensor. 
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and inclined fault surfaces. The near-vertical fault planes at places crop 
out for tens of m high; Supplementary Fig. 5). The NW-striking faults are 
parallel to some dolerite dyke margins (Fig. 5) in the western side out
crops of the Dhorimana hill area. These NW–striking faults depict 
strike-slip movement (Fig. 5a–c). The dolerite dykes are fine-grained and 
8–~90 cm thick (Fig. 5). Transverse fractures, most likely cooling joints 
(Budkewitsch and Robin 1994; Misra and Mukherjee, 2017), are present 
at many places within these dykes (Fig. 5a). Dyke bridges and dyke-lets 
occur locally (Fig. 5a). Such features provide good indicators of the σ3 
direction (trending ~ N). These dykes most likely relate to the last and 
final phase of the Malani magmatism in the Late Proterozoic, as deci
phered from elsewhere from western Rajasthan, India (Pandit et al., 
1999; Pooranchandra Rao et al., 2003; Sharma 2005). 

The brittle shear fractures have cut across the host MIS and the 
dolerite dyke, with the NW trending Y – plane oriented along the 
boundary of the dyke and host MIS contact surface while the P- planes 
cutting across the dyke and MIS (Fig. 5a, d and e). This indicates that the 
NW-trending faults are of later origin after emplacement of the dykes 
and the weak planes along the dyke margins possibly favoured the next 
phase of brittle deformation. 

Relation of these dykes with precursor of Deccan magmatism is un
likely since (i) no Deccan volcanic-related outcrops occur in the western 
rift shoulder of Barmer basin associated with MIS, (ii) the texture of these 
dykes differs from that of Deccan volcanic outcrops in Sarnoo area, and 
(iii) brittle shear cut across the dyke and host MIS, indicating that the 
dykes are of older age equivalent to MIS of Late Proterozoic. However, 
radiometric dating of these dykes can reveal the precise age relations. 

Overall most of the NW and NE faults exhibit oblique-slip and near 
strike-slip movement. In the entire Dhorimana hill area, a total of 124 
fault-slip data were considered for paleostress analysis. Eight paleostress 
tensors were obtained from these outcrops (Fig. 10; Supplementary 
Figs. 10 and 11; Table 1). These falls under strike-slip to transtensive 
(Fig. 10 no. 9–15; Supplementary Figs. 10 and 11; Table 1; also see field 
photos Fig. 4a–k and 5) and transpressive regime (Fig. 10 no. 16; Sup
plementary Figs. 10 and 11; Table 1; also see field photo Fig. 4l). 

4.1.3. Around Sarnoo hill area, eastern margin 
The outcrops near Sarnoo/Sarnu village in eastern margin consist of 

Lower Cretaceous fluvial clastic exposures as hillocks on the either sides 
of the road (State Highway16). The MIS basement rock crops out locally 
adjacent to the clastic outcrops on the northern side of the road. In two 
outcrops, basaltic rocks appear in the basal part of the Lower Cretaceous 
succession. These could probably be the Karentia volcanic event of 
Aptian age (~122–113 Ma; Compton, 2009; Bladon et al., 2014). Faults 
in the Sarnoo hill outcrops dip between ~60 and 85◦ (Fig. 1b). Most of 
the faults extend for a short distance (1 to < 10 m). The Sarnoo hillock 
outcrops have abundant NE-trending faults, though there are good 
proportions of the NW faults. The trend of the NE faults ranges from ~ E 
to NNE (Figs. 6 and 7). The ~ E and NE-trending faults have dm-scale 
throw and are mostly present in the upper unit of the Ghaggar-Hakra 
Formation (Supplementary Figs. 6 and 7). NE to ENE trending faults 
associated with syn-sedimentary growth (Supplementary Figs. 6 and 7) 
have been identified in the Early Cretaceous sandstones of Sarnoo hill 
area in eastern margin. These points to the first rifting event in the basin. 
Majority of the faults in the Sarnoo outcrops are dip-slip to oblique-slip, 
with few having strike-slip movement (Figs. 6 and 7). Normal faulting is 
predominant in this area. 

Slickenside kinematic indicators include mainly steps and few 
curved markers. 10–100 cm thick fault gouge is seen mainly associated 
with moderate to steep-dipping faults (Fig. 6a, d, e; Supplementary 

Fig. 7a). Paleostress analysis includes a total of 188 fault-slip data from 
the Sarnoo hill outcrops. Fifteen stress tensors were deduced. Out of 
these, nine tensors depicts extensive to transtensive regime (Fig. 11, no. 
17–23, 25–26; Table 1; Supplementary Figs. 12 and 13; also see field 
photos Figs. 6a–k, 7a-c), four falls under strike-slip category (Fig. 11, no. 
24, 27 and 29–30; Table 1; Supplementary Figs. 12 and 13; also see field 
photos Fig. 6l-m, 7d-e, g-h), and the remainder two denotes trans
pression to compression (Fig. 11, no. 28 and 31; Table 1; Supplementary 
Figs. 12 and 13; also see field photos Fig. 7f, i). 

4.1.4. Along Devikot - Fatehgarh ridge, northern margin 
Paleocene – Eocene sequences crop out along the uplifted Devikot – 

Fatehgarh ridge/Fatehgarh Fault. It consists of the Paleocene Fatehgarh 
and Barmer Hill Formations, and Eocene Bariyada Member and Dharvi 
Dungar Formation. Erosion and neotectonic activeness (Dasgupta and 
Mukherjee, 2019; Biswas et al., 2022b) are higher in this area. Thus, too 
few (<10) quality data on fault-slip are available from here. Out of these 
many are interconnected and thus are avoided in the paleostress anal
ysis. The uplifted Fatehgarh Fault (reverse) scarp displays mega-scale 
relay structures, observed in Google Earth imagery and identified from 
field (Fig. 8a). The transfer zones constitute both approaching and 
overlapping relay ramps (Morley et al., 2007; Dasgupta and Mukherjee, 
2017; 2019; Dasgupta, 2019). The approaching relays are connected by 
transfer fault scarps at places. Eocene Bariyada Member is flexed locally 
along the uplifted hangingwall block between the two consecutive 
transfer zones/faults (Fig. 8b and c). Local lateral compression produced 
between two transfer faults probably created this flexure. The transfer 
zones guide the seasonal drainage system down slope through deep 
channel cuts and gorges (Fig. 8d). 

The Fatehgarh sandstone outcrop along the Fatehgarh Fault trend 
are locally faulted and fractured. Two sets of faults and/or joints occur – 
one along ENE to ~E and the other ~ N (Fig. 8e and f). The ~ E trending 
faults are dip-slip normal while the ~ N-trending faults are commonly 
strike-slip (Fig. 8e and f). The fault surfaces are cemented with calcite 
and kaolinitic mineral. As mentioned earlier, the slickenside kinematic 
indicators observed on these cemented fault surfaces, and are not 
considered for paleostress analyses. The ~ N trending strike-slip faults 
are essentially related to the transfer faults, near orthogonal to the 
Fatehgarh Fault trend. These observations indicate that the fractures in 
the Fatehgarh Formation (sandstone) and subsequent cementation and 
faulting (~N and ~E), along the northern margin of the basin occurred 
much later, presumably in Neogene to Quaternary. This was probably 
linked with the Himalayan orogeny (Kelly et al., 2014). 

4.2. Outcome of drainage morphometric analysis around Barmer 

The maximum elevation of the terrain around Barmer is ~640 m 
with distinct slope break from hilly areas of MIS to flat desert plain 
(Fig. 12). Three seasonal drainage basins originate in the hilly terrains, 
west of Barmer and flows down towards E/SE and ultimately disappears 
into the desert plains (Fig. 12). The geomorphic parameters - hypso
metric integral (Hi) and hypsometric curve are commonly used to 
recognize the landscape evolution stages and associated erosional pro
cesses. This is a key element to analyse tectonic activeness, lithologic 
and/or climatic effects on a terrain (Keller and Pinter, 2002; Siddiqui 
and Soldati, 2014). Accordingly, three drainage basins have been 
identified around Barmer and Jasai in the western rift shoulder (Figs. 12 
and 13). Hi has been calculated (Strahler, 1952; Keller and Pinter, 2002) 
using elevation of the individual drainage basins, which defines the area 
of interest. Hi is defined as follows: 

Hi=(Mean elevation – minimum elevation) / (maximum elevation – minimum elevation)
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Fig. 12. (a) SRTM digital elevation model (DEM) image of the study area. Blue line indicates river traced from the base map (ng-42-12). Black polygons are the 
drainage basin/watershed. Top right inset: location of the drainage morphometry study area with respect to Barmer basin structure map. Bottom right inset: location 
marked in map of India. (b) Dry channel gully with deep vertical cut observed SE of Jasai village, location (b) marked in Fig. 12a, indicate tectonically controlled 
geomorphic terrain. Top right inset: 3 cycles of fining upward recent deposition is observed on the vertical channel cut section. 

S. Dasgupta et al.                                                                                                                                                                                                                               



Marine and Petroleum Geology 156 (2023) 106442

18

The Hi values for drainage basins 1, 2 and 3 are 0.32, 0.29 and 0.33, 
respectively. In the present study, all the three drainage basins show 
different types of hypsometric curves (Fig. 13) even though the area is 

small and with very less difference in Hi values. Within ~600 km2 area, 
the channels selected for the study shows three stages of landscape 
evolution. Drainage 1 shows convex-up geometry. This indicates a 
youthful landscape. Drainages 2 and 3 are characterized by sigmoid 
hypsometric curves. This indicates that the landscape is relatively older 
and at the mature stage of development. The above parameters and 
geomorphic indices calculated for the three small drainage basins indi
cate that some parts (e.g., drainage 1) of the western margin of Barmer 
basin can be considered as tectonically active region. 

4.3. Inference from stress inversion of earthquake focal mechanism data 

Stress inversion analysis using Right Dihedron and Rotational Opti
mization methods in Win_Tensor (v.5.9.2; Delvaux and Sperner, 2003) 
precisely identifies the stress ratio and stress axes positions (e.g., Irmak, 
2013; Mishra et al. 2020; Ali et al. 2021). The Rotational Optimization 
method reduces the misfit angle/function of the stress tensors. The best 
fit focal planes are considered for a decisive inversion and deduction of 
principal stress ratio for a consistent stress field (Gephart and Forsyth, 
1984). 

In the present study the results from both these methods resemble. 
The average misfit function derived from the Right Dihedron method is 
21.7, whereas for Rotational Optimization method it is 7.5. Both the 
methods depict a strike-slip transpressive stress regime (Fig. 14) pre
vailing in the NW Indian basins. The obtained present day SHMax from 
the stress inversion analysis is trending towards N. This transpressive 
stress regime is responsible for the neotectonic deformations and 
activeness as observed in the N - NW part of the basin and in the W rift 
shoulder area near Barmer. It is to be noted that few stress tensors 
derived from the fault slip analysis depicts a transpressive to partly 
compressive stress regime with SHMax trending NW to NE (no. 8 in 

Fig. 13. Hypsometric curves of all the three drainage basins near Barmer re
gion as shown in Fig. 12a. 

Fig. 14. (a) Earthquake focal mechanism in the NW Indian basins as derived from USGS website (earthquake.usgs.gov). The black and white areas in the beach balls 
represents compressional and tensional quadrants, respectively. Refer to Supplementary Table 3 for parameter details of the respective beach balls. Left inset – red 
arrow represents σ1 (P axis) direction while green arrow represents σ2 intermediate axis. (b) Stress inversion analysis results performed with the earthquake focal 
mechanism data. Top – Right Dihedron method with misfit function of 21.7. Bottom - Rotational Optimization method with misfit function of 7.5. 
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Fig. 9; no. 16 in Fig. 10; no. 28 and 31 in Fig. 11). However, these were 
not considered for the final outcome of the paleostress analyses since the 
number of fault slip data in each of these stress tensors were less than 10. 

5. Discussions 

The interpretation of the fault-slip data and the stress tensors ob
tained from paleostress analyses from the western and the eastern 
margins of the Barmer basin indicates: (i) normal faulting is dominant 
on both eastern and western margins, (ii) dip-slip normal faults are more 
numerous in the eastern margin-the Sarnoo hill area, whereas oblique- 
slip predominates in the western margin, (iii) strike-slip to transten
sional and transperssional regimes are dominant in the western margin 
with limited extension and compressional regime, and (iv) pure exten
sional to transtensive regime mostly in the eastern rift margin. A rela
tionship between the number of fault-slip data used for the paleostress 
analysis and corresponding stress regime index (Rʹ) value (majority 
between 0.5 and 1.5, with a few between 2 and 2.3) depicts that the 
governing stress regimes in the Barmer basin in its evolution is domi
nantly extensional and strike-slip (Fig. 15). 

Overall, the W margin is governed by strike-slip regime whereas the 
E margin is dominated by extensional to transtensional regime. The 
reason for such structural mechanical differences on either side of the 
rift margin remains an open question. Probable causes are (i) variation 
in rheology of the rock types, (ii) presence of pre-existing fractures, (iii) 
oblique extension and (iv) variation in magmatic intrusion related to 
precursor of Deccan volcanism during rift evolution. 

Outcrop-based structural analysis also infers the relative age corre
lation of the brittle deformation events considering the cross-cut relation 
between two faults and the rock type or stratigraphic unit affected by the 
deformation. 

Paleostress regimes and relative timing: The computed stress 
tensors from the paleostress inversion analysis of total fault-slip data 
were correlated considering the orientation of maximum and minimum 

horizontal stress axes (SHMax and Shmin, respectively), stress ratio (D 
and R) and stress regime index - Rʹ (Angelier, 1984; Delvaux et al., 1997; 
Zain Eldeen et al., 2002; Delvaux and Sperner, 2003; Tripathy and Saha, 
2013; Dutta et al., 2019; Köküm and İnceöz, 2020; Hossain et al., 2022; 
Kumar et al., 2022a). Note that even for a particular tectonic/stress stage 
the stress field may change, i.e. the relative magnitudes of the stress axes 
can vary (Zain Eldeen et al., 2002; Kaymakci, 2006; Bubniak et al., 2021; 
Åse et al., 2022; Assie et al., 2022). Along with Rʹ, the maximum hori
zontal stress (SHMax) provides clues regarding prevailing stress condi
tions and orientation. Paleostress analyses from both Win-Tensor and T- 
Tecto software applications provide the SHMax orientation value for 
each of the stress tensors (Table 1). SHMax can be σ1 if the stress regime 
is transpressive to compressive, σ3 (sub)vertical while σ1 and σ2 are 
(sub)horizontal. In case of strike-slip regime σ2 is vertical and σ1 and σ3 
horizontal; SHMax is defined by σ1. While SHMax can be σ2 if the stress 
regime is extensive to transtensive, i.e. when σ1 is (sub)vertical while σ2 
and σ3 are horizontal (to sub-horizontal). Among the 31 stress tensors 
obtained from the analysis, 16 tensors having fault slip data more than 
10 for each stress tensors are considered for rift kinematic study. These 
tensors are no. 1, 2, and 4 from Barmer area; no. 9–15 from Dhorimana 
area; and no. 17–22 from Sarnoo area. These 16 stress tensors have been 
segregated into four groups: DΔ, Dα, DΦ and Dβ, considering the stress 
regime index (R′) and orientation of the stress axes. We avoid numbers in 
subscripts in order to exclude any relative chronological implications. 
Detail discussions are provided in the following paragraphs. 

Listric faults with dm scale throw and syn-sedimentary growth along 
the fault plane (Fig. 6a, e; Supplementary Figs. 6 and 7) have been 
identified in the Lower Cretaceous outcrops of E margin. Also, as stated 
earlier, cross-cutting relationship between NW and NE-trending faults 
indicates that the NE faults are of older age. These faults, trending NE to 
~ E, exist in the stress tensors no. 17, 19 and 20 (Fig. 11) and present a 
NW-SE extensional stress regime with a NE-oriented SHMax. There is 
another similar tensor showing same behaviour: no. 3 from Barmer area 
(W margin), dominated by NE to ~E (Fig. 9), however not considered in 

Fig. 15. Plot of stress regime index R/ (Delvaux et al., 1997) versus number of fault slip data groups of respective locations from western (Barmer & Dhorimana) and 
eastern margins (Sarnoo) taken for the paleostress analysis. Plot shows extensional and strike-slip stress regimes were predominant during Barmer rift evolution. 
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the group because of a smaller number of faults. Such tensors belong to 
one particular tectonic stress regime, which underwent NW – SE 
trending extensional brittle deformation in the Early Cretaceous unit. 
This group is termed as ‘Dα’ in Fig. 16 with average SHMax trending 64◦. 

Another set of tensors are dominated by NW-trending normal faults 
that depicts NE-SW extension and belongs to extensional stress regime 
having SE-trending SHMax. These dip-slip to oblique slip normal faults 
occur in Barmer, Dhorimana (W margin) and in Cretaceous outcrops of 
Sarnoo area (E margin). The stress tensors showing such behaviours are 
– no. 1 and 4 from Barmer, no. 18, 21 and 22 from Sarnoo and no. 11 
from Dhorimana (Figs. 9–11; 16). These faults have deformed the MIS at 
W margin and also affected the Cretaceous outcrops at E margin. Un
fortunately, there are no Paleogene outcrops in W or E margins with 

brittle faults and slickensides. However, numerous NW-trending sub- 
surface faults display slips and syn-sedimentary growth structures in the 
blind Paleogene Fatehgarh and Barmer Hill Formations as identified 
from seismic interpretation (Bladon et al., 2015; Dolson et al., 2015). 
Taking this into account we can infer that the stress tensors, no. 1, 4, 11, 
18, 21 and 22 belong to a single tectonic stress regime depicting an 
overall NE – SW extension in the basin. This can be correlated to the 
Early Paleogene extension. This stress regime is depicted as ‘Dβ’ in 
Fig. 16 with ~SE (152◦) oriented SHMax. Point to note is that the 
extension direction (Shmin) of the above-mentioned tensors is not al
ways orthogonal to the rift margin. 

Several strike-slip to oblique-slip faults were identified from field
work. Strike-slip and transfer faults were also documented from seismic 

Fig. 16. Paleostress tensors of each group plotted on the structural fault map of Barmer basin. DΔ group having four stress tensors with average SHMax = 84◦

(rounded off to nearest whole number). Dα group having three stress tensors with average SHMax = 64◦ (rounded off to nearest whole number). DФ group having 
three stress tensors with average SHMax = 7◦ (rounded off to nearest whole number). Dβ group having six stress tensors with average SHMax = 152◦ (rounded off to 
nearest whole number). Red double arrow: orientation of σ1 principal stress (maximum). Blue double arrow: orientation of σ3 principal stress (minimum). Green 
double arrow: orientation of intermediate principal stress σ2. 
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data interpretation of sub-surface stratigraphy by the previous authors 
(Bladon et al., 2015; Dolson et al., 2015). Fig. 15 presents the tensors, 
which indicate a strike-slip regime (Figs. 9–11). Fig. 16 segregates this 
strike-slip to transpressive stress tensors into two groups as per the stress 
regime index (Rʹ) and the relative orientations of the stress axes (σ2 
remains close to vertical in all cases). These tectonic stress regime 
groups are ‘DΔ’ and ‘DΦ’ (Fig. 16). 

The stress regime group DΔ depicts a dextral strike-slip regime with 
average SHMax ~ E (84◦). There are four tensors from W margin (MIS 
outcrops), no. 2 from Barmer, while no. 10, 13 and 15 from Dhorimana. 
The majority of the faults are strike-slip. Under dextral transtension 
regime, the NW-trending faults depicts sinistral shear while NE-trending 
faults depicts dextral shear (e.g. Fig. 3b, 4k, 5a-c). The NW-trending 
faults depict reverse slip on a near vertical plane (e.g. Fig. 4k, 5c and 
7g). σ1 is near-horizontal for most of the tensors with ~ E-W trend with 
<25◦ variation. The axis σ3 is also sub-horizontal, trending ~ N–S with 
<25◦ variation while σ2 is near vertical. A set of the strike-slip faults 
trending NW (tensor no. 13) are parallel to the dolerite dyke trend in 
MIS as identified in the Dhorimana area. Many of these NW-trending 
brittle shear has affected both the dolerite dyke and the host MIS rock 
(Fig. 5). We can infer that these faults are re-activated and pre-existing 
Late Proterozoic fractures/weak zones of MIS has guided this trans
tensive strike-slip movement. 

The stress regime group DΦ depicts a sinistral strike-slip regime with 
average SHMax ~ N (7◦). All the three sensors are from Dhorimana area 
in W margin, no. 9, 12 and 14 (Fig. 10; 16). Several faults are strike-slip, 
while there are also some normal and reverse oblique slip faults. Here 
the NW-trending strike-slip faults have dextral shear while the NE- 
trending ones have sinistral shear. The faults have affected only the 
MIS basement rock. σ1 is sub-horizontal for all the tensors and near 
vertical σ2 depicting pure sinistral strike-slip. 

Assigning a geologic age to a particular stress regime (group) is al
ways challenging, especially in areas affected by multiple tectonic de
formations. In the present case, the two extensional stress regimes Dα 
and Dβ are very distinct. Dα consists of NE to ~E trending fault planes 
and associated with syn-sedimentary deformation in the Early Creta
ceous outcrop of E margin. Field observation of cross-cutting relation 
between NW and NE trending faults further confirms these two separate 
extensions. Thus, Dα can be linked to the first phase of extension during 
Early Cretaceous that affected the Barmer basin. This has an association 
with the initiation of separation of Madagascar from W Indian plate 
margin through strike-slip movement (Gombos et al., 1995; Reeves, 
2013; Bladon et al., 2015; Gaina et al., 2015). The stress regime Dβ, as 
mentioned in previous paragraph, depicts a NE-SW extension and such 
an extension happened during the main phase of Barmer rifting in Late 
Maastrichtian to Early Paleogene (Dolson et al., 2015; Bladon et al., 
2015). Therefore, it can be linked to this tectonic episode. 

The dextral and sinistral strike-slip stress regimes DΔ and DΦ have 
SHMax orientations of ~ E and ~ N, respectively. Assigning geological 
ages to DΔ and DΦ would be difficult since the faults/fault-slip data are 
present in the MIS rocks at the W margin. However, as per Fig. 16, DΔ 
and DΦ can be the two end members of stress regime Dα. This means 
there is a considerable rotation of horizontal stress axis from ~ E to ~ N 
or vice-verse i.e., either a dextral strike-slip regime followed by exten
sion to transtension and then another sinistral strike-slip regime, or a 
sinsitral strike-slip regime followed by extension and then a dextral 
strike-slip regime. The group DΦ can also be linked to progressive 
deformation after the main Barmer rifting event linked to India 
-Seychelles separation, considering the overall ~ N trending SHMax 
orientation. In other words, DΦ can be a consequence of the north-ward 
movement of Indian plate after separation from Seychelles. In the pre
sent work we cannot conclude anything beyond this. 

None of the stress regimes have been linked to Late Proterozoic to 
Cambrian extension. This is because (i) the rift developed in Late Pro
terozoic is presently far away, >200 km NE of Barmer basin, known as 
the Bikaner-Nagaur/Marwar basin, (ii) the fault-slips were collected 

from outcrops located just at the Barmer basin margin, the further 
outboard rift shoulder areas were not considered so that only the Barmer 
basin related tectonic events can be captured, and (iii) the pre-existing 
Late Proterozoic fractures gets inherited into the subsequent exten
sional episodes during Mesozoic and Early Paleogene time. Neverthe
less, there can be subtle possibility that some of the strike-slip related 
tensors may be associated with the older Proterozoic deformation phase. 

The obtained paleostress tensor results from the three applications 
depicts that: (i) the stress tensors derived from Win_Tensor and FaultKin 
analyses match, and (ii) there is relatively very less variation (≤25◦) in 
the orientation of the three principal stress axes for the tensors derived 
from Win_Tensor and T-Tecto (Figs. 9–11; Supplementary Figs. 8–13; 
Table 1). The stress ratio ‘R’ derived from Win_Tensor and ‘D’ from T- 
Tecto, come very close, except for ~10 cases where the variation is 
slightly more (between 0.2 and 0.5). Several stress tensors depict steep 
plunge for one of the principal stress axes, rather than being vertical. The 
other two stress axes are near-horizontal. Also, the presence of pre- 
existing fractures and variation in rock property can result in rock 
anisotropy. These indicate non-Andersonian faulting within the Barmer 
rift basin (Anderson, 1905; Sibson et al., 1988; Yin and Ranalli, 1992; 
Yin and Taylor, 2008; Bonini et al., 2016; Pascal, 2022). 

The MIS rock in the W margin and fluvial sandstone in E margin are 
largely non-foliated and homogeneous as observed in naked eyes 
(Figs. 2–4, 6-7). There are some dolerite dyke intrusions in the MIS in W 
part of Dhorimana outcrop (Fig. 5). Yet, the stress tensor (no. 13 in 
Fig. 10) obtained from the fault slip data along the dyke margins is 
similar to those where there are no intrusions (no. 10 and 15 in Fig. 10), 
as observed from Dhorimana location. Moreover, paleostress analyses 
have been executed in similar outcrops elsewhere (e.g., Lisle, 1989; 
Tripathy and Saha, 2013). 

In areas where the sedimentary rocks are highly tilted, the paleo
stress inversion analysis becomes difficult to apply. In such cases a tilt 
correction is necessary for fault planes older or synchronous to the tilting 
event (Yamaji et al. 2005; Tripathy and Saha, 2013). No tilt correction is 
necessary for faults that postdates the tilting (Yamaji et al. 2005). In 
Sarnoo hill area, E margin, the Cretaceous fluvial sandstone bedding 
planes are observed at some places distributed irregularly. Also, due to 
large scale rock quarrying activity in this area, within the desert terrain, 
observations of continuity of bedding planes are difficult. The average 
bedding dip is between 8◦ and 20◦ dipping towards S to SE (e.g., Sup
plementary Fig. 16; Beaumont et al. 2015). Since the dip is gentle, tilt 
correction was not required in this area (as in Yamaji et al. 2010). 

Nevertheless, in order to minimise the uncertainties in the rift ki
nematics and structural evolution of the Barmer narrow continental rift 
basin, it is better to perform a structural restoration of seismic/geolog
ical cross section across the basin along with the rift shoulder areas. This 
will decipher the amount of isostatic uplift of the rift shoulders. Note 
that the rift shoulder uplift will have an impact on the pre-existing 
bedding dip and orientation. Thus, proper structural restoration will 
justify both these cases. Paleostress analysis performed with all such 
structural restorations can better define the rift kinematics and stress 
orientations. This can be the future scope of research in this basin. 

Paleostress analysis from Barmer basin can in further lead to better 
structural interpretation of seismic profiles. Paleostress interpretation 
from faults derived from 3D seismic data (e.g., Gartrell and Lisk, 2005; 
Lacazette 2009; Ping et al., 2022) can narrow down the uncertainty 
related to assigning an age to a particular stress regime. It will also 
further improve the rift kinematic understanding and exploration to 
field development strategies. The paleostress regimes will have impact 
on sediment dispersal pattern and also on paleo fluid flow during 
different stages of basin formation (e.g. Dasgupta et al., 2022). 

Tectonics of West Indian margin: Several researchers have docu
mented and reviewed the tectonic framework of the western Indian plate 
margin (Biswas, 1987; Gombos et al., 1995; Pandey and Agrawal, 2000; 
Chatterjee et al., 2013; Reeves, 2013; Gaina et al., 2015; Bhattacharya 
and Yatheesh, 2015; Yatheesh, 2019; Mukherjee et al., 2020). The 
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present paleostress analyses from the Barmer rift basin lead to the 
following synthesis. The basin has been largely affected by change in 
stress regime during its tectonics evolution related to different stages of 
plate movement from Jurassic to Recent (Fig. 17). 

The paleostress outcome depicts that there are spatial and temporal 
changes in stress regime (Figs. 15 and 16). At west India, Jaisalmer – 
Indus and Kutch basins started evolving as Africa separated from India – 
Madagascar – Antarctica and formed Somali basin between west India 
and east Africa in Jurassic. This produced a broad shelf slope system in 
the present-day western Rajasthan (India) and east Pakistan. The Lathi 
Formation of Jaisalmer basin deposited during this earliest phase of 
extension documented in western Rajasthan – Jaisalmer and parts of N 
Barmer basin. However, the intensity was insufficient to produce any 
significant extension in the Barmer basin. 

The opening of Somali basin and continued oblique separation of 
Africa from India – Madagascar and Antarctica produced a dextral 
strike-slip along the Davie Fracture Zone (DFZ, Fig. 17a), which 

continued till the Mid Aptian (~120 Ma, Reeves et al., 2016; Reeves, 
2018). Movement between India and Madagascar initiated since Bar
remian – Aptian time which was initially a dextral strike-slip trans
tension. This transtension between Madagascar and India continued 
until about Late Albian (~100 Ma, Reeves et al., 2016). 

The first significant brittle deformation and related sediment depo
sition occurred in the Barmer basin during Early Cretaceous linked to the 
initiation of the dextral transtension and oblique extension between 
India and Madagascar (Bladon et al., 2015; Dasgupta and Mukherjee, 
2017). Such oblique extension during a strike-slip movement essentially 
produces pull-apart basin having normal faults with syn-sedimentary 
growth (e.g. Farangitakis et al., 2021; Dasgupta et al., 2022). The 
deformation in Sarnoo hill area, in eastern basin margin, typically shows 
similar structure. Even though the India-Madagascar separation is 
oblique, associated with strike-slip movement, in Barmer basin area it 
can produce local extension associated with pull-apart type basin for
mation. It did not produce a mature rift basin in the Barmer region. The 

Fig. 17. (a–e) Schematic plate tectonic model of greater India, Antarctica, East Africa, Madagascar and Seychelles constructed at different geological time (adapted 
from Smith and Sandwell, 1997; Chatterjee et al., 2013; Gibbons et al., 2013; Reeves, 2014, 2018; Reeves et al., 2016; Pandey et al., 2019). (a) Accelerated separation 
of Africa from Antarctica and India at ~ 120 Ma. Extension between India and Antarctica is in continuation, the rate is slower compared to Africa and Antarctica 
separation thereby resulting in dextral strike-slip along Davie Fracture Zone (DFZ). The combined effect also initiated dextral movement between India and 
Madagascar. (b) The oblique extension between India and Madagascar continued till Albian time (~100 Ma). The strike-slip movement along DFZ have ceased by this 
time. (c) Continued oblique separation between India and Madagascar occurred during ~88 to 84 Ma. through sinistral strike slip. The Marion plume activity further 
helped this oblique extension. (d) Opening of Mascarene basin initiated due to rotational extension between India and Madagascar during Late Cretaceous (~80 Ma) 
guided by the Marion plume activity. The rotational extension between India and Madagascar developed a sinistral strike-slip movement along the NW margin of 
India and Seychelles during Late Cretaceous. The combined effect produced a transpressive regime in the NW part of Indian plate with includes the Barmer basin. (e) 
The asymmetric separation of Seychelles from Indian plate initiated during Maastrichtian and continued in Paleocene time. Réunion plume activity and related 
Deccan volcanism developed during this time (~68–63 Ma). The sinistral strike-slip movement along the NW to W margin of Indian plate continued during this time. 
It has been termed as Proto Owen Fracture Zone (Chatterjee et al., 2013; Pandey et al., 2019). (f) Present day position and plate tectonic boundaries around Indian 
plate depicted over Indian Ocean topographical map (URL-4). BB - Barmer basin; DFZ – Davie Fracture Zone; KP – Kerguelen plume; MADG. - Madagascar; MP – 
Marion plume; OFZ – Owen Fracture Zone; RP - Réunion plume; Sc. – Seychelles microcontinent. Blue arrows indicate the extension direction. 
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SHMax orientation varies from ~E to ~N, from DΔ to DΦ (Fig. 16), 
pointing to considerable stress axes rotation during the entire episode of 
India – Madagascar transtensional strike-slip separation. 

India obliquely separated from Madagascar finally at ~88- 84 Ma by 
sinistral transtension (Storey et al., 1995; Reeves, 2013, 2018). This 
accelerated northward movement of Indian plate from Madagascar 
following onset of Marion plume activity (Fig. 16b–d; Storey et al., 1995; 
Chand and Subrahmanyam, 2013; Reeves, 2013, 2014, 2018; Pandey 
et al., 2019). 

There is another school of thought for India – Madagascar separation: 
an initial sinistral strike-slip up to ~100 Ma followed by a dextral dia
chronous transtension (Fig. 9 in Gibbons et al., 2013, also see Gaina 
et al., 2007). Considering this model, the ordering of the stress regimes 
in the Barmer basin would be– initial sinistral strike-slip followed by 
oblique extension and finally a dextral strike-slip transtension. However, 
the later model does not properly consider the relative movement be
tween (i) Africa and Antarctica and (ii) India and Antarctica during East 
Gondwana fragmentation. This is further strengthened by the plate 
tectonic model proposed by Reeves (2013, 2014, 2018), which explains 
the relative plate movements across the Davie Fracture Zone (DFZ, 
Fig. 17a). Nevertheless, largely it can be said that India - Madagascar 
separation was associated with strike-slip transtension and oblique 
extension. Out of the two possible models of India – Madagascar sepa
ration, one by Reeves, and the other by Gibbons et al. and Gaina et al., 
the present work cannot specify which one is more accurate for the 
Barmer rift. 

The transtension between India and Madagascar during Late Creta
ceous produced rotational extension thereby generating Mascarene 
basin (Fig. 17c and d). The Marion plume activity further assisted this 
extension and separation of Madagascar (Pandey et al., 2019; van 
Hinsbergen et al., 2021). Overall, the Indian plate rotated 
counter-clockwise from Early to Late Cretaceous (Figs. 17a-d). This 
tectonic change also generated local/small-scale compression along the 
NW Indian plate margin, associated with strike-slip (Fig. 17c and d; 
Pandey et al., 2019). Such a tectonic episode also acted as a sweet spot to 
generate the next rifting phase between India and Seychelles. The 
Seychelles micro-continent extensional separation from NW India star
ted to initiate in Maastrichtian and continued in Paleocene, the Réunion 
plume activity and related Deccan volcanism further aided the separa
tion of Seychelles micro-continent from India (~68.5–63 Ma; Plummer, 
1996; Collier et al. 2008; Ganerød et al., 2011; Torsvik et al. 2013; re
view in Misra et al. 2014; Pandey et al., 2019). 

The asymmetric spreading and associated ridge jump between India 
and Seychelles initiated in the NW segment of Indian plate (Fig. 17e; 
Yatheesh, 2019; Pandey et al., 2019). The relative extension was greater 
in the NW part than in the SE, between W India and Seychelles. This 
resulted in anti-clockwise rotation of Seychelles micro-continent 
(Chatterjee et al., 2013; Pandey et al., 2019). This also formed the 
proto-Owen Fracture Zone (OFZ) with a sinistral slip (Fig. 17e). The 
Barmer basin evolved during this time into an elongated matured rift 
basin. The paleostress regime Dβ likely to be related to this event. As 
mentioned earlier and from the above discussion it is evident that the 
extension direction need not be orthogonal to the rift axis. The pre-ex
isting ~ NNW basement fractures and ~NE faults further guided the rift 
fault propagation and obliquity. 

Continued northward movement of Indian plate followed by soft and 
hard collisional tectonics associated with Himalayan orogeny (e.g. 
Chatterjee et al., 2013; Mukherjee et al., 2013; Mukherjee, 2015) 
resulted in neotectonic events in the Barmer basin area. The present-day 
stress regime in NW India is strike-slip transpressive with SHMax 
trending N as derived from the earthquake focal mechanism data 
(Fig. 14). Also, the SHMax orientation observed from borehole breakout 
and image data and earthquake focal mechanism in the sedimentary 
basins of NW India is ~ NE to NNE and ~ N (Fig. 17f; Chandra, 1977; 
Chung and Gao, 1995; Chatterjee et al., 2013; Abdelaziz et al., 2016; 
Chatterjee et al., 2017; Dash et al., 2017; Sen et al., 2019; Singh and 

Ghosh, 2019). 
The recent tectonic changes are indicated by: (i) the uplifted Fate

hgarh fault trend along northern margin of the basin, (ii) ~ NW and ~ 
ENE trending fault-slip observed on cemented fractures of Fatehgarh 
Sandstone, (iii) transfer zone guided seasonal drainage and (iv) active 
lineaments along the western margin (Figs. 1 and 8). Neotectonic 
activeness has been additionally recorded from the morpho-tectonic 
analysis along the eastern and western basin margin (Styron and 
Pagani, 2020; Biswas et al., 2022b). The remote sensing analyses around 
Barmer also suggest that parts of the western margin area are tectoni
cally active. Outcrop-based spot study of the dry channel cuts and gullies 
indicate tectonically controlled geomorphic terrain (Fig. 12b). 
Furthermore, compressional structures and fault reactivation have been 
reported from the N part of the Barmer basin based on interpreted 
seismic data (Dolson et al. 2015). All these events are probably linked to 
a transpressive to partly compressive stress regime with ~ N trending 
SHMax, prevailing in the NW part of India. 

Brittle deformation and fault gouge: Brittle faulted sedimentary, 
igneous and metamorphic rocks can result in different types of fault 
rocks-mylonite to fault gouge. Upper crustal deformation is dominated 
by cataclasis resulting in fault gouge and breccia whereas lower crustal 
brittle deformation produces mylonite zones (Scholz, 1987, 2002). A 
typical fault gouge zone consists of mixtures of fine-grained quartz, clay 
minerals e.g., kaolinites and phylosilicates (Crawford et al., 2008). In a 
rock body under high effective stress, increase in fault gouge thickness 
and associated fine-grained clay mineral content tend to decrease the 
permeability and frictional strength of the fault zone (Crawford et al., 
2002, 2008; Ikari et al., 2009; Torabi et al., 2019). Thus, fluid flow 
across and along a fault zone depends upon the complexity, thickness 
and mineral compositional variation of the fault gouge (Shipton et al., 
2005). 

Also, in many cases, an overall linear relation exists between the fault 
gouge thickness and fault-slip, i.e., with increase in slip the gouge 
thickness increases (Scholz, 1987; Marrett and Allmendinger, 1990; van 
der Zee and Urai 2005; Torabi et al., 2019). However, this linear rela
tionship may not justify in some cases where there is influence of 
per-existing fractures on the fault plane (van der Zee et al., 2008). 

Field observations from Barmer basin show more numerous occur
rences of fault gouge in the Cretaceous sandstone outcrops of Sarnoo hill 
area, eastern basin margin (Fig. 6a, d, e; Supplementary Fig. 7a), than in 
western margin. The average fault gouge thickness when plotted against 
fault dip depicts an approximate increase in the thickness with decrease 
in dip (Fig. 18). The variation is more in the Cretaceous outcrops of 
Sarnoo hill area. Thus, taking this observation into account, it can be 
predicted that the relatively gentler sub-surface faults with dip 40–60◦ at 
depths in Cretaceous unit towards eastern margin probably have thicker 
fault gouge. 

These faults/fault zones can act as good fault-bound structural traps 
in sub-surface. The Mesozoic stratigraphy is much less explored in the 
Barmer basin. Such field observations in the Mesozoic unit can be useful 
for future explorations of deeper targets. Nevertheless, detail fault ge
ometry study and fault seal analysis from 3D seismic data along with 
well information are required to identify potential target reservoirs. 

Oblique rifting: The strike-slip transtension during Late Cretaceous 
and Early Paleogene generated oblique extension in the Barmer basin. 
The rotation of SHMax with varying stress regime (DΔ to Dα to DΦ) 
during Cretaceous to Paleogene is one of the prime factors for the rift 
obliquity of the Barmer basin. The other two factors, which favoured the 
oblique rifting are: (i) structural inheritance of pre-existing, ~N/NNW 
trending MIS basement fracture during the two rifting phases in Creta
ceous and in Maastrichtian to Paleocene, and (ii) asymmetric extension 
during India-Seychelles separation. The subsurface fault map of the 
Barmer basin (Fig. 1a) also portrays rift obliquity, especially in the N 
part of the basin associated with NE cross faults and relay structures at a 
higher angle to the rift axis trend. Also, the paleostress tensor group Dβ 
depicts that the extension direction is not necessarily orthogonal to the 
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rift margin/axis for all the tensors (Fig. 16). 
Similar examples for rift obliquity can be found from various basins 

worldwide, e.g. central Norway (Titus et al., 2002), Ethiopian rift 
(Bonini et al., 1997; Corti et al., 2013; Philippon et al., 2014), East Af
rican rift system (Morley, 2010), Baikal rift (Philippon et al., 2014), 
Palar-Pennar basin, Indian east coast (Dasgupta et al., 2022), Gulf of 
California and the Gulf of Aden (Withjack and Jamison 1986; Withjack 
et al., 1998; Brune and Autin, 2013; Brune et al., 2018). As a result of 
such oblique rifting, there would be modification in fault dip and slip 
due to change in stress regime and the fault-controlled sediment depo
centers will vary across the basin. This has been observed in Barmer rift 
basin. 

Crustal thinning and magma under-plating in extensional regimes 
such as intracratonic rift basins have been recognized worldwide, e.g. 
Iberia/Newfoundland margins (Lavier and Manatschal, 2006), Baikal 
rift in Siberia (Thybo and Nielsen, 2009) and Vøring basin, Norway (van 
Wijk et al., 2004). Narrow rifts are more prone to such crustal thinning 
and magma upwelling, especially when they are affected by multiple 
deformation events (e.g., Gulf of Suez and Rhine Graben, Buck, 1991; 
Corti et al. 2003). The Barmer oblique rift basin and Cambay basin to
wards south exhibit similar characteristics, i.e. magma upwelling to
wards E to SE side of the basin and also in parts of basin centre. This has 
been identified from gravity modelling, seismic interpretation and 
radioactive age dating of the volcanic rocks (Mishra, 2011; Dasgupta 
and Mukherjee, 2016; Chouhan et al., 2020; Burley et al., 2023). Such 
crustal thinning and magma upwelling generate heat influx within a rift 
basin. These play key roles in rift evolution and crustal deformation 
(Buck 1986, 1991; Watts, 2001; Ziegler and Cloetingh, 2004; Whitney 
et al., 2013; Cunha et al., 2021). 

6. Conclusions 

The Barmer intra-continental oblique rift basin has evolved though 
different tectonic phases guided by structural inheritance of MIS base
ment fractures. This is the first work on paleostress analysis based on 
fault-slip data from this basin. The key conclusions are:  

1. Paleostress analysis depicts that the western margin of the basin was 
dominated by strike-slip regime whereas the eastern margin is gov
erned by extensional to transtensional regime during its tectonic 
evolution from Cretaceous to Paleogene. 

2. Paleostress analysis work also portrays that (i) the basin has under
gone two main extensional – transtensional events i.e. NW oblique 
extension in Early Cretaceous followed by NE extension in Late 
Maastrichtian to Early Paleogene, supporting earlier works, (ii) 
Strike-slip to oblique extension associated with an anticlockwise 
rotation of stress axes during Madagascar’s separation from India, 
and (iii) asymmetric extension happened during Late Maastrichtian 
and Paleocene. This is the main rifting event in the Barmer basin 
linked to India – Seychelles separation. Anticlock-wise rotation of 
Indian plate has been agreed by previous workers (e.g., Keary et al., 
2013).  

3. Structural inheritance, linked to MIS basement fractures and early ~ 
NE extensional fractures, play important roles in the basin as has 
been observed from variation in stress regime and extension type 
during different tectonic phases. These kinematic changes led to 
obliquity of the Barmer rift. The overall basin geometry also portrays 
this oblique nature of the Barmer basin.  

4. Remote sensing image and outcrop analyses indicate that parts of the 
western margin of the Barmer basin is neotectonically active. Stress 

Fig. 18. Plot of fault gouge thickness versus corresponding fault dip. Majority of the faults with gouge are from Sarnoo hill area in eastern basin margin, only a few 
are from the western margin. 
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inversion analysis from earthquake focal mechanism data depicts 
that transpression has been prevailing in NW India with a ~ N- 
trending SHMax orientation. This is responsible for the neotectonic 
activities observed in the basin surrounding. Also, this transpression 
event results in fault reactivation and inversion of subsurface 
structures.  

5. A number of dipping faults trending NE to E in Lower Cretaceous 
sandstone, Sarnoo hill area consist of thick fault gouge having fine- 
grained clay minerals, associated with syn-sedimentary growth. 
Moderately dipping faults tend to have thicker fault gouge. Presence 
of such faults in sub-surface Cretaceous units can act as potential 
structural traps. 
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its importance for the tectonic evolution, east Turkey. J. Struct. Geol. 138, 104093. 

Koptev, A., Calais, E., Burov, E., Leroy, S., Gerya, T., 2015. Dual continental rift systems 
generated by plume-lithosphere interaction. Nat. Geosci. 8, 388–392. 

Kothari, V., Naidu, B., Sunder, V.R., Dolson, J., Burley, S.D., Whiteley, N.P., 
Mohapatra, P., Ananthakrishnan, B., 2015. Discovery and Petroleum System of 
Barmer Basin. Search Discov, India, 110202, 2015.  

Krishna, J., 2017. The Indian Mesozoic Chronicle - Sequence Stratigraphic Approach. 
Springer Geology, pp. 327–328, 978-981-10-2476-4.  

Kulikowski, D., Amrouch, K., 2018. 4D modelling of fault reactivation using 
completepaleostress tensors from the Cooper–Eromanga Basin, Australia. Aust. J. 
Earth Sci. 65, 661–681. 

Kumar, A., Shaikh, M.A., Singh, S., Singh, T., Mukherjee, S., Singh, S., 2022a. Active 
morphogenic faulting and paleostress analyses from the central Nahan Salient, NW 
Siwalik Himalaya. Int. J. Earth Sci. 111, 1251–1267. 

Kumar, B., Verma, A.K., Bajpai, R.K., Singh, T.N., 2022b. Numerical analysis of heat 
dissipationthrough granite and clay in the multi-barrier system of a geological 
disposalfacility. Curr. Sci. 122 (No. 9), 1089–1093. 

Kumar, A., 2023. Conceptualization of the recent change in groundwater quality of the 
shallow aquifer of the hydrocarbon-rich Barmer sedimentary basin, Rajasthan, India. 
Arabian Journal of Geosciences 16, 306. 

Kumar, R., Hameed, A., Srivastava, P., 2023. Clay mineralogical evidence of near- 
equatorial Palaeocene–Eocene Thermal Maximum in Barmer Basin, India. Clay 
Minerals 1–22. https://doi.org/10.1180/clm.2023.19. 

Kumar, N., Mann, S., Rana, S., Kumari, S., Yashpal, Ashwani, P., 2022c. Geochemistry of 
the neoproterozoic volcanic rocks of the nakora area of Malani igneous suite, Barmer 
district, western Rajasthan, India. Open J. Geol. 12, 91–110. 

Kumar, N., Prakash, O., Singh, A.P., Tiwari, V.M., 2022d. Thermal Modification of the 
Northwest Indian Shield: as Evidenced by Integrated Geopotential Modelling. 
https://doi.org/10.2113/2022/8022620. Lithosphere, ID 8022620.  

Lacazette, A., 2009. Paleostress analysis from image logs using pinnate joints as slip 
indicators. AAPG bulletin, 93(11), 1489-1501.Paleostress analysis from image logs 
using pinnate joints as slip indicators. AAPG (Am. Assoc. Pet. Geol.) Bull. 93, 
1489–1501. 

Lavier, L.L., Manatschal, G., 2006. A mechanism to thin the continental lithosphere at 
magma-poor margins. Nature 440, 324–328. 

Lisle, R.J., 1989. Paleostress analysis from sheared dike sets. GSA Bulletin 101, 968–972. 
Maheshwari, A., Sial, A.N., Mathur, S.C., 2002. Carbon isotope fluctuations through the 

neoproterozoic-lower cambrian Birmania basin, Rajasthan, India. Carbonates 
Evaporites 17, 53–59. 

Mandal, A., Saha, A., Kumar, A., 2022. Structural analysis and seismic stratigraphy for 
delineation of Neoproterozoic-Cambrian petroleum system in central and eastern 
part of Bikaner–Nagaur basin, India. J. Pet. Explor. Prod. Technol. 12, 1709–1725. 

Marrett, R.A., Allmendinger, R.W., 1990. Kinematic analysis of fault-slip data. J. Struct. 
Geol. 12, 973–986. 

Maurya, D.M., Shaikh, M., Mukherjee, S., 2021. Comment on “structural attributes and 
paleostress analysis of quaternary landforms along the vigodi Fault (VF) in western 
Kachchh region. Quat. Int. 601, 143–147. https://doi.org/10.1016/j. 
quaint.2020.07.038. Quaternary International.  

Merle, O., 2011. A simple continental rift classification. Tectonophysics 513, 88–95. 
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