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Series Editor Foreword

Mesozoic sedimentary sequences of India were deposited in intra-cratonic and peri-
cratonic tectonic basins, and sensitively recorded palaeoclimatic changes and ocean—
land life. The pile of almost undisturbed Mesozoic sediments is punctuated by marine
transgression—regression events and are most suitable for sequence stratigraphic
studies. Sedimentation under the influence of tectonism, plate movement and climatic
variability ended with a well-known mass extinction event leading to the demise of
gigantic dinosaurs. The large parts in Central India are covered by Deccan lava flows
obscuring the infratrappean geological set-up. Economic petroleum resources within
Mesozoic sequences make them so important.

Owing to excellent palaeontological records, some of the basins like Kutch,
Jaisalmer, Spiti and Cauvery were extensively studied. The dinosaur fossil hunting
grounds of Mesozoics are a paradise for vertebrate palaeontologists. The evidence of
K/Pg mass extinction and outburst of basaltic lava covering a large part of the geology
of India are significant global events. The Gondwana Mesozoic sedimentary basins
are another thick largely continental sediments affected by tectonism. The geological
datasets obtained from Gondwana sediments are of international significance. I hope
this book on the Mesozoic stratigraphy of India employing various proxies will bring
out new results and open new vistas. I sincerely thank editors and contributors for
bringing out this volume.

Series Editor
Lucknow, India Satish C. Tripathi
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Preface and Acknowledgements

Mesozoic sedimentary rocks of India record the effects of abnormal sea level rise,
greenhouse climate, intensified volcanism, hypoxia in seawater and extensive black
shale deposition. Mesozoic time also witnessed the mass extinction events, the evolu-
tion of dinosaurs and the breakdown of the supercontinent Pangea, followed by
the formation of Gondwana. The Mesozoic record is particularly significant for the
industry as more than 75% of oil and gas formed during this time. The Mesozoic
record of India has been investigated thoroughly from biostratigraphic and lithostrati-
graphic viewpoints in the last century. Literature survey, however, reveals significant
gaps in knowledge regarding sedimentology, sequence stratigraphy, chemostratig-
raphy and some major geological events during the Mesozoic. This book envisages
a multi-proxy approach using detailed sedimentological analysis, floral and faunal
assemblage, geochemical proxies, magnetic susceptibility, stable isotopes and asso-
ciated biotic events for paleoclimatic and the paleoenvironmental interpretations
of the Mesozoic sedimentary record of India. The book focuses on recent find-
ings on lithostratigraphy, chemostratigraphy, biostratigraphy, magnetostratigraphy
and sequence stratigraphy of Mesozoic basins of India, including Kutch, Cauvery,
Krishna-Godavari, Jaisalmer and Narmada basin and Spiti valley. The edited volume
highlights the present understanding regarding stratigraphical and depositional histo-
ries of Mesozoic sedimentary basins in the backdrop of global tectono-thermal events
and sea-level changes. A thorough biostratigraphic investigation of the sedimen-
tary deposits provides high-resolution interpretations of the Mesozoic basins. A
synthesis of sedimentological, palaeontological and chemical data using the multi-
proxy approach provides a comprehensive understanding of the Indian Mesozoic
record to the students, researchers and professionals. Information presented in this
book not only benefits academicians but is also relevant for the oil and gas industry.

This book comprises 23 chapters covering most of the Mesozoic sedimentary
basins in the peninsular and extra-peninsular regions of India; more than half of
which are from Kutch, Cauvery and Jaisalmer basins. The first two chapters of this
book present reviews of stratigraphy, sedimentation history and paleogeography of
Mesozoic basins in India. The first chapter “A Review of Stratigraphy, Depositional
Setting and Paleoclimate of the Mesozoic Basins of India” (Dasgupta) reviews the
current understanding of the Mesozoic basins, and the second “Cretaceous Deposits

ix



X Preface and Acknowledgements

of India: A Review” (Chakraborty et al.) provides a thorough review of stratigraphy,
paleoclimate and paleogeography of Cretaceous sedimentary basins. The third
chapter “Radiation of Flora in the Early Triassic Succeeding the End Permian
Crisis: Evidences from the Gondwana Supergroup of Peninsular India” (Ghosh
et al.) presents the radiation of flora after the Permian—Triassic mass extinction event
(PTME). The stratigraphy of the Kutch is debated over the years for the consideration
of lithostratigraphic and chronostratigraphic aspects. In this book, we have retained
both classification schemes so that scientific issues are under focuss rather than strati-
graphic jargons. The fourth chapter “An Overview of the Mesozoic (Middle Jurassic
to Early Cretaceous) Stratigraphy, Sedimentology and Depositional Environments
of the Kachchh Mainland, Gujarat, India” (Mahender) presents a classical review on
sedimentology and lithostratigraphy of the Kutch Basin. The fifth chapter “Magnetic
Polarity Stratigraphy Investigations of Middle-Upper Jurassic Sediments of Jara
Dome, Kutch Basin, NW India” (Venkateshwarlu) presents magentostatic data for
the Jhuran Formation to constrain its age between Magneto Chrons M24 and M 19 of
Kimmeridgian to Tithonian. The sixth chapter “Provenance and Paleo-weathering
of the Mesozoic Rocks of Kutch Basin: Integrating Results from Heavy Minerals
and Geochemical Proxies” (Chaudhuri et al.) integrates geochemical data and heavy
mineral assemblage of Mesozoic formations in Kutch to indicate the source of sedi-
ments. The study relates possible sources of Mesozoic sediments in the Kutch Basin
to Precambrian rocks of the Aravalli craton and Nagar Parkar igneous complex. The
seventh chapter “Geochemistry of Callovian Ironstone in Kutch and Its Stratigraphic
Implications” (Bansal et al.) presents petrographical and mineralogical investigations
of Callovian golden oolites of the Jhumara Formation of Kutch Basin, and indicate
a similarity in the chemical signature of Jurassic ironstones across the globe. The
eighth chapter “Oxic-dysoxic Tidal Flat Carbonates from Sadara, Pachham Island,
Kachchh” (Kale et al.) presents petrographical and geochemical investigations of
Bathonian to Callovian carbonates of the Kutch Basin in the Pachham Island to
indicate the formation of carbonates in warm seawater during the Jurassic time.
The ninth chapter “Cosmopolitan Status for Taramelliceras kachhense (Waagen)
(Ammonoidea) from Kutch, Western India” (Roy et al.) revisits the taxonomy of the
genus Taramelliceras from the Kutch Basin and compares with the European types
to understand the palaeobiogeography. The tenth chapter “Nautiloid Biostratigraphy
of the Jurassic of Kutch, India: An Exploration of Bio- and Chrono-stratigraphic
Potential of Nautiloids” (Halder) presents the utility of nautiloid biozonation
and proposes a biostratigraphic classification of the Jurassic succession based
on nautiloids. Chapter “Taphonomic Pathways for the Formation of Bioturbated
Cycles in the Early Cretaceous Wave-Dominated Deltaic Environment: Ghuneri
Member, Kachchh Basin, India” (Desai and Chauhan) presents the effect of storms,
erosion, sedimentation on ichnofacies and ichnoassemblage. Systematic ichno-
logical analysis indicates 24 recurring trace fossils, categorized into fair-weather
and storm-weather trace fossil ichnoassemblages. Chapter “Gastropod Biozonation
for the Jurassic Sediments of Kutch and Jaisalmer Basins and Its Application in Inter-
basinal Correlation” (Saha et al.) presents 12 biozones for Kutch and three biozones
for Jaisalmer based on gastropod assemblage data. The authors demonstrate that like
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ammonites, the gastropods can effectively be used to establish acceptable regional
biostratigraphy of both Kutch and Jaisalmer Basins. Chapter “Diagenetic Controls
on the Early to Late Bathonian Fort Member Sandstone of Jaisalmer Formation,
Western Rajasthan” (Ahmad et al.) presents a detailed petrographic analysis of the
Bathonian sandstones in the Jaisalmer basin to establish the paragenetic sequence and
porosity evolution in relation to diagenetic evolution. Chapter “Seismicity Forcing
Transition from Siliciclastic to Carbonate Realm in the Thaiyat-Hamira Succession
of Jaisalmer, Rajasthan” (Mandal et al.) documents soft-sediment deformation layer
in between Thaiyat and Hamira Members, Jaisalmer, Rajasthan and traced and relates
the seismically induced deformation to global paleotectonics recorded at different
countries at the Bajocian-Bathonian transition. Chapter “Biostratigraphic Impli-
cations of the Calcareous Nannofossils from the Spiti Formation at Langza, Spiti
Valley”, (Singh et al.) proposes a Callovian age (part of NJ12 Nannofossil Zone) to
the black shale (‘Belemnites gerardi beds’) belonging to the belemnites-rich Lower
Member of the Spiti Formation based on calcareous nannofossil biostratigraphy.
Chapter “Records of Marine Transgressions and Paleo-Depositional Conditions
Imprinted Within Cretaceous Glauconites of India” (Bansal et al.) compares the
Cretaceous glauconites of India and relate them to global sea level rise, sub-oxic
shallow shelves and intensive continental weathering. Chapter “Early Cretaceous
Flora from the East Coast Sedimentary Basins of India: Their Chronostratigraphic
and Palaeobiogeographic Significance” (Chinnappa et al.) provides precise ages
of Cretaceous formations based on biostratigraphically diagnostic palynomorphs
and macroflora. The study provides precise ages to the lithounits of the east coast
sedimentary basins of India based on the marker taxa. Chapter “Facies and Micro-
facies Analysis of Kallankurichchi Formation, Ariyalur Group with an Inkling
of Sequence Stratigraphy” presents a detailed facies analysis of the fossiliferous
carbonate succession of late Cretaceous Kallankurichchi Formation and distin-
guishes two broad facies associations, wave-dominated and tide-dominated, within
the succession. Chapter “Litho-Biostratigraphy and Depositional Environment
of Albian-Maastrichtian Sedimentary Succession of Cauvery Basin in Ariyalur
Area” (Nagendra and Nallapa Reddy) presents sedimentological analysis, sea level
cycles and paleoclimatic context of the Albian-Maastrichtian sedimentary succes-
sion of the Cauvery basin. Chapter “Continental-to-Marine Transition in an Ongoing
Rift Setting: Barremian-Turonian Sediments of Cauvery Basin, India” (Chakraborty
et al.) presents a thorough field-based facies analysis to document fluvial-to-marine
transition in a syn-rift setting during the Mesozoic breakup of east Gondwanaland.
Chapter “Stratigraphy, Sedimentology and Paleontology of Late Cretaceous Bagh
Beds, Narmada Valley, Central India: A Review” (Bhattacharya et al.) presents a
detailed sedimentological and paleontological account of the Mesozoic sediments
in the Narmada Valley region of central India. Chapter “Fluvial Architecture
Modulation in Course of Aeolian Dominance: Upper Terrestrial Member, Bhuyj
Formation, Kutch” (Koner et al.) presents a thorough analysis of bedforms and
paleohydarulic parameters within the early Cretaceous Bhuj Formation. The study
documents the evolution of fluvial channel system and overall drying-up trend
through time. Finally, Chapter “Mineralogical and Textural Characteristics of Red
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Boles of Western Deccan Volcanic Province, India: Genetic and Paleoenvironmental
Implications” (Singh et al.) presents a detailed petrographical and mineralogical
analysis of the latest Cretaceous red bole beds, interlayered with Deccan Basalt in
western India. The study indicates several breaks during the eruption of Deccan
Basalt, which lead to the formation of volcanic paleosol at places.

We express our sincere thanks to all the authors of this book for their valuable
research contributions. We are thankful to reviewers for providing critical reviews
of the submitted manuscripts. Scholars who served as reviewers for this book are
Subir Bera, H. N. Bhattacharya, Ajoy Bhowmick, Abhijit Chakraborty, Nivedita
Chakraborty, Adrita Chaudhuri, D. K. Chauhan, Sudipta Dasgupta, Anima Mahanta,
Soumik Mukhopadhyay, R. Nagendra, Suraj K. Parcha, Deo Brat Pathak, Malek
Radhwani, A. Sen, D. S. N. Raju, Debahuti Mukherjee, Tathagata Roy Choud-
hury, Pradip Samanta and Sanjoy Sanyal. We are thankful to Sanghita Dasgupta
for proofreading manuscripts for a major part of the book.

Mumbai, India Santanu Banerjee
Kolkata, India Subir Sarkar
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A Review of Stratigraphy, Depositional )
Setting and Paleoclimate of the Mesozoic | ©ie
Basins of India

Sanghita Dasgupta

Abstract The Indian Gondwana basins preserve a thick sedimentary deposit from
Carboniferous to Cretaceous. In India, the Gondwana sediments were mainly
deposited in four intracratonic basins, i.e. Pranhita-Godavari (PG), Satpura, Son-
Mahanadi and Damodar essentially in a fluviatile setting. While the PG Basin
preserves the most continuous sedimentary history, Mesozoic basins at the west
coast, including Kutch, Barmer, Jaisalmer, Saurashtra, record sedimentation from the
Jurassic period. During the Mesozoic era, there was a gradual shift in the climatic
condition, which got reflected in the sedimentation pattern and fossil record. The
Early Triassic sediments of the peninsular basins were deposited under warm to semi-
arid climatic conditions in an essentially fluvial setting. The PG and Rewa basins
record the global Triassic redbeds, having similar seasonal conditions, evidence of
freshwater carbonates, along with profuse terrestrial fauna and flora. The Early
Jurassic sediments of Barmer and Jaisalmer were essentially deposited in fluvio-
lacustrine environment under humid climatic condition. With the advent of Middle
Jurassic, limestone started depositing in the Mesozoic basins. The Middle to Late
Jurassic sediments of the western coastal basins were deposited primarily in shallow
marine environment. Gypsum formed under fluvio-lacustrine setting in PG and Rewa
basins, while it formed under shallow marine conditions in Kutch and Jaisalmer
basins. By the Early Cretaceous, oceans began to separate the major fragments of the
Gondwanaland, which led to the extensive deposition of mostly marginal marine to
shallow-marine sediments all along the western coastal basins of India. Whereas the
Gondwana basins record a few fluvial successions, having profuse vertisol profiles.
Deccan traps overlie the Mesozoic sedimentary successions of the Gondwana basins,
while the Cenozoic sedimentation continues at western coastal basins. This work
attempts the correlation of Mesozoic basins of India and points out areas of future
research.

Keywords Depositional environment - Gondwana * Indian Mesozoic basins *
Paleoposition - Stratigraphic correlation
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2 S. Dasgupta

1 Introduction

Gondwana supercontinent broke during ~200-60 Ma, rifted, and the fragments
drifted away in many directions (McLoughlin 2001; Riley and Knight 2001; Conrad
and Gurnis 2003; Jokat et al. 2003). One of the fragments—the Indian Shield, drifted
approximately northward and eventually collided onto the Eurasian plate, producing
the spectacular trans-continental Himalayan fold-thrust belt (Norton and Sclater
1979; Reeves and de Wit 2000; Reeves et al. 2004). The break-up and northward
journey immensely affected the Indian shield in several ways, including erosion at
the base of its lithosphere and the development of several structural basins (Acharyya
and Lahiri 1991; Veevers and Tewari 1995; Biswas 1999; Kumar et al. 2007; Veevers
2009). Before the break-up, the Gondwana supercontinent developed several sedi-
mentary basins along the paleo-suture zones at the end of Carboniferous. A thick
succession of sedimentary rocks piled up in these basins.

Several intra-continental rift structures were formed due to supercontinent break-
up and rifting which acted as locations of sedimentation in association with continued
tectonic activity (Biswas 1999; Veevers 2009). The term Gondwana derived from
the recognition by workers at the Indian Geological Survey in the mid- to late
19th century of a distinctive sedimentary sequence preserved in east-central India
(McLoughlin 2001). The Indian Gondwana basins contain a rich record of tectonic,
sedimentary, paleontological and volcanic history of the Gondwanaland (Biswas
2003; Mukhopadhyay et al. 2010; Ghosh and Sengupta 2019; Bandyopadhyay and
Ray 2020). The Gondwana basins of India represent about 200 Ma of the geological
record of peninsular India. The initial depressions of the basins were formed due to the
sagging related to the attenuation of the crust. The Lower Gondwana sedimentation
started within these pre-rift sag basins over the Proterozoic basement. Subsequently,
these basins remained active due to fault-guided subsidence that provided accommo-
dation space for the younger sediments. Different types of basins formed depending
on the orientation difference between the weak zones and the stress related to the
regional E-W extension (Chakraborty et al. 2003; Mukhopadhyay et al. 2010). During
the Mesozoic era, the Indian subcontinent had migrated from below the 30° S latitude
to near the equator (Kiessling et al. 2003; Golonka 2011; Hall 2012). Throughout
the Mesozoic era, climatic conditions varied as a function of overall global climatic
changes and movement of the Indian subcontinent towards the equator. In the Triassic,
the exposed land extended from about 85° N to 90° S. This exposed land was called
the ‘Pangaea’, which came into existence during the Carboniferous due to the colli-
sion between Gondwana and Laurasia (between ~330 and 320 Ma; Veevers 2004).
The continent was largely assembled by the end of Permian.

This paper integrates tectonic, sedimentological and paleontological data from a
range of published sources to provide a summary of the current state of knowledge
concerning the changes in the depositional environments of the basin-fill successions
and evolution with respect to flora and fauna, landscape and vegetation during the
Mesozoic time in India. Further, this study attempts a correlation of the Mesozoic
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basins. Compilation of selected references of the different Mesozoic basins of India
is given in Table 1.

Table 1 A bibliography of the Mesozoic basins of India

Mesozoic Basin

Mesozoic stratigraphy

Selected references

Pranhita-Godavari | Chikiala Goswami and Ghosh (2020), Dasgupta and Ghosh
Gangapur (2018), Goswami et al. (2018), Dasgupta et al.
Kota (2017), Bandyopadhyay (2011), Bandyopadhyay
Dharmaram et al. (2010), Bandyopadhyay and Sengupta (2006),
Maleri Sarkar and Chaudhuri (1992), Kutty and Sengupta
Bhimaram (1989), Kutty et al. (1987)
Yerrapalli
Kamthi

Satpura Lameta Sengupta et al. (2016), Ghosh et al. (2012), Dogra
Jabalpur et al. (2010), Ghosh and Sarkar (2010), Saha et al.
Bagra (2010), Prakash (2008), Ghosh et al. (2006),
Denwa Wilson and Mohabey (2006), Ghosh et al. (2003,
Pachmarhi 2001), Ghosh (1997), Ghosh et al. (1995)

Rewa Parsora Bhat et al. (2018a, b), Pillai et al. (2018), Mukherjee
Tiki et al. (2012), Datta (2004); Datta et al. (2004)
Karki
Pali

Kutch Bhuj Chaudbhuri et al. (2020a, b, ¢, d), Chaudhuri et al.
Jhuran (2018), Desai and Biswas (2018), Bansal et al.
Jhumara (2017), Mandal et al. (2016), Arora et al. (2015),
Jhurio Alberti et al. (2012, 2013), Biswas (2005, 1999,

1993, 1991, 1987, 1982, 1981)

Barmer Fatehgarh Dasgupta and Mukherjee (2017), Bladon et al.
Ghaggar-Hakra (2015a, b), Dolson et al. (2015), Farrimond et al.
Lathi (2015), Compton (2009)

Jaisalmer Parh Alberti et al. (2017), Sharma and Pandey (2016),
Goru Pandey and Pooniya (2015), Pienkowski et al.
Pariwar (2015), Srivastave and Ranawat (2015), Mude et al.
Bhadasar (2012), Pandey et al. (2012), Pandey and
Baisakhi Choudhary (2010), Rai and Garg (2007), Singh
Jaisalmer (2006), Torsvik et al. (2005), Sudan et al. (2000)
Lathi

Saurashtra Wadhwan Khan et al. (2017), Casshyap and Aslam (1992),
Ranipat Aslam (1992, 1991)
Surajdeval

Than
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2 Gondwana Basins

In peninsular India, the Gondwana sediments were mainly deposited in four intracra-
tonic basins, i.e. Pranhita-Godavari (PG), Damodar, Satpura, and Son-Mahanadi with
a distinct post-Carnian hiatus (except for the PG Basin) (Chakraborty et al. 2003).
The analysis of the shape of the outcrop belt, characteristics of the basin-fill and
the orientation of the associated faults relates the origin of the Gondwana basins of
peninsular India to a single regional tectonic event (Chakraborty et al. 2003). The
sites of basin nucleation were guided by the pre-existing zones of weakness in the
Precambrian basement (Biswas 2003). Each of the major basin has been discussed
below and a location map of these basins is given in Fig. 1.

2.1 Pranhita-Godavari Basin

2.1.1 Tectonics

The Pranhita-Godavari (PG) basin preserves records of repeated opening and closing
of Proterozoic and Gondwana rifts (Chaudhuri et al. 2012). PG basin evolved as a
NNW-SSE trending syn-rift basin. The Gondwana deposit (~4-5 km thick) is exposed
as an elongated outcrop belt that is ~400 km long and ~75 km wide, surrounded by
the exposures of the Proterozoic sedimentary rocks and Archean basement rocks
(Biswas 2003; Chakraborty et al. 2003; Chaudhuri et al. 2012). Bouguer anomaly
contours are more closely spaced near the eastern margin of the PG Gondwana
basin, indicating greater accommodation of sediments towards the footwall margin
of the basin over time (Narula et al. 2000; Biswas 2003; Chakraborty et al. 2003;
Ghosh and Sengupta 2019). The western margin of this basin is demarcated by a
number of small intrabasinal normal faults affecting the syn-rift strata. Intrabasinal
normal faults are oriented at a high angle to the trend of the boundary faults. Some
of these faults demarcate subordinate half-grabens within the master basin. The
stratigraphically younger formations of the deposit are bound by the Godavari Valley
Fault on the eastern side, which brings the upper Gondwana strata in contact with the
Proterozoic rocks (Fig. 1 of Dasgupta and Ghosh 2018; Goswami and Ghosh 2020).
During Permo-Carboniferous, the paleolatitudinal position (~300 Ma) of the present
location of the PG Basin was below 60° S, while during Early Cretaceous (~140 Ma)
the paleoposition was around 40° S (Scotese et al. 1999).

2.1.2 Stratigraphy and Lithology
The ~5 km thick, dominantly fluvial deposits that formed in the PG Gondwana Basin

range in age from the Late Carboniferous to Cretaceous (Robinson 1967; Kutty
et al. 1987; Kutty and Sengupta 1989; Veevers and Tewari 1995; Bandyopadhyay
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Fig.1 Mesozoic sedimentary basins superimposed on the physical map of India (positions of sedi-
mentary basins after Dasgupta (1975), Biswas (1991), Casshyap and Aslam (1992), Bandyopadhyay
and Sengupta (1999), Farrimond et al. (2015)

2011; Dasgupta et al. 2017; Dasgupta and Ghosh 2018). Based on paleontolog-
ical and lithological criteria, King (1881) subdivided the Gondwana succession into
“Lower Gondwanas” and “Upper Gondwanas”. He further subdivided the Lower
Gondwanas into three subunits—Talchir, Barakar and Kamthi. The lower part of the
succession, Late Carboniferous to Permian, contains glaciogenic conglomerates and
coal-bearing strata. The Talchir Formation crops out as a narrow strip, broken at
places by faults and never attaining any great thickness, along the western margin
of the basin. It consists of tillites, greenish shale and sandstone (Kutty et al. 1987;
Srivastava 1992). The Barakar Formation consists essentially of the coal-bearing
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group of rocks that overlie the Talchir (Kutty et al. 1987; Kutty and Sengupta 1989).
The ‘Infra-Kamthi’ Formation, as used by Bose and Sengupta (1993) was renamed
as ‘Kundaram Formation’ by Ray (1997), and made up of shale, mudstone and thick
sandstone (3—5 m). Recent observations reveal thick fault gouge (3—5 cm) of ferrug-
inous mud at many places. The ferruginous mud shows well-preserved slickenside.
The dip angle (~35°) of the fault planes (Fig. 2a) are oriented towards NE. Hence
the strike of the faults is NW-SE, which coincides with the major rift faults of the
PG Basin. This fault cuts across all the sedimentary strata, most likely late stage
rift faults. The Kundaram Formation is overlain by the Kamthi Formation, which is
composed of highly ferruginous sandstone or ironstones, numerous iron-rich concre-
tions and purplish siltstone (Kutty et al. 1987). The Lower Gondwana is followed
upwards by the Upper Gondwana formations.

The Upper Gondawanas was further subdivided into ‘“Maleri Group”, “Kota
Group” and “Chikiala Group” by King (1881), and later these groups were further
classified into different formations. Kutty et al. (1987) assembled the previous work
and subdivided the Maleri Group of King into four conformable formations based on
the lithological and faunal distinctions viz. Yerrapalli, Bhimaram, Maleri and Dhar-
maram, in ascending order of succession. Dasgupta and Ghosh (2018) presented the
updated stratigraphic classification of the Upper Gondwanas of the PG Basin, based
on a number of studies (Jain et al. 1964, 1983; Kutty 1969, 1971; Sengupta 1970,
2003; Rudra 1982; Bandyopadhyay and Rudra 1985; Kutty et al. 1987, 2007; Kutty
and Sengupta 1989; Dasgupta 1993; Ray and Bandyopadhyay 2003; Bandyopad-
hyay and Sengupta 2006; Bandyopadhyay et al. 2010; Novas et al. 2011; Dasgupta
et al. 2017). The Yerrapalli Formation (400-600 m thick) is dominantly composed
of reddish brown to violet mudstones having poorly developed gypsum crystals,
subordinate calcareous quartzose sandstones and smaller lenticular bodies made up
of peloidal carbonate grains. The Bhimaram Formation (~400 m thick) is dominated
by coarse, pebbly, clay gall bearing, yellowish brown to whitish feldspathic sand-
stones intercalated with a minor proportion of red mudstones. The Maleri Formation
(~300-500 m thick) is a part of the Triassic redbed succession of the PG Basin. This
formation is essentially composed of stratified red mudrocks, fine-grained white
sandstones along with subordinate carbonate grainstones and marls (Dasgupta et al.
2017; Dasgupta and Ghosh 2018). The Dharmaram Formation (400-600 m thick)
has thick basal sandstone followed upwards by a series of alternations of arkosic
sandstone and mudstone beds with subordinate carbonates. The Dharmaram Forma-
tion conformably grades up to the Kota Formation, which starts with coarse, pebbly
sandstone grading upwards to white fine sandstone, red clays, calcareous shales and
limestones (Kutty et al. 1987; Goswami et al. 2018). Towards the northwestern part
of the basin, the Gangapur Formation overlies the Kota Formation. The Gangapur
Formation is made up of coarse to very coarse ferruginous sandstone with pebble
bands in its lower part, succeeded by sandstones and mudstones having concretions
(Kutty et al. 1987). Planar and trough cross-bedded medium- to coarse-grained sand-
stone units show paleocurrent direction towards the north. Towards the eastern part
of the basin, the Kota Formation is overlain by the Chikiala Formation consisting of
coarse to very coarse ferruginous sandstones, subordinate red clays and calcareous
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«Fig. 2 Field photographs showing different lithologies of the Gondwana basins. a Large scale
normal faulting observed in the sandstone outcrop (35° towards 040°) of the Kundaram Formation
(PG Basin) near Annaram bridge over Godavari river. The sense of movement has been identified
from the slickensides (inset) observed in the hanging wall block (box highlighted). The fault has
thick (3—5 cm) shale gouge. b Lithology of the Chikiala Formation (PG Basin) showing ripple
laminated very fine sandstones (40-50 cm thick) and greenish clay (30—40 cm thick), separated
by calcareous sandy material (10-20 cm thick, marked by dashed white line). ¢ Lithology of the
Pachmarhi Formation (Satpura Basin) showing cross-bedded very coarse pebbly sandstone, near
Dhupgarh. The paleocurrent direction is away from the observer. d Plan view of hardpan of calcic
vertisol of the Bagra Formation (Satpura Basin). e Calcic paleosol profile having red mudstone as
host rock of the Lameta Formation (Satpura Basin) near Ghughura falls. Greenish-grey patches
are gley. f A carbonate profile with rhizocretions within mudrock (area marked in dashed white
box) of the Tiki Formation (Rewa Basin), near Jora village. g Occurrence of gypsum crystals
(arrow) scattered within red mudrock of the Tiki Formation. h Carbonate concretion found in the
red mudrock of the Tiki Formation (hammer length = 38 cm)

sandstones (Kutty et al. 1987). New findings from Chikiala Formation reveal very
fine sandstones and greenish clay separated by calcareous sandy material having
crystal veins (Fig. 2b). Detailed sedimentology of upper Kota, Gangapur and Chikiala
formations are yet to be done.

2.1.3 Fossil Content

The fossils within the Lower Gondwana formations are discussed in detail by Ray
(1999). The Permian rocks of the PG Gondwana Basin was characterized by the
Glossopteris flora, found in the Barakar Formation (Pascoe 1959; Robinson 1967).
The Kundaram Formation of this basin yields the only Permian reptilian fauna in
India, which constrains the upper age of the coal-bearing Damuda Group of the
Damodar Gondwana Basin as Tartarian.

The Upper Gondwanas contain a number of vertebrate fossil (amphibians, reptiles
etc.) bearing zones that are important for inter basinal correlation of the strata and
for assigning age. A large number of fossils have been reported from the Triassic
and Jurassic formations of the PG Basin by different workers (Kutty and Sengupta
1989; Bandyopadhyay et al. 2010). These fossils mainly occur in the red mudstones,
and in very rare instances in the sandstones. Based on the faunal assemblages and
dispositions of the litho-units, Yerrapalli, Bhimaram, Maleri and Dharmaram forma-
tions were assigned (Anisian) early Middle Triassic, late Middle Triassic (Ladinian),
(Late Carnian—Early Norian) late Late Triassic, and late Late Triassic to early Early
Jurassic ages, respectively (after Jain et al. 1964; Chatterjee 1967; Kutty 1969;
Sengupta 1970; Anderson and Cruickshank 1978; Kutty and Sengupta 1989; Sarkar
and Chaudhuri 1992; Ray and Bandyopadhyay 2003; Bandyopadhyay et al. 2010;
Bandyopadhyay 2011). Yerrapalli Formation consists of numerous fossils of fishes,
amphibians, reptiles and also trace fossils (Dasgupta 1993). Apparently, no faunal
assemblages have been found in the Bhimaram Formation, apart from plant fossils
and few fragments of vertebrate fossils. The Maleri Formation has an exceptionally
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rich vertebrate assemblage consisting of aquatic, semi-aquatic as well as terres-
trial fossils. Numerous fossil vertebrates and invertebrates, and coprolites have been
reported from the Maleri Formation (Jain 1983; Kutty et al. 1987, 2007; Kutty and
Sengupta 1989; Bandyopadhyay and Sengupta 1999; Martin et al. 1999; Datta et al.
2004; Datta 2005; Datta and Ray 2006; Bandyopadhyay and Sengupta 2006; Nath
and Yadagiri 2007; Bandyopadhyay 2011). Invertebrates are represented by unionids,
while plant fossils are represented by Dadoxylon (Sohn and Chatterjee 1979). The
Maleri vertebrate fauna is characterized by different species of fish, amphibian and
reptile. The upper part of the Dharmaram Formation and the overlying lower part
of the Kota Formation has been assigned an Early Jurassic age (Kutty et al. 1987;
Mukhopadhyay et al. 2010; Bandyopadhyay 2011). An exceptionally rich fossil
assemblage, consisting of non-marine aquatic, semi-aquatic as well as terrestrial
vertebrates (fishes, reptiles, amphibians, etc.) along with invertebrates (unionids),
plants and trace fossils has been reported from Dharmaram Formation (Pascoe 1959;
Kutty 1971; Chatterjee and Roy Choudhury 1974; Sarkar and Chaudhuri 1992;
Bandyopadhyay 2011). Very large (<15 feet) petrified wood, mainly tree trunks
have been found in the Dharmaram Formation. Based on this faunal assemblage,
a Hettangian age has been assigned for the upper part of the Dharmaram Forma-
tion (Bandyopadhyay and Sengupta 2006). The lower part of the Kota Formation
yields fossils of sauropod dinosaurs, flying reptiles, turtles and other reptiles as well
as fish, early mammals, ostracods, estherids, charophytes etc. (Kutty 1969; Yada-
giri and Rao 1987; Jain 1973, 1974, 1983; Evans et al. 2002; Bandyopadhyay and
Sengupta 2006; Bandyopadhyay et al. 2010; Goswami et al. 2018). Based on the
faunal analysis, Sinemurian to Pliensbachian age has been assigned to the lower part
of the Kota Formation. Systematic paleobotanical investigation suggests an Early to
Middle Jurassic age for the Kota Formation (Chinnappa and Rajanikanth 2016a).
The Gangapur Formation, overlying the Kota Formation, has been assigned Early
Cretaceous age from its fossil assemblage, having abundant well-preserved leaves,
macroflora and spore-pollens (Ramakrishna et al. 1985; Chinnappa and Rajanikanth
2016b). However, due to the lack of fossil content, the age of the overlying Chikiala
Formation remains debatable.

2.2 Satpura Basin

2.2.1 Tectonics

The Satpura rift Basin, the westernmost Gondwana basin of peninsular India, is
rhomb-shaped and elongated in ENE-WSW direction (~200 km long and ~60 km
wide). The regional strike of this basin is NE-SW and the regional dip (~5°) is
northerly (Chakraborty et al. 2003). Sub-vertical, ENE-WSW trending en-echelon
faults, Son-Narmada South and Tapti North, with evidence of strike-slip movement,
mark the longer sides of the Satpura Basin (Biswas 1999, 2003). This basin represents
a pull-apart origin that developed above a releasing jog of a pre-existing transcurrent
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zone as aresult of sinistral displacement (Chakraborty and Ghosh 2005). The Satpura
Gondwana Basin is bounded by the Mesoproterozoic Vindhyan sediments to the
north, Precambrian granitic gneiss to the south and late Cretaceous Deccan Traps
towards the east and the west. A thin belt of Paleoproterozoic rocks of Bijawar
and Mahakoshal groups are squeezed in between the Son-Narmada North Fault
(SNNF) and Son-Narmada South Fault (SNSF). The Satpura Gondwana sediments
were deposited in a mega half-graben (Veevers and Tewari 1995; Biswas 1999),
which later got uplifted over the Pachmarhi plateau of Central Indian Tectonic Zone
(CITZ), also referred to as the Satpura Mountain Belt in central India (Mohanty 2010;
Singh etal. 2015). Sediment accumulation took place under different fault-controlled
subsidence regimes, with intervening tectonically static periods. The subsidence rate
varied across the basin, with the thickness increasing towards the north, resulting
in an asymmetric basin fill (Chakraborty and Ghosh 2005). Many tholeiitic dyke
intrusions of late Cretaceous Deccan flood basalt are exposed in and around the
Satpura Basin, the majority of which are aligned along the ENE-WSW trend and
represent the oldest intrusive phase. Some of the dykes are seen passing into sills
(Bhattacharji et al. 1996; Sheth et al. 2009). The updated geological map is given in
Ghosh et al. (2012).

2.2.2 Stratigraphy and Lithology

The Satpura Gondwana intracratonic basin preserves ~5 km thick Permain to Creta-
ceous siliciclastic sediments (Crookshank 1936) that unconformably overlies the
Precambrian basement of schist, gneiss, granites, meta-sediments, mafic and acid
volcanic rocks (Ghosh and Sarkar 2010). The Satpura Basin comprises a thick
sequence of Lower and Upper Gondwana sediments. The gross thickness of the
lower Gondwana rocks (lower Carboniferous to upper Permian) is reported to be
around 3000 m and the upper Gondwana rocks (lower Triassic to upper Cretaceous)
around 2000 m thick (Peters and Singh 2001; Ghosh et al. 2012). Geological studies
including sedimentology, stratigraphy, and paleontology of the Satpura Basin has
been carried out by various researchers (Casshyap et al. 1993; Veevers and Tewari
1995; Mukherjee and Sengupta 1998; Bandyopadhyay and Sengupta 1999; Nandi
and Raha 1998; Maulik et al. 2000; Ghosh et al. 2004, 2012 Chakraborty and Ghosh
2005, 2008; Chakraborty and Sarkar 2005; Ghosh et al. 2006; Ghosh and Sarkar 2010;
Bandyopadhyay 2011; Sengupta et al. 2016). The Satpura Gondwana succession has
been classified into nine lithostratigraphic units that from oldest to youngest are
the Talchir, Barakar, Motur, Bijori, Pachmarhi, Denwa, Bagra, Jabalpur and Lameta
formations. Bijori and Pachmarhi formations share an unconformity, so does Denwa
and Bagra formations.

Distinctive lithologies characterize each of the five formations comprising the
Mesozoic succession of the Satpura Basin. The preliminary study of the Pachmarhi
Formation (~900 m thick) shows multistoried bodies of very coarse pebbly sandstone
(Fig. 2c¢) with minor red (with few calcic vertisols) to grey mudstone units. The
detailed sedimentological work reveals that the Denwa Formation (~600 m thick)
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consists of red mudstone, heterolithic strata, fine to coarse sandstone, caliche profiles
and intraformational calcirudite/calcarenite. The Bagra Formation (~400 m thick) is
composed of gravelly conglomerate, pebbly sandstone, red mudstone with calcareous
nodules with abundant calcic vertisols (Fig. 2d) (Ghosh and Sarkar 2010; Ghosh
et al. 2012; Sengupta et al. 2016). The Bagra Formation is unconformably overlain
by Jabalpur and Lameta formations (Ghosh et al. 2001; Prakash 2008). The Jabalpur
Formation (~20 m thick as exposed) consists of coarse sandstone, white mudstone
and thin stringers of coal (Dogra et al. 2010). The Lameta (~20-50 m thick as
exposed) Formation consists of fine-grained calcareous sandstone, green sandstone,
coaly shale, red mudstones, limestones, mottled nodular marl and calcic paleosol
profiles (Fig. 2e) (Ghosh et al. 1995, 2001; Dogra et al. 2010; Bansal et al. 2018).

2.2.3 Fossil Content

Since no radiometric age dating has yet been carried out, fossil content was used
to constrain the age of the Satpura Gondwana succession. Based on the available
marine invertebrates, the Lower Gondwana succession has been designated an age
from Late Carboniferous to Late Permian. The Upper Gondwana succession ranges
in age from Early Triassic to Cretaceous (Ghosh et al. 2001, 2012; Ghosh and Sarkar
2010; Sengupta et al. 2016). The Upper Gondwana starts with the Pachmarhi Forma-
tion (Early Triassic) and consists of few fragmentary weathered amphibian skull
bones along with the absence of Glossopteris-Gangamopteris flora (Bandyopad-
hyay and Sengupta 1999; Chakraborty and Sarkar 2005; Ghosh et al. 2012). The
Denwa Formation (Middle Triassic-Anisian, Bandyopadhyay and Sengupta 1999)
exhibits fossils of fishes, and vertebrate faunas of various types of amphibians, reptiles
and herbivorous animals along with invertebrates-Unionids (Bandyopadhyay et al.
2002; Bandyopadhyay 2011; Sengupta et al. 2016). The age of the Bagra Formation
is controversial. Previous workers considered this as Jurassic (Ghosh et al. 2001;
Ray and Chakraborty 2002; Chakraborty and Sarkar 2005; Ghosh and Sarkar 2010;
Mukhopadhyay et al. 2010; Ghosh et al. 2012). Based on the vertebrate fossil content,
the Bagra Formation has been presently assigned as Cretaceous (Bandyopadhyay and
Sengupta 2006; Bandyopadhyay 2011; Sengupta et al. 2016). From palynological
studies, Jabalpur Formation and Lameta Formation are assigned to Early and Late
Cretaceous (Maastrichtian), respectively (Dogra et al. 2010). The Jabalpur Forma-
tion includes plant fossils (Ghosh et al. 2001). The Lameta Formation exhibits semi-
aquatic, aquatic communities and wood fossils represented by dinosaurs, fishes,
crocodiles, gastropods, ostracods, charophytes, conifers, angiosperms (Mohabey
et al. 1993; Khosla and Sahni 2000; Ghosh et al. 2003; Kar et al. 2004; Wilson
and Mohabey 2006) and trace fossils (Saha et al. 2010) along with palynological
evidence (Dogra et al. 2010).
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2.3 Rewa Basin—A Sub-basin of the Son-Mahanadi Basin

2.3.1 Tectonics

The Son-Mahanadi Basin is a composite basin comprised of three sub-basins, namely
the Rewa Basin to the north, the Hasdo-Arand Basin to the central position and the
Mahanadi Basin to the south (Agarwal et al. 1993). All these three sub-basins are
separated by three ridges starting from North Malwa ridge, followed southward by
Manendragarh-Pratapur ridge, and then Naughata ridge (Chakraborty et al. 2003).
The southwestern margin is concealed by the thick cover of Deccan Traps. The
Rewa Basin is rhomb-shaped and is relatively long in the ENE-WSW direction (400
x 150 km, Chakraborty et al. 2003). Bouguer anomaly also conforms to the shape of
the basin. The Rewa Basin was formed due to strike-slip motion, and the basin profile
indicates fault-controlled subsidence. The overall attitude of the basin-fill strata is
subhorizontal (~4-5°) with a northward dip (Chakraborty et al. 2003; Mukherjee
et al. 2012). The updated geological map is given in Mukherjee and Ray (2012).

2.3.2 Stratigraphy and Lithology

The geological study of the Rewa Gondwana Basin was initiated by Hughes (1881)
and subsequently followed by a number of workers such as Cotter (1917), Fox (1931,
1934), Rao and Shukla (1954), Dutta and Ghosh (1972, 1993), Raja Rao (1983),
Mitra (1993), Tarafdar et al. (1993), Dutta (2002) and Shah (2004). The Gondwana
sediments of the Rewa Basin is subdivided into lower and upper divisions based on
the presence of Glossopteris and Ptilophyllum flora, respectively (Pascoe 1975). The
sediments of the Rewa Basin comprise a basal Talchir Formation, followed by the
coal-bearing Barakar Formation, and then the Mesozoic formations (Shah 2004). The
Mesozoic formations start with the Pali Formation (~1000 m), which is overlain by the
Parsora Formation (~400 m) in the southwestern part. Whereas it laterally grades into
the sand-dominant Karki Formation (~300 m) in the north-eastern part (Mukherjee
etal. 2012). These units are overlain by the mud-dominated Tiki Formation (~400 m).
This, in turn, is overlain unconformably by the Hartala Formation (Shah 2004), which
is characterized by typical Upper Gondwana flora of Jurassic affinity (Sahni and Rao
1956). But, according to Mukherjee et al. (2012), no lithological distinction was found
between Parsora and Hartala formations. Hence the Parsora Formation constitutes
the youngest member of the Rewa Gondwana succession. The Pali Formation is
composed of pebbly to coarse-grained micaceous sandstone, medium- to fine-grained
sandstone, moderate red, greyish green and greyish yellow coloured mudstone having
incipient development of paleosol profile (Dasgupta 2009). The Karki Formation is
characterized by multistoried, multilateral sheet-like beds composed of pebbly to very
coarse quartzo-feldspathic sandstone. The Tiki Formation comprises subhorizontal
to horizontal beds of red mudrock with paleosol profiles. Mudrocks exhibit gypsum
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crystals as well as a variety of carbonates, coarse to fine-grained well-sorted quartzo-
feldspathic sandstone, and sand-clay heterolithic units (Fig. 2f=3b). The Parsora
Formation comprises a basal siltstone-mudstone succession followed upward by an
essentially clay-rich arenaceous succession.

Sedimentological details of Pali, Karki, Tiki and Parsora formations are provided
in Dasgupta (2009) and Mukherjee et al. (2012). Petrography of the sandstones, grain-
size and modal analysis for these four formations reveal the dominance of quartz
and k-feldspar as detrital constituents derived from the continental-block setting
(Dasgupta 2009). Detailed sedimentological and paleoclimatic studies, considering
process sedimentology of siliciclastics and carbonates, geochemistry of siliciclastics
and stable isotope study of carbonates for all the formations are yet to be carried out
for this basin.

A

Fig. 3 Field photographs showing different lithologies of the Mesozoic basins. a Coarse to fine-
grained, well-sorted, quartzo-feldspathic cross bedded white sandstone beds of the Tiki Formation
(Rewa Basin) near Ghiyar village. b Fine to very fine-grained sand-clay heterolithic units of the
Tiki Formation. ¢ Calcareous shale having numerous trace fossils of the Jhurio Formation (Kutch
Basin) near Keera dome. d Sandstone showing various sedimentary structures representing deltaic
environment of the Bhuj Formation (Kutch Basin) near Tapkeshwari temple (hammer length =
38 cm)
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2.3.3 Fossil Content

In the Upper Rewa Basin, the Pali and the Karki formations show no fossils other
than large petrified woods (Mukherjee et al. 2012). However, Pillai et al. (2018)
documented the evidence of Glossopteris flora in the Pali Formation of South Rewa
Gondwana Basin. The Pali Formation is subdivided into three parts, which are again
correlated with Barren measures, Raniganj and Panchet formations of the Damodar
Basin (Pillai et al. 2018). The megafloral assemblage of the Pali Formation is compa-
rable with those of non-coaliferous beds of Kamthi and Bijori formations of PG
and Satpura Gondwana Basins, respectively. Lower-Middle Triassic period has been
assumed for Pali and Karki formations (Mukherjee et al. 2012). The Tiki Formation
consists of numerous fossils of aquatic, semi-aquatic, amphibians, reptiles of various
sizes, land carnivores, mammal-like reptiles, early mammals, unionids, molluscs,
petrified wood and burrow marks. The rich repository of varied vertebrate fossils
of the Tiki Formation has been described by Mukherjee et al. (2012), Mukherjee
and Ray (2012), Ray et al. (2016). Based on its floral and faunal content, the Tiki
Formation was assigned as Upper Triassic (Carnian) (Datta 2004; Datta et al. 2004).
Lungfishes and freshwater sharks have been reported from the Tiki Formation (Bhat
et al. 2018a, b; Bhat and Ray 2020). Large petrified wood along with burrows are
characteristics of the Parsora Formation (Lower-Middle Jurassic in age, Mukhopad-
hyay et al. 2010; Bandyopadhyay and Ray 2020), which overlies the Tiki Formation
unconformably.

3 West Coast Mesozoic Basins

The western marginal basins developed during the later stages of the Gondwana
cycle as the Indian plate separated from the rest of the Gondwanaland.

3.1 Kutch Basin

3.1.1 Tectonics

The Kutch Basin at the western continental margin of India formed by rifting initiated
during the Late Triassic break-up of the Gondwanaland (Biswas 1981, 1982, 1987,
1993, 2005). The Mesozoic system of the region shows sediments ranging in age
from Bathonian to Santonian. A period of non-deposition, followed by diastrophism,
erosion and volcanism during the close of the Upper Cretaceous time, separates the
Mesozoic and Cenozoic rocks of the Kutch Basin. The Mesozoic rocks, ranging in
age from Late Triassic to Lower Cretaceous, occur noticeably in the various major
uplifts, and are exposed extensively in the Kutch Mainland, Wagad, and the islands
of Pachchham, Bela, Khadir, and the Chorar hills.
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3.1.2 Stratigraphy and Lithology

The Mesozoic Kutch Basin preserves nearly 2500 m thick siliciclastic and carbonate
sediments. The Middle Jurassic to Lower Cretaceous rocks is exposed in the high-
lands, while the Upper Cretaceous rocks have been noticed only in the offshore
wells on Kutch continental shelf. Lithostratigraphically, the Kutch Mainland Meso-
zoic sediments are classified into four formations, viz., the Jhurio, Jhumara, Jhuran
and Bhuj in ascending order (Biswas 1977, 1987; Chaudhuri et al. 2018, 2020a, b, c,
d) on the basis of major lithologic breaks, unconformities and change over from one
environment to another. The Cheriyabet Conglomerate in Khadir Island represents the
base of Mesozoic succession, which passes upward to Bathonian sedimentary rocks
(Biswas and Deshpande 1968) of the Jhurio Formation (~290 m thick), consisting
mainly of golden oolitic limestones, shales (Fig. 3c) with minor sandstones. The
overlying Jhumara Formation (~280 m thick) comprises mainly of oolitic limestones
along with olive-grey laminated shales (Chaudhuri et al. 2018). Alternations between
shale and wavy laminated sandstone dominate the Jhuran Formation (~350-790 m
thick) (Arora et al. 2015, 2017; Chaudhuri et al. 2018). Dominantly siliciclastic Bhuj
Formation (~800 m thick) is the youngest of the Mesozoic sediments consisting of
glauconitic sandstones, kaolinitic claystones and shales (Fig. 3d) (Mandal et al. 2016;
Bansal et al. 2017).

3.1.3 Fossil Content

The sediments of the Mesozoic formations of the Kutch Basin consist of numerous
trace fossils (Desai and Biswas 2018). The Mesozoic rocks of the Jurassic age consist
mainly of marine fossils and the Late Jurassic to Cretaceous rocks are devoid of
marine fauna but contain numerous plant fossils. The Jhurio Formation consists of
marine fossils that include brachiopods, cephalopods, pelecypods and corals (Biswas
1977). The Jhumara Formation is the richest of all in fossil content, consisting of
varieties of ammonites, Belemnites, brachiopods, pelecypods, corals and gastropods
throughout the formation. The Jhuran Formation is highly fossiliferous in the western
part of the Kutch Mainland, which gradually decreases towards the east. Ammonites,
Belemnites, pelecypods, gastropods are most common along with local corals and
echinoids (Aroraet al. 2015). The Bhuj Formation has few ammonites and pelecypod-
rich fossiliferous bands, but is rich in plant beds. It typically exhibits Upper Gond-
wana flora with leaf impressions, large chunks of wood fossils and large fossilised
logs (Biswas 1977; Banerji 1989; Bansal et al. 2017). The benthic faunas were
examined for paleoclimatic reconstruction (Alberti et al. 2012).
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3.2 Barmer Basin

3.2.1 Tectonics

The Barmer and Jaisalmer sedimentary basins are located in western Rajasthan (Roy
and Pandey 1970). The Barmer Basin (~200 km long along NNW-SSE trending,
~50 km wide, ~6 km deep) is a failed narrow-intracratonic rift basin, separated
from the Jaisalmer Basin to the north by the NE trending Devikot-Fatehgarh/Barmer-
Devikot-Nachana ridge/structural high (Dolson et al. 2015; Dasgupta and Mukherjee
2017). The Barmer Basin shows exposures of Jurassic to mid-Eocene, and is linked
with the Cambay Basin to the south via the poorly defined Sanchor sub-Basin (Bladon
et al. 2015b). The Mesozoic Barmer rift Basin was reactivated during the early
Tertiary by Deccan volcanism (Compton 2009; Mishra 2011). Displacement of the
pre-Deccan/precursor-of-Deccan basaltic sill and the overlying Early Cretaceous
lower Ghaggar-Hakra sandstone by the NW-trending faults indicates that the main
Barmer rift extension occurred probably during the late Maastrichtian to Paleocene
period (Bladon et al. 2015a; Dasgupta and Mukherjee 2017). The updated geological
map of this basin has been provided in recent studies (Sharma 2007; Dolson et al.
2015; Dasgupta and Mukherjee 2017).

3.2.2 Stratigraphy and Lithology

The Barmer Basin consists of a thick accumulation of sediments from Jurassic to
Eocene time. The Mesozoic succession of this basin unconformably overlies the
Precambrian basement rocks of Malani Igneous Suite (Bladon et al. 2015a; Dasgupta
and Mukherjee 2017). It comprises sandstone dominated Lathi Formation in the north
Barmer Basin (Fatehgarh Ridge), which is unconformably overlain by the dominant
sandstone succession, separated by thick packages of mudstone and siltstone of
Ghaggar-Hakra Formation (Sisodia and Singh 2000; Dolson et al. 2015; Bladon
et al. 2015a; Dasgupta and Mukherjee 2017). The lower unit of the Ghaggar-Hakra
Formation, exposed along the unconformity, consists of basal conglomerates overlain
by reddish sandstones. The Fatehgarh Formation is composed of sand, mud and
phosphorite. The phosphorite is correlated with global Cretaceous upwelling (Sisodia
et al. 2005) and paleosols. Sedimentological details are yet to be carried out for these
Mesozoic formations of the Barmer Basin apart from the description given in Dolson
et al. (2015).

3.2.3 Fossil Content

The Lathi Formation has been designated as of Early Jurassic age (Dolson et al.
2015). Based on the Aptian age proposed for the basalt underlying the Ghaggar-
Hakra Formation, the deposition of this formation was suggested between Aptian
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and Albian (Sharma 2007; Bladon et al. 2015a). The highly fossiliferous Fatehgarh
Formation was deposited between Late Cretaceous and Paleocene time (Sisodia et al.
2005; Bladon et al. 2015a; Dolson et al. 2015). Thus, the Mesozoic sediments of the
Barmer Basin represent a time span between Early Jurassic and Late Cretaceous
ages, with apparently no fossil evidence reported.

3.3 Jaisalmer Basin

3.3.1 Tectonics

The Jaisalmer Basin is a pericratonic basin representing mainly the westerly dipping
eastern flank of the Indus Shelf and extends over 30,000 km?2 in southwest Rajasthan
with a NW-SE structural trend (Singh 2006; Sharma 2007; Alberti et al. 2017;
Dasgupta and Mukherjee 2017). The shelf deepens towards the northwest across
the international boundary and merges into the Sui Basin of Pakistan in the west
(Pandey and Pooniya 2015). The general dip of the outcrops is gentle to flat (3°-5°)
with an assemblage of en-echelon and oblique faults (Singh 2006). Tectonically,
The Pokharan-Nachana high to the northeast separates the Jaisalmer Basin from the
Nagaur-Bikaner basins and the Fatehgarh Fault to the south separates the same from
the Barmer-Sanchor Basin (Pandey and Pooniya 2015). The basin is controlled by
wrench-fault tectonics and is divided into four tectonic elements: the Mari-Jaisalmer
high, Shahgarh, Miajalar and the monoclinal Kishangarh sub-basins (Sharma 2007;
Pandey et al. 2010; Pandey and Pooniya 2015). The Jaisalmer Basin preserves well
developed sedimentary history of Mesozoic and Cenozoic times with well-marked
transgressive and regressive cycles (Singh 2006). The Mesozoic formations of the
Jaisalmer Basin show a general younging and deepening trend towards the west
(Torsvik et al. 2005). The Jaisalmer Basin represented the southern Tethyan margin
and was situated about 23° south of the equator (Pandey et al. 2012). The basin
evolved at the beginning of the Triassic with the rifting of Gondwanaland (Biswas
1982, 1991). The modified version of the geostructural units of the Jaisalmer Basin
has been provided in Pandey et al. (2012).

3.3.2 Stratigraphy and Lithology

The Jaisalmer Basin preserves over 6 km thick sediments from Early Paleozoic
to recent times. Lithostratigraphically, the Mesozoic sediments (~4 km thick) of the
Jaisalmer Basin consist of seven formations, viz. the Lathi (Early Jurassic), Jaisalmer
(Middle Jurassic), Baisakhi-Bhadasar (Late Jurassic), Pariwar (Early Cretaceous),
Goru (Middle Cretaceous) and Parh (Late Cretaceous) in ascending order (Singh
2006; Pandey et al. 2010; Srivastave and Ranawat 2015; Dolson et al. 2015; Pandey
and Pooniya 2015; Sharma and Pandey 2016; Alberti et al. 2017). Triassic sedi-
ment is absent in this basin. The Jurassic formations have been further classified
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into different Members, which has been documented in Sudan et al. (2000), Singh
(2006), Rai and Garg (2007), Pandey and Pooniya (2015) and Alberti et al. (2017).
The Lathi Formation (~600 m thick) overlies the basement rocks, and is characterized
by conglomerate, sandstones, siltstones and some limestones. The Jaisalmer Forma-
tion (~100-1000 m thick) is characterized by fossiliferous limestones. The Baisakhi
Formation is characterized by grey and black gypsum-bearing shales, argillaceous
sandstone and intraformational conglomerate. The Bhadasar Formation (~65 m thick)
is characterized by ferruginous sandstone with intercalations of thin shale beds. The
Pariwar Formation (~670 m thick) is characterized by sandstones and shale. The
Habur Formation towards the south-eastern side of the basin, laterally separated from
the Lower Goru Formation by an unconformity, is only few meters thick, and it over-
lies the Pariwar Formation (Singh 2006). The Goru Formation (~575 m thick) is char-
acterized by grey shale, glauconitic sandstone and few marl beds. The Parh Forma-
tion (~350 m thick) is characterized by limestone, shale and marl. Sedimentological
details of all the formations have been discussed by Sudan et al. (2000), Torsvik
et al. (2005), Singh (2006), Pandey and Pooniya (2015) and Alberti et al. (2017).
The Mesozoic sediments are unconformably overlain by the Cenozoic sediments.

3.3.3 Fossil Content

According to the classification based on ammonoid assemblages, Krishna (1987)
assigned the ages of the then different formations of the Jaisalmer Basin. Mude et al.
(2012) documented seventeen ichnofossils having paleoenvironmental significance
from the Mesozoic marine sediments of the Jaisalmer Basin. A biostratigraphic
correlation of the Jurassic successions of the Jaisalmer and Kutch basin has been
given in Pandey et al. (2012).

The Lathi Formation exhibits abundant plant remains (Singh 2006) and calcareous
nannofossils (Rai et al. 2016). Two dinosaur footprints have been reported from
the Lathi Formation (Pienkowski et al. 2015). A well-diversified and moderately
preserved Early Callovian nannofossil assemblage, comprising of twenty-one species
has been documented (Rai and Garg 2007) and several time-diagnostic ammonites
have been reported from the Jaisalmer Formation (Sharma and Pandey 2016). The
Baishakhi Formation consists of ammonites and belemnites fossils along with trace
fossils (Pandey and Pooniya 2015). The fossils recorded from the Bhadasar Forma-
tion are ammonites, belemnites, brachiopods, gastropods, bivalves, corals, wood
fossils and trace fossils (Pandey and Pooniya 2015). Leaf impressions of Upper
Gondwana, trace fossils, and large fossilised tree trunks occur in the Pariwar Forma-
tion, without any marine body fossil (Krishna 1987; Sudan et al. 2000). The Habur
Formation is rich in ammonites and it is recorded as coquinoidal limestone beds
(Singh 2006). The Goru Formation is characterized by both planktic and benthic
foraminiferal assemblages, whereas the Parh Formation by only planktics (Singh
2006).
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3.4 Saurashtra Basin

3.4.1 Tectonics

The Saurashtra Basin is NE-SW elongated and is bounded by major faults in the
northern and southern boundaries (Biswas 1982; Varadarajan and Ganju 1989). It
represents an Early Cretaceous pericratonic composite failed rift system (Sengor
et al. 1978; Casshyap and Aslam 1992). This basin lies transversely to the west of
the Aravalli orogen (Early Proterozoic) and proximal to the Cambay Basin. The
western part of the Saurashtra Basin is not bounded by any major fault and the
southern WSW-ENE trending fault is an extension of Narmada geofracture. The
Saurashtra Basin gradually deepens towards west and is surrounded on three sides
by the Gulf of Kutch, Arabian Sea and Gulf of Cambay, whereas the Gujarat alluvial
plains extend to its north-eastern limit. The Precambrian basement of the basin forms
an ENE-WSW trending arch which plunges towards WSW direction.

3.4.2 Stratigraphy and Lithology

The Mesozoic rocks of Saurashtra Peninsula overlie the Early Proterozoic base-
ments and underlie the younger Deccan basalt (Casshyap and Aslam 1992). The
Mesozoic sequence of the exposed area has been classified into four formations in
ascending order, namely the Than (~125 m), Surajdeval (~175 m), Ranipat (~200 m)
and Wadhwan (>50 m) (Casshyap and Aslam 1992). The Than Formation consists
of an interbedded assemblage of sandstone, claystone, carbonaceous shale and
coal (Aslam 1992). The Surajdeval Formation consists of sand dominated facies,
heterolithc facies and sand matrix-supported conglomerate/pebbly (Khan et al. 2017).
The Ranipat Formation consists dominantly of subarkosic sandstones, interbedded
with thin shales and conglomerates (Aslam 1991; Khan et al. 2017). The upper-
most Wadhwan Formation consists of pebbly, coarse to medium sandstones and
mudstones with subordinate limestone (Cassyap and Aslam 1992). The paleocurrent
studies suggest that the Aravalli-Delhi highlands lying 200-300 km N to NE supplied
sediments for these rocks (Casshyap and Aslam 1992).

3.4.3 Fossil Content

The spores and pollen assemblage recovered from the samples from the Than
Formation indicate the presence of Pteriophytes, Lycopods, Gymnosperms, Cycades,
Angiosperms along with fragments of cuticles and wood, and shows that this flora is
of Lower Cretaceous age (Aslam 1992). Numerous trace fossils have been identified
from the Ranipat Formation associated with sandstone, siltstone and clay (Aslam
1991). The Wadhwan Formation consists lenses of fossiliferous limestone having
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abundant invertebrate body fossils (Casshyap and Aslam 1992). Thus, the sediments
of the Saurashtra Basin were deposited from Late Jurassic to Early Cretaceous.

4 The Paleogeography and Paleoposition of India

India, along with the continents of southern hemisphere, was part of the superconti-
nent Gondwanaland (Suess 1885), that existed as a single landmass since Cambrian
till its eventual break-up in phases during Jurassic-Early Cretaceous. India, Mada-
gascar, east Antarctica, western and northern Australia formed East Gondwana, while
South America and Africa were part of West Gondwana. These two were sutured
along the Neo-Proterozoic mobile belt of Arabia—Nubia—Ethiopia—Kenya—Mozam-
bique (Unrug 1996). The large area of exposed land, its symmetry about the equator,
the difference in the temperature between the land and water masses, the cross-
equatorial pressure gradient, and the relative positions of the exposed land and Tethys
created the paleogeographic conditions favourable to the formations of the Pangaean
mega-monsoon (Robinson 1973). No pre-Gondwana sedimentary record is preserved
in the entire interior part of Gondwanaland since unification (Mukhopadhay et al.
2010). In the Indian part, a phase of extension started in the Late Carboniferous/Early
Permian and lasted till the Early Jurassic, when four (major) discrete Gondwana
basins formed within the peninsula (Chakraborty et al. 2003).

According to the paleogeographic reconstructions during the start of Mesozoic
era, the Indian subcontinent was in a very different orientation from the modern
position. In the Early Triassic (237 Ma) epoch, the paleoposition of India was below
30° S latitude (Mcloughlin 2001; Scotese 2002; Kiessling et al. 2003; Golonka 2011).
The N-S of modern India was then oriented towards NE-SW. During the Late Triassic
period (Carnian to Rhaetian), the western end of the Indian subcontinent was at about
20°-25° S latitude and the eastern end was at about 45°-50° S (Kiessling et al. 2003;
Golonka 2007, 2011; Metcalfe 2013). During Early Jurassic, the western end was
near 15° S latitude and the eastern end was near 35°-40° S latitude. From Middle to
Late Jurassic, the paleoposition of the Indian subcontinent was around approximately
30° S latitude but shifted its orientation (Scotese et al. 1999; Scotese 2002; Kiessling
etal. 2003; Golonka 2007, 2011; Hall 2012). By the Early Cretaceous, oceans began
to separate the major fragments of Gondwanaland, with Indian subcontinent starting
to detach from Antarctica (joined along the eastern coast of modern India), Africa
(joined along the western coast of modern India), and Australia (joined along the
eastern land side of modern India) and drift northward (Scotese et al. 1999; Scotese
2002; Kiessling et al. 2003; Golonka 2011; Hall 2012). The E-W of modern India
was oriented towards approximately N-S direction during 145-135 Ma (Reeves and
de Wit 2000; Golonka 2011) but gradually rotated in anticlockwise direction with
time. By Late Cretaceous, the Indian plate had drifted northward with its northern
and southern ends (according to modern India) near the equator and 30° S latitudes,
respectively (Kiessling et al. 2003; Hall 2012).
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Gondwana began to break-up as the Indian Ocean opened up all along India’s
western margin during early Jurassic (with Madagascar as the connecting link
between India and Africa) that led to the extensive deposits of sediments along
the western coast. This included present-day offshore Bombay High area, Kathi-
awar and Kachchh and continued way up in Jaisalmer in India and Indus Basin,
Axial Belt and Baluchistan areas in Pakistan (Mukhopadhyay et al. 2010). A marine
transgression swept over the Horn of Africa during the initial break-up in the Early
Jurassic, covering Triassic planation surfaces with sandstone, limestone, shale, marls
and evaporites (Coltorti etal. 2007; Abbate et al. 2015). A schematic diagram showing
the paleoposition of India along with the different Gondwana basins has been shown
in Fig. 4.

5 Depositional Environments

This section presents depositional environments of different formations corre-
sponding to their basins. A correlation of the different Mesozoic formations discussed
is presented in Fig. 5. The Gondwana basins of India i.e. Pranhita-Godavari, Satpura,
Rewa and Damodar, essentially show deposition of fluvial sediments (Robinson
1967; Kutty et al. 1987; Kutty and Sengupta 1989; Veevers and Tewari 1995; Tewari
1995; Maulik et al. 2000; Ghosh et al. 2006, 2012; Mukherjee et al. 2012; Dasgupta
et al. 2017; Dasgupta and Ghosh 2018; Goswami et al. 2018; Bandyopadhyay and
Ray 2020). The PG Basin records the thickest succession of Mesozoic time. The
transition from the Kamthi Formation to Maleri Formation records changes in the
depositional environment from sinuous channels, fluvial channel-floodplain scenario,
to discontinuous ephemeral fluvial processes, accompanied by freshwater carbonate
precipitating environment/spring carbonates (King 1881; Kutty et al. 1987; Dasgupta
1993, 2018; Dasgupta et al. 2017; Dasgupta and Ghosh 2018). The considerably
thick Dharmaram Formation was deposited by fluvial channels while the carbon-
ates were of freshwater in origin. The Kota Formation was characterized by very
shallow water bodies where limestone-shale beds were deposited in a freshwater
environment (Goswami et al. 2018; Goswami and Ghosh 2020). Thus, the climatic
conditions also kept on changing from semi-arid to humid from Triassic to Jurassic
period. The large-scale cross-bedded sandstone beds of the Gangapur Formation were
deposited by high- velocity fluvial channels. The poorly exposed sediments of the
Chikiala Formation need further investigation for paleoenvironmental interpretation.

The Early to Middle Triassic deposits of the Satpura and Rewa basin are corre-
latable to the Kamthi, Yerrapalli and Bhimaram formations of the PG Basin. During
this time, the Satpura Basin recorded braided and anabranching river systems with
climate, changing from warm, sub-humid to semi-arid conditions, as evident from
the Pachmarhi and Denwa formations (Maulik et al. 2000; Ghosh et al. 2006, 2012).
Preliminary studies on the Pali and Karki formations (Rewa Basin) reveal the depo-
sition by braided river systems with fluctuation in depositional energy conditions
(Mukherjee et al. 2012). The Damodar Basin has a thick siliciclastic succession
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Fig. 4 Paleogeographic reconstruction of the position of Indian subcontinent along with the frag-
ments of the Gondwanaland: a Early Triassic (~251-220 Ma) b Late Triassic (~225-202 Ma) ¢ Early
Jurassic (~198-178 Ma) d Middle Jurassic (~178-163 Ma) e Late Jurassic (~163-145 Ma) f, g Early
Cretaceous (~135-95 Ma) h, i Late Cretaceous (~94-66 Ma) showing the different Gondwana basins
of India in grey shade (Paleopositions of India adapted from Scotese et al. 1999; Mcloughlin 2001;
Scotese 2002; Kiessling et al. 2003, Golonka 2007; Golonka 2011; Hall 2012; Gibbons et al. 2013)
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Fig. 5 Chronostratigraphic summary chart showing correlation among the Mesozoic formations
of the different Mesozoic basins of India (Kutty et al. 1987; Casshyap and Aslam 1992; Ghosh et al.
2001, 2012; Prakash 2008; Mukhopadhyay et al. 2010; Mukherjee et al. 2012; Dolson et al. 2015;
Alberti et al. 2017; Ghosh and Sengupta 2019; Chaudhuri et al. 2020a, b) (colour coded for type of
depositional system)

(~3 km thick) of fluvio-glacial, fluvial and lacustrine sediments, though vertebrate
fossils are known from only one horizon, the Early Triassic Panchet Formation (Gupta
2009). The Panchet fauna has been correlated with those of the Kamthi Formation
(PG Basin). The Late Triassic Tiki Formation (Rewa Basin) is correlatable with the
Maleri Formation (PG Basin) and represents the Triassic red-beds having seasonal
climatic conditions. Western India is almost devoid of Triassic deposits, unlike their
peninsular Gondwana sedimentary deposits, apart from Rhaetian early rift stage
deposit in the Kutch Basin (Biswas 2005).

The Early Jurassic fluvial sediments of the Lathi Formation (pre-rift Barmer
and Jaisalmer basins) in western India is comparable to the fluvial and fresh-
water derived sediments of the Dharmaram Formation (syn-rift PG Basin) of rela-
tively humid climatic condition. The Middle Jurassic freshwater derived carbon-
ates of the Kota Formation (PG Basin) are comparable to the upper Lathi Forma-
tion (Jaisalmer Basin). Bandyopadhyay and Ray (2020) have considered the Supra-
Panchets (Damodar Basin) to be age equivalent to the high flow regime fluvial deposit
of the Parsora Formation (Rewa Basin), hence of Middle Jurassic age. The pebbly
sandstone rich Supra-Panchets has been interpreted as a bed-load deposit of braided
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streams (Veevers and Tewari 1995). Similar shallow marine deposits, in the inner
to middle shelf, have been considered for the Jhurio (Middle Jurassic) and Jhumara
(Middle to Early Late Jurassic) formations of the Kutch Basin (Singh 1989; Fiirsich
et al. 1992, 2001; Krishna et al. 2000). The overlying Late Jurassic to Early Creta-
ceous Jhuran sediments deposited in outer to inner shelf environments (Arora et al.
2015, 2017). Thus, marine conditions dominated the Kutch Basin until Early Creta-
ceous. The deposition of Jaisalmer (marginal marine shelf condition), Baisakhi and
Bhadasar formations (shallow-marine deltaic set up) took place in the Jaisalmer Basin
from Middle to Late Jurassic age after marine transgression (Sharma and Pandey
2016; Alberti et al. 2017). The Mesozoic Saurashtra Basin recorded the deposi-
tion of the Than Formation (Early Late Jurassic) in a deltaic environment (Aslam
1992). A marginal shallow marine depositional condition has been considered for
the overlying Surajdeval (Late Jurassic) Formation (Khan et al. 2017).

The Cretaceous rock record started with the Gangapur Formation (PG Basin),
comparable with the sediments of the Bagra Formation (Satpura Basin). Bagra sedi-
ments were deposited by high gradient piedmont rivers with braided morphology,
subordinate mass flow deposits (Casshyap et al. 1993) in hot, semi-arid to arid
climate (Ghosh et al. 2012). The overlying sediments of the Jabalpur Formation were
emplaced in warm, moist, humid climatic conditions (Prakash 2008). The sediments
of Early Cretaceous Ghaggar-Hakra Formation were (Barmer Basin) deposited under
a pre-rift continental setting, essentially in a fluvio-lacustrine environment (Sisodia
et al. 2005; Dolson et al. 2015). Earlier researchers thought that sediments of the
Late Cretaceous Lameta Formation (Satpura Basin) were deposited under a fluvio-
lacustrine setting. However, recent studies suggest marginal marine depositional
condition (Saha et al. 2010; Dogra et al. 2010; Bansal et al. 2018). The deposition of
the Fatehgarh (Barmer Basin) sedimentary succession started from Late Cretaceous,
under a syn-rift fluvio-lacustrine continental setting (Bladon et al. 2015a; Dolson
et al. 2015). The absence of any marine fossils and the presence of terrestrial plant
fossils suggest that the Pariwar sediments (Jaisalmer Basin) were deposited mainly
under the continental setting. The Early Cretaceous Bhuj Formation (Kutch Basin)
represents a fluvio-marine sequence (Mandal et al. 2016; Bansal et al. 2017; Desai
and Biswas 2018). Simultaneously, marine transgression occurred throughout the
Jaisalmer Basin, during which Lower Goru (Late Early Cretaceous) sediments were
deposited in a marginal shallow marine condition followed by marginal marine shelf
sediments of Late Cretaceous Parh Formation (Dolson et al. 2015). The sediments of
Early Cretaceous Ranipat Formation (Saurashtra Basin) represent the deposition in a
marginal shallow marine condition, whereas the relatively thin sedimentary succes-
sion of the overlying Wadhwan Formation suggest deposition in estuaries and shoals
(Casshyap and Aslam 1992; Khan et al. 2017).
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6 Discussion and Conclusions

From the depositional environments (discussed in Sect. 5) of the PG Basin, it is
evident that the climatic condition gradually changed from semi-arid to humid in
the continental setting during the Mesozoic era and the sediments had been derived
from the Proterozoic rocks (siliciclastics and carbonates) flanking on either side of
the Gondwana deposits (Dasgupta et al. 2017). In the Triassic period, the Indian
subcontinent went through different phases of rifting. The Triassic formations of
the Satpura Basin were deposited in a warm, sub-humid to semi-arid climate. The
presence of nearly equal proportions of dravite and schorl (tourmaline varieties)
in the Triassic sandstones (Pachmarhi and Denwa formations) indicate mixing from
different source rocks that include granite and metasediments of the basement (Ghosh
etal. 2012). The Triassic formations of the Rewa and Damodar basins were deposited
under a semi-arid climate with seasonal rainfall conditions. Triassic red beds of
peninsular India comprising of the Maleri, Yerrapalli, Denwa and Tiki formations
from different basins can be globally comparable with formations of other Gondwana
continents, namely Brazil, Argentina, South Africa, Zambia, Tanzania, Namibia,
Madagascar, Western North America and Germanic basin (Kutty et al. 1987; Ray
2015).

The Jurassic Gondwana deposits of peninsular India of the PG Basin were
emplaced in a fluvial setting, relatively humid climatic condition in a freshwater
environment, while sediments of the Satpura Basin were deposited in hot, semi-arid
to arid climate, after a long hiatus since the middle Triassic deposits. The sediments
of the Rewa and Damodar basins were deposited after a long hiatus and emplaced by
a higher flow regime fluvial condition. The Early Jurassic sediments of the Barmer
and Jaisalmer basins were essentially deposited under fluvial and lacustrine environ-
ment. This was followed by a hiatus in the Barmer Basin, while marine transgression
in the Jaisalmer Basin gave rise to sedimentary deposits of shelf to shallow-marine
environmental conditions (see Sect. 5). The Jurassic sediments of the Kutch and
Saurashtra basins were essentially deposited under marginal shallow-marine envi-
ronment. Thus, marine conditions dominated in these basins. The climatic condition
during sedimentation in the Kutch Basin, fluctuated from semi-arid hot seasonal
droughts in the Middle Jurassic to subtropical humid with less prominent seasonal
droughts in the Late Jurassic period (Fiirsich et al. 2005; Alberti et al. 2012). Detailed
petrography and geochemistry of the Jurassic Kutch Basin reveal the predominance
of felsic source rocks, sediment recycling, as well as increasing tectonic stability of
the basin through time (Chaudhuri et al. 2020a, b, c, d).

The Cretaceous sedimentary deposits of the PG Basin were essentially fluvial.
The sediments of the Satpura Basin were emplaced in warm, moist, humid climatic
conditions. There is no evidence of Cretaceous deposits in Rewa and Damodar basins.
The Early and Late Cretaceous sediments of the Barmer Basin were essentially
fluvio-lacustrine in nature. The Cretaceous sediments of Kutch Basin were deposited
under fluvio-marine environmental conditions. The Early Cretaceous sediments of
the Jaisalmer Basin were deposited under a continental setting, which was followed
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by a marine transgression and the later sediments were deposited in a marginal
shallow marine to marginal marine conditions. The Early Cretaceous sediments of the
Saurashtra Basin were deposited under marginal marine conditions. Thus, the depo-
sitional environments and paleoclimatic conditions varied throughout the Mesozoic
era.

The Gondwana succession starts with the preservation of marine fossils followed
by coal deposits having plant remains. The Late Permian to Early Triassic aged
rocks shows herbivorous non-mammalian therapsids (land vertebrate). The Triassic
succession shows a change in the nature of fossils preserved mainly within red
mudrocks. Numerous fossils of fishes, amphibians, herbivorous non-mammalian
therapsids, reptiles as well as trace fossils occur at the bottom, while large plant
fossils appeared gradually. Aquatic, semi-aquatic, as well as moderate sized terres-
trial vertebrate fossils, reptiles, invertebrates, coprolites, ostracodes and plant fossils
were found in abundance in Late Triassic. Very large (<15 feet) petrified wood,
mainly tree trunks got preserved during the late Late Triassic to Early Jurassic.
As the lithology changed to Jurassic limestones, sediments got enriched with rich
fossils of large sauropod dinosaurs, flying reptiles, fishes, amphibians, ostracods,
estherids along with remains of mammalian fauna. The Jurassic and Early Creta-
ceous formations of western India show preservation of marine fossils that include
brachiopods, cephalopods, pelecypods, corals, ammonites Belemnites, pelecypods,
gastropods, echinoids along with trace fossils. Drastically, there was no fossils found
in Cretaceous sediments of Gondwana basins except types of plant fossils. Thus,
there has been an evolution with respect to flora and fauna, landscape and vegeta-
tion along with the change in lithologies. The nature of growth rings of the Mesozoic
woods was considered to understand the paleoclimate, suggesting a lesser seasonality
during Triassic period, seasonal and turbulent in Jurassic period, warm environments
with pronounced seasonality in Early Cretaceous period (Chinnappa and Rajanikant
2018).

Besides the above-mentioned major basins, partial records of the Mesozoic
succession are known from a few places. The Cambay Basin preserves Cretaceous
sediments deposited by alternating shallow-marine, brackish and deltaic environ-
ments (Mukherjee 1983; Tewari et al. 1995; Jaiswal et al. 2018). The Mesozoic
succession of the Spiti Basin is characterized by carbonates, sandstones and shale
containing poorly preserved Belemnites, brachiopods, pelecypods and ammonite
fauna, deposited in marine environment (Steck et al. 1998; Singh and Jain 2007,
Bhargava 2008). The Cretaceous sediments of the Cauvery Basin are composed of
shale, conglomerate, clay, sandstone, and limestone which deposited in a shallow
water environment (epicontinental sea) (Narasimha Chari et al. 1995; Ramkumar
et al. 2004; Watkinson et al. 2007; Banerjee et al. 2016; Keller et al. 2016; Nagendra
et al. 2018; Dasgupta 2019; Bansal et al. 2019b). There are reports of ammonites
from Gondwana plant beds at Terani claystones (Ramkumar et al. 2004). The Meso-
zoic sediments of the Rajmahal Basin are characterized by carbonaceous shale, sand-
stone, quartzitic grit deposited under fluvio-deltaic environment with ample evidence
of flora (Mukhopadhyay et al. 1986; Sakai 1989; Tripathi et al. 1990; Tiwari and
Tripathi 1992; Prasad and Pundir 2017). In the east coast of India, lies the Palar and
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Pennar basins. The Pennar Basin preserves thick Jurassic and Cretaceous sediments
comprising carbonaceous shale, sandstone, claystone and siltstone (Saxena et al.
2012). The Cretaceous sediments of the Palar Basin are characterized by shale, clay,
sandstone, ironstone, limestone and conglomerates, along with profuse Early Creta-
ceous plant fossils (Rajanikanth et al. 2010; Prakash et al. 2018). The Late Creta-
ceous Bagh Beds in the Narmada Basin are characterized by sandstones, nodular
and coralline limestones deposited under initial fluvial to a transgressive tide-wave
influenced estuarine and more open shallow marine settings (Bhattacharya and Jha
2014; Jha et al. 2017; Bansal et al. 2019a; Ruidas et al. 2020).

However, the interbasinal correlation is difficult at places because of the incom-
pleteness of data in some basins. The significance of this work in the context of
the current status of the different Mesozoic basins of India leads to the following
conclusions.

(a) Western continental marginal basins of India are almost devoid of Triassic
deposits.

(b) Long hiatus marks the boundary between Triassic and Jurassic deposits of the
Satpura, Rewa and Damodar basins.

(c) Although mostly fluvio-lacustrine sedimentation has been recorded in the
Gondwana basins, the climatic conditions changed from semi-arid to humid
from Triassic to Cretaceous period with several fluctuations.

(d) Global Triassic redbeds within a few Gondwana deposits are significant for
seasonal climatic conditions.

(e) Detailed studies on petrography, geochemistry and heavy minerals has only
been carried out for Kutch Basin and partially for the Satpura Basin, which are
yet to be carried out for other Mesozoic basins.

(f) The environmental interpretations of the Lameta Formation (Narmada Basin)
are controversial, although continental and marginal marine conditions are
inferred.

(g) Freshwater carbonates occur in the Gondwana deposits of peninsular India,
which needs further study for deciphering their origin and mechanism of
deposition.
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Abstract India offers a graceful natural laboratory for time traveling to the Creta-
ceous world. The present chapter attempts a review of Cretaceous geology from India
heading for its stance on evolution of basin, stratigraphy, sedimentation, climate,
volcanism, relative sea level, biogeography and mass extinction. It was the era when
India separated from the Gondwanaland next to the South Pole and initiated the
longest passage in a northward direction. Tectonic spurt and reformation steered the
geography of the island continent. Margins of the land got novel shape, new ocean
and bays opened up, coastlines were formed and new sedimentary basins developed
at the continental margins as well as in the interior part. Later, Gondwana sedimen-
tation was ceased. Relative sea level (RSL) was set to fluctuate at a similar pace to
global transgression and regression. Sediments were deposited on the east coast, west
coast, and offshore basins in response to the rise in RSL during Albian, Turonian and
Campanian. A Late Cretaceous transgression in central India came from the west. The
maximum fossil foraminifer diversity was in the late Cenomanian/earliest Turonian
and this time-interval is corresponding with the maximum sea-level recorded during
the Mesozoic. Apparently, a warm temperate humid palaeoclimate prevailed with a
tendency of increasing humidity at the end of the Cretaceous. The paleotemperature
graph was higher in Late Cretaceous too. India witnessed three renowned volcanic
episodes during this period: Rajmahal and Sylhet flood basalts in the eastern part and
Deccan volcanism in the western sector. India perhaps retained the biotic link with
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Africa via Madagascar and South America till Early Cretaceous. Terrestrial verte-
brates are found cosmopolitan with alack of evidence of endemism. Besides, diversity
prevailed in floral distribution pattern, as gymnosperm dominated and angiosperm
appeared. The Maastrichtian sections in India report the evolution of Gondwana
fauna in isolation on top of amalgamation of Laurasian taxa. The K-Pg boundary is
marked by a severe loss of fauna: the disappearance of dinosaurs, ammonites, flying
reptiles, scleractinian corals, belemnites and some groups of bivalves, gastropods
and echinoderms; acutely affecting calcareous planktons and reef invertebrates.

Keywords Cretaceous * India + Stratigraphy * Sedimentation - Climate -
Volcanism + RSL - Biogeography and Mass-Extinction

1 Background

Cretaceous (145-65 Ma), the longest period of the Phanerozoic, has always been
recognized as a fascinating chapter in the geological time scale. About 60% of the
Earth’s known hydrocarbon deposits are from the Mesozoic, particularly from the
Cretaceous (Naqvi 2005). Cretaceous was an exceptional episode of accelerated
break up of Pangaea, associating with numerous rift basins formation and volcanic
events (Follmi 2012). Cretaceous was unique for its warm and equable climate too
(Hay 2008). Tropical sea-surface temperatures were a few degrees higher (4-7 °C)
than current days, but polar waters were usually more than 20 °C warmer (Norris et al.
2002; Jenkyns et al. 2004). Meridional and ocean to continent temperature gradients
were weaker. The warmer climate was an indication of higher atmospheric levels
of greenhouse gasses (Hay 2008). Much of the Tethyan carbonates released a large
flux of CO; at the subduction zones triggering global warming (Kent and Muttoni
2008). Cerling (1991) estimated the atmospheric PCO, level being 2500 ppmV and
800-12,000 ppmV in the Early and Late Cretaceous, respectively. Cretaceous was
almost ice-free except the Early Cretaceous winters with cool temperate forests at
the poles (Scotese 2015). During the Late Cretaceous, the climate was definitely
warmer than today, with no enduring polar ice caps; the average annual temperatures
at the equator reached 38 °C (Chatterjee et al. 2017). It was a time of rapid seafloor
spreading and the formation of new epicontinental seas (<300 m deep). Late Creta-
ceous (94-64 Ma) witnessed the greatest inundation of continents since Ordovician
(Hancock and Kauffman 1979). Seas were calcitic with a much shallower calcite
compensation depth (CCD) with respect to the present day. Cretaceous is known
for ocean anoxic events, sedimentation of black-shale, ecological and evolutionary
biotic changes in the seas (Rodriguez-Tovar et al. 2009). The first appearance of
many Cretaceous life-forms played a key role in the impending Cenozoic world.
Perhaps the most important one, at least for terrestrial life, was the first appearance
of angiosperms. Seagrasses, recognized for persuading carbonate sedimentation, are
generally considered to have originated in the Tethys Ocean during the Late Creta-
ceous (Perry and Beavington-Penney 2005). The era is notable for the extensive
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growth of carbonate platforms, especially in and around the Tethyan Ocean (Schlager
and Philip 1990). These platforms were favored by the rudists for their prolific growth
and diversification (Gili et al. 1995). The first radiation of the diatoms took place in
the Cretaceous oceans. A significant high intensity of bioturbation is reflected from
the Cretaceous onwards.

2 Indian Context

Cretaceous was a period of intense tectonics placing India in a drifted position against
the context of global paleogeography. India was dismembered from Gondwanaland
and drifted northward as an island continent leading to many dramatic changes in
basinal configurations as a result of the closure of the Gondwana rift basins as well
as the emergence of new extensional structures and marginal reformation. New sedi-
mentary basins created and evolved. A set of linear fluvial to shallow marine basins
shaped east and northeast India at length. A basin opened along the present southern
margin of the Himalayas and several basins along the west coast. Marginal down-
warping of the southeastern coast of India led to the development of what is popularly
known as the “east coast Gondwana basins” (Raju et al. 1991). Overlying the Archean
Basement and isolated exposers of Upper Gondwana sediments within the Cauvery
Basin on the southeast coastline, the Cretaceous succession comprises diverse fossils
bearing carbonates, siliciclastics and mixed siliciclastic-carbonate sediments. On
the other hand, the Cretaceous sediments within the Kutch Basin on the west coast
are entirely siliciclastic. In the western part of Narmada Basin, vastly fossiliferous
deposits of Cenomanian-Turonian Bagh Beds grade upwards in the Maastrichtian
aged dinosaur eggshell-yielding sandy carbonates known as the Lameta Forma-
tion (Bose et al. 1986; Bansal et al. 2018). Central India witnessed a transgression
approaching from the west. The Cauvery Basin and the Shillong shelf (northeast
India), opened eastward while Kutch Basin opened towards the west (Acharyya
and Lahiri 1991; Mandal et al. 2016). Deposits of epicontinental seas occur in the
Jaisalmer region of Rajasthan confluent with the Sindhu Sea, traversing Pakistan,
and in the northeastern extremity of the Indian plate in Bengal, Assam and Megha-
laya (Sahni and Kumar 1974). Early Cretaceous sediments are also reported from the
Gondwana rift basins, which were sites of active deposition from Permian to Jurassic.
For example, in the Pranhita-Godavari graben (Gangapur Beds) and the Narmada
rift zone, marginal basins on the west coast (Umia Beds), Kutch and on the east
coast Athgarh Sandstone of Orissa. Early Cretaceous plant-bearing (Ptilophyllum
flora) Upper Gondwana sediments (Terani Formation) in Cauvery Basin occur as the
capping rock of the grabens during the waning and closing phase of Gondwana sedi-
mentation. Largely Fluvio-lacustrine condition prevailed during that terminal Gond-
wana sedimentation. During the Cretaceous, diverse tectono-sedimentary settings
ranged from active margins in a subduction zone-island arc collisional framework
operating along the northern (Himalayan) and eastern (Arakan-Yoma) boundaries,
extending to the Andaman-Nicobar Islands. Transgressions rushed along reactivated
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rifts with the gradual spreading of epicontinental seas in downwarped areas, including
continental plate margins. India subducted against Eurasia and Burma, forming island
arcs in the Tethys and Indo-Pacific Oceans, which retreated temporarily. Moreover,
eustatic changes throughout the period caused climatic and biotic changes. Three
major volcanic episodes, encompassing more than 10 Ma, took place in eastern
(Rajmabhal), northeastern (Sylhet) and western (Deccan) part of India.

In summary, Early Cretaceous marks the end of Gondwana sedimentation repre-
sented in the eastern and western peri-cratonic rift basins and partly along the
Narmada rift-zone (Biswas 1999). Whereas Late Cretaceous observed widespread
Deccan volcanism, the collision of Indian plate with the Eurasian and the Burmese-
Indonesian plates, rising of the Himalayas and closing of the Neo-Tethys Ocean
(Mukhopadhyay 2010). The end of the Cretaceous suffered the well-known K-
Pg (Cretaceous-Paleogene) erstwhile K-T (Cretaceous-Paleogene) mass-extinction
event. The UM Shorengkew section, Meghalaya, established based on plank-
tonic foraminiferal biostratigraphy, is reported with an iridium anomaly across the
Cretaceous-Paleogene boundary section (Bhandari et al. 1987).

The present review article aims to revisit India during the Cretaceous for pale-
ogeography, sedimentation, climate, sea-level, volcanism, biogeography and K-Pg
mass-extinction with updated research data from peninsular, extra-peninsular and
coastal part, with a focus on Cauvery Basin (southern India), Kutch Basin (western
India) and Narmada Basin (central India). Authors anticipate this attempt would help
in understanding the comprehensive status of the Indian sub-continent in the global
backdrop during the final segment of the Mesozoic era.

3 Tectonic Orientation of Indian Plate During Cretaceous

The tectonic evolution of the Indian plate represents the longest journey of all
drifting continents, about 9000 km in 160 million years (Chatterjee and Scotese
2010), with a sudden acceleration during Cretaceous (20 cm/year during latest
Cretaceous at the K-Pg boundary which is maximum of the entire voyage; Chat-
terjee et al. 2017). The view of the Early Cretaceous paleogeography is: three
large continental blocks- North America—Eurasia, South America—Antarctica-India-
Madagascar-Australia, and Africa; a large open Pacific Basin; a wide eastern Tethys;
and a circum-African Seaway extending from the western Tethys (“Mediterranean”)
region through the North and South Atlantic into the juvenile Indian Ocean between
Madagascar-India and Africa (Hay et al. 1999). During the Early Cretaceous center
of the Indian subcontinent was situated at 40°S and was rotated 90° clockwise with
respect to the present orientation (Powell et al. 1988). In other words, India’s present
N-S dimension was oriented 30°—40° eastward (Hallam 1973; Markl 1974; Smith and
Briden 1977; Larson 1977; Krishna 1987). The major tectonic detachment (complete)
of India from the Gondwanaland was initiated rapidly. It was the second phase of
Gondwana breakup history (~130 Ma); when east and west Gondwana separated into
two nearly equal halves. In East Gondwana, the “Greater India” sub-continent rifted
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away from the western margin of Australia, opening the central Indian Ocean from
northeast to southwest by the first phase of seafloor spreading. This well-recognised
rifting-volcanism event carved the eastern margin of India, creating the modern
coastline (Hay et al. 1981; Khan et al. 2009). India—Sri Lanka rift might be contem-
poraneous with the separation of India from East Antarctica (Katz 1978; Desa et al.
2006). Apparently, it was a failed rift that was aborted around ~125 Ma. In the third
phase of the Gondwana breakup, starting in Late Cretaceous time (118-84 Ma),
India drifted away from Madagascar (~90 Ma) with the spreading of the Central
Indian Ridge (CIR) and began to drift northward. Therefore, subduction necessarily
began to take place between India and Asia to accommodate the northward journey
of the Indian plate. Subduction of the Indian plate beneath the Indus Trench would
give rise to the Kohistan—Ladakh (KL) oceanic Arc during the Late Cretaceous
(Tahirkheli 1979). Combined evidence from geochronology, paleomagnetism, tomo-
graphic imaging, and paleontology along the Makran—Indus Suture Zone suggests
that India first collided with the Kohistan—Ladakh Arc during the Late Cretaceous.
The initial rifting and separation of India from the combined Australia-Antarctica
continent took over 30 Ma to produce oceanic crust in the Bay of Bengal and the
thinly stretched continental crust subsided to make the basement of the continental
shelf. The failed third arm of aulacogen on the eastern passive margin of India acted
as loci of paralic-deltaic sedimentation. The western margin of India was finally
carved during the late Maastrichtian Deccan volcanism and rifting events, resulting
in major hiatus in marine sedimentation at K-Pg boundary. Epicontinental sea of
Tethyan margin producing basins of Kutch and Jaisalmer contain deltaic-estuarine
sediments, signifying regressive facies, whereas sediment packages of east-coast
basins were formed during transgressive phase (Jafar 1996).

4 Cretaceous Sedimentary Basins in India

The Cretaceous Period is represented by widely divergent sediments deposited in the
different parts of India, both from outcrop and subsurface. They are widely distributed
in the peninsular shield as well as confined to narrow linear belts in the Himalayas.
The heterogeneous nature of Cretaceous deposits suggests the prevalence of highly
diversified physical conditions in India at the time of their formation (Biswas 1999).
Cretaceous rocks are widely preserved within three prime domains of India; the extra
peninsula, peninsula and coastal areas (Fig. 1). South India has the best continuous
exposure both on the outcrop as well as in the subsurface. Near-complete successions
are also reported from Kutch, Meghalaya and NW Himalaya (Mukhopadhyay 2010).

Western and eastern continental margins have continental and offshore deposits.
For example, the Cauvery, Palar, Krishna-Godavari, Pranhita-Godavari, Mahanadi
basins were formed along the eastern continental margin of the Indian craton when
India split away from Australia and Antarctica. Similarly, Kutch, Jaisalmer, Bombay
offshore basins are all along the western margin of the Indian subcontinent. All
along the periphery of the Indian landmass, deposits are found along different zones.
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The Late Cretaceous terrestrial sedimentary deposits occur in two distinctly separate
depositional and geographical settings in peninsular India. Besides Cauvery Basin,
south India, continental Late Cretaceous sedimentary beds are known to occur in
association with the lava flows of Deccan volcanism in central and western India.



Cretaceous Deposits of India: A Review 45

4.1 Southern Indian (East—Coast) Basins

Rifting of Gondwanaland during the Mesozoic resulted in the formation of several
NE-SW trending basins in the Indian Precambrian crystalline basement along India’s
east coast (Katz 1978; Li and Powell 2001; Parson and Evans 2005). These newborn
Mesozoic basins cut across the NW-trending Permian-Triassic Gondwana grabens
(Sastrietal. 1981; Lal et al. 2009). This early extensional faulting during late Jurassic
to earliest Cretaceous was followed by a progressive rift that seems to have continued
until the end of the Turonian (Watkinson et al. 2007). Barremian to Maastrichtian
sediments, along the east coast of South India, are distributed in detached outcrops
(basins) parallel to the shoreline from the Gulf of Mannar to Mahanadi Basin. Creta-
ceous rocks of these basins are often covered by Paleogene sediments. However, the
accessible outcrop and subsurface data indicate that these basins are block faulted
with several narrow, longitudinal horsts and grabens (Sastri et al. 1981). The coastal
areas of Cauvery, Palar, Krishna-Godavari Basin are recognized with Barremian-
Aptian Upper Gondwana beds characterized by Ptilophyllum flora (Venkatachala
1977; Bose et al. 1990; Rajanikanth et al. 2000).

4.1.1 Cauvery Basin (Tamil Nadu-Pondicherry)

The Cauvery Basin is located in the southeastern part of the Indian peninsula between
the latitudes 8°30'N and 12°30'N and longitudes 78°30'E and 80°30'E (Fig. 2a). It
encompasses an area of about 25,000 km?2 on land and 30,000 km? offshore up
to the 200 m isobaths between Pondicherry to the north and Ramanathapuram to
the south and extends into the Bay of Bengal and the Gulf of Mannar (Prabhakar
and Zutshi 1993; Narasimha Chari et al. 1995). The basin constitutes the south-
ernmost sedimentary basin along the east coast of India (Fig. 2a). Cauvery Basin
formed in relation to Late Jurassic-Early Cretaceous fragmentation of Gondwana-
land (Powell et al. 1988). It is a NE-SW trending, pericratonic rift basin having a
linear geometry with a high length (400 km) to breadth (170 km) ratio (Narasimha
Chari et al. 1995). Both the margins of the basin are bounded by basin margin faults.
The basin forms a high angle with the east coast margin of India and is underlain
by continental crust, which has undergone a tilting during the India-Antarctica frag-
mentation (Narasimha Chari et al. 1995). The extension was initiated in a NW-SE
direction, resulting in rifting along a preexisting older Precambrian lineament (Proto
Boundary Fault, PBF) between India and Sri Lanka connecting three triple junction
points (Burke and Dewey 1973). The basement faults are generally of the gravity type
with a listric character. The horst-graben basin architecture results from normal faults
trending parallel to the Precambrian Eastern Ghat trend (NNE-SSW). WNW-ESE
and WSW-ENE trending conjugate normal faults further subdivided the Cauvery
Basin into multiple sub-basins/grabens/depressions (Fig. 2b; Ramanathan 1968;
Sastri et al. 1981). Cretaceous outcrops are mainly exposed in the limestone quarry,
pits, and stream sections. Within the Ariyalur-Pondicherry sub-basin there are three
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major Mesozoic-Cenozoic outcrops at Pondicherry, Vridhachalam and Ariyalur, as
followed from north to southwest (Fig. 2¢c; Sastry and Rao 1964; Sastri et al. 1981).
Among them, the Cretaceous outcrops exposed at the vicinity of Ariyalur district
elucidating the Cretaceous geological history (Fig. 2d). Besides, Late Cretaceous
outcrop within Cauvery Basin is exposed at Vridhachalam and Pondicherry areas.
The research was initiated on the stratigraphy of Cauvery Basin during the mid-
nineteen century. Blanford (1862), Stoliczka (1871) and Kossmat (1897) were the
pioneers to propose the geological frame work, stratal architecture and stratigraph-
ical classification of Cretaceous rocks of Cauvery Basin in early 1862. After that,
various workers (Tewari and Srivastava 1965; Banerji 1973; Banerji and Sastri 1979;
Sundaram and Rao 1979, 1986; Banerji 1982; Chiplonkar 1985; Ramasamy and
Banerji 1991) have established major lithostratigraphic units for the Cretaceous
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succession in the Cauvery Basin. Foraminifera (Sastry et al. 1968; Banerji 1973;
Narayanan 1977; Govindan et al. 1996; Hart et al. 2001), ammonites (Ayyasami
and Banerji 1984; Chiplonkar 1985; Ayyasami 1990) and nannofossils (Kale and
Phansalkar 1992) have been used for the biostratigraphic zonation and the age deter-
mination of these rocks, the majority of which have been published in the Indian
literature (some of which can be quite difficult to access). Opinions, in general,
amongst the workers vary and a majority of the workers proposed new terms without
considering other work. An excess of stratigraphic terms and variable age for the
same deposit and continuous use of them in the literature thus generate unnecessary
confusion and problem in proper correlation. An approach for a more comprehen-
sive lithostratigraphic classification of these rocks was taken by Sundaram and Rao
(1986). Ramasamy and Banerji (1991) attempted a formal definition of lithological
characteristics with reference to type localities/sections, though limited to the mid-
Cretaceous succession. Tewari et al. (1996) proposed a revised lithostratigraphy for
the Cretaceous succession in the Cauvery Basin (Table 1), followed by Watkinson
et al. (2007) and Nagendra et al. (2018). However, there is still some scope for
lithostratigraphic amendment, discussed in the following sections (Fig. 3).

The Cretaceous—Early Paleocene succession is exposed in the Ariyalur—
Pondicherry depression of Cauvery Basin exposed in ca.1200 km? in Ariyalur and
Perambalur district of Tamilnadu (Sastry and Rao 1964). Resting on Archean Base-
ment in isolated pockets along the western margin of the basin, rocks of the Basal
Siliciclastic Formation (Upper Gondwana equivalent) comprises the initial filling of
the Cauvery Basin (Banerji 1973, 1982; Tewari et al. 1996; Chakraborty et al. 2017).
Within this formation, scree-alluvial fan and channel amalgamation are restricted
at the basin-margin while flood-plain presides over in the interior. These non-
marine sediments (Barremian-Aptian) are exposed along the faulted block against
the Archean basement and are overlain by the marine Uttatur Group, which is fossil-
iferous. The stratal pattern of fluvial-to-marine transition surface records a sequence
boundary (Fig. 4a). The Albian to Coniacian sediments of Uttatur Group are clas-
sified into three formations from base to top: Dalmiapuram (shallow water), Karai
Shale (offshore) and Garudamangalam Sandstone (marginal marine) with gradational
transitions in between them and bounded by an unconformity at the top. However,
both the Dalmiapuram and Karai formations show direct contact with the Archean
basement in outcrop (Chakraborty and Sarkar 2018; Chakraborty et al. 2018a). The
Basal Siliciclastic Formation is terrestrial in origin. Upper Gondwana plant fossils
viz. Ptillophyllum acutifolium, P. cutchense, Taeniopteris spatulata, Taeniopteris
sp., T. lata, Dioctyozamites sp., Sphenopteris sp., Cladophlebis indica, Elatocladus
plana, E. conferta, Ginkgoites cf. rajmahalensis etc. are reported from this formation
(Ramasamy and Banerji 1991). The depositional contextual shifted from continental
to marine during Albian on the advent of first marine transgression along the Creta-
ceous eastern coast of India. A carbonate (non-rimmed) ramp platform, evolving from
homoclinal to distally steepened, shaped the pre-fall shelf by depositing carbonates
(Dalmiapuram Formation) while organic-rich glauconite, phosphate nodule bearing
shale (Karai Shale Formation) settled in the basin center. Present authors find it irra-
tional to divide the Karai Shale into two members, viz. Odhyium and Kunnam.
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Table 1 Lithostratigraphic classification for the Cretaceous succession in the Cauvery Basin
proposed by Tewari et al. (1996)
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Further, it is necessary to place an unconformity between the Karai Shale and
the Garudamangalam Sandstone and assign the Kulakkalnattam Sandstone and the
Anaipadi Sandstone two members of Garudamangalam Sandstone Formation. It is
also odd to allocate the Garudamangalam Sandstone Formation as Trichinopoly
Group (Chakraborty 2016). Dalmiapuram limestone to Karai Shale transition is
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transgressive within a syn-rift tectonic regime. Basin attained its maximum depth
during Karai Shale sedimentation and experienced maximum flooding. After that,
the basin gradually became shallower and switched to the post-rift system. Karai
shale to Garudamangalam Sandstone transitional is distinctly shallowing upward
(Fig. 4b). Deposition of Mixed siliciclastic-carbonate Garudamangalam Sandstone
took place in the nearshore zone in the presence of a shore-parallel river-mouth bar.
The Garudamangalam Sandstone is regressive in character and represents highstand
systems tract (Chakraborty et al. 2018b; Sarkar et al. 2014). The contact between the
Uttatur Group and the overlying Ariyalur Group is marked by an important hiatus
(Sundaram et al. 2001; Watkinson et al. 2007; Nagendra et al. 2011a, b). Ariyalur
Group (Campanian-Maastrichtian) is of mixed lithology with abundant fossils. It is
sub-divided into three formations: from base to top, they are Sillakkudi Sandstone,
Kallankuruchchi Limestone and Kallamedu Sandstone. The base of Sillakudi shows
transgressive nature while its upper part may be of deeper shelf origin (Govindan et al.
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Fig. 4 Field photographs of the Cauvery Basin showing a fluvial (Basal Siliciclastic Formation)-
to-marine (Dalmiapuram Formation) transition surface recording a sequence boundary; b Distinctly
shallowing upward nature of the transition from the Karai Shale to the Garudamangalam Sandstone
within the Uttatur Group; ¢ Kallar conglomerate occurring at the base of the Kallankurichchi
Limestone Formation of Ariyalur Group displaying character of transgressive lag

1996; Tewari et al. 1996). At the top of the Sillakkudi Sandstone Formation there is
a marked erosion surface and the base of the Kallankurichchi Limestone Formation
displays a basal conglomerate (Kallar conglomerate) (Fig. 4c). Maximum flooding
is attained again within the Kallankurichchi limestone. The Kallamedu Sandstone
is terrestrial (fluvial) and regressive (Watkinson et al. 2007). A major unconfor-
mity separates the Cretaceous sequence from Early Paleocene sediments (Niniyur
Formation; Danian age).
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4.1.2 Palar Basin (Tamil Nadu)

The Palar Basin in Tamil Nadu covers an area of about 18,300 km? and it is extending
up to Andhra Pradesh and Karnataka. The Cretaceous succession within the basin is
represented by the Upper Gondwana sequence comprising Sriperumbudur Formation
(Early Cretaceous) followed by Satyavedu Sandstone beds (Late Cretaceous). The
Sriperumbudur Formation is characterized by arenaceous and argillaceous rock units
comprising splintery green shale, clays and sandstones with plant fossils, ironstone
and limestone intercalations, while Satyavedu beds are composed of boulder beds,
conglomeratic or fine sandstone (Rajanikanth et al. 2010). Acharyya and Lahiri
(1991) observed that the floral and faunal assemblage is very similar to those from
the Sivaganga Formation (Chakraborty et al. 2017) of the Cauvery Basin.

4.1.3 Krishna—Godavari Basin (Andra Pradesh)

The Krishna—Godavari (KG) Basin, covering coastal areas of Andra Pradesh and
extending into the Bay of Bengal, has received much attention in recent times,
being one of the most significant petroliferous basins of India, occupying an area of
28,000 km? on shore and 24,000-49,000 km? off shore. The basin has been classified
as a major intra-cratonic rift within the Gondwanaland until the Early Jurassic period
and it later transformed into peri—cratonic rift basin (Biswas 1993). It consists of NE-
SW trending horst and grabens (Prasad and Jain 1994). The early marine incursion
during late Barremian-earliest Aptian in the KG Basin compared to Albian age in
Cauvery Basin suggests the opening of the east coast from north to south (Mishra et al.
2020). The Cretaceous succession within this basin comprises the lithounits, namely
Gollapali Formation, Raghavapuram Shale, Tirupati Sandstone, Dudukur Limestone
and Deccan traps and intertrappeans (Prasad and Pundir 1999). Marine excursion
occurred during the deposition of Raghavpuram Shale. Foraminiferal record indi-
cates deep open marine conditions during Aptian-Albian (Raju et al. 1993). Largely,
a shallow marginal marine-marine environment is interpreted for the Cretaceous
succession within the basin (Prasad and Pundir 1999).

4.1.4 Pranhita—Godavari Basin (Telangana)

The Pranhita—Godavari Basin (PG) is one of the largest Gondwana basins in India,
embodying an almost complete succession of Gondwana rocks. The sedimentation
took place during and next repeated rift activity. These sediments are exposed in
and around the village Gangapur (19°16’N; 79°26'E) in Adilabad District, Telan-
gana, India. The Cretaceous succession is represented by Chikiala Group comprising
Gangapur and Chikiala formations in Central Godavari Valley and Gollapali Forma-
tion, Raghavapuram Shale, Tirupati Sandstone in the coastal Godavari Valley
(Sengupta 2003). Sedimentological and faunal evidence indicate the following:
marginal marine inundation during deposition of the basal Gollapilli Sandstone in
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the coastal Godavari area, deposition of Raghavapuram Mudstone in a large embay-
ment, environmental fluctuation from ‘deep central bay, neritic to open gulf type’,
the reestablishment of a continental environment depositing the Tirupati Sandstone
(Baksi 1977).

4.1.5 Mahanadi Basin (Orissa)

The Mahanadi Basin, evolved during rifting and breakup of Gondwana Land, covers
a total area of 55,000 km?Z, out of which about 14,000 km? lies in the shallow offshore
area. Tectonically, Mahanadi graben represents a failed arm (aulacogen) of linked
triple rift junctions related to the Gondwana breakup. The Cretaceous succession
within this basin is represented by Athgarh Sandstone, trap basalts and intertrappeans
(black carbonaceous shale, claystone interbeds). The Athgarh sub-basin is exposed
to the north, northwest and southwest of Cuttack and Bhubaneswar city and covers
an area of about 800 km? in the districts of Cuttack and Khurda with an estimated
thickness of 400 m (Kumar and Bhandari 1973) is exposed to the north northwest and
southeast of Cuttack and Bhubaneswar covering an area of about 800 km?. The Oldest
exposed sediments in onshore part of Mahanadi Basin belong to Athgarh Sandstone
Formation of late Jurassic age. These sediments, directly unconformably overlying
the Precambrian basement (Eastern Ghat granulites) along the western basin margin,
comprise conglomerate, pebbly sandstone with intercalation of carbonaceous shale
and clay. These sediments have been inferred to be deposited under fluvial conditions
(Goswami et al. 2010). The Athgarh Sandstone contains a mega floral assemblage
of Upper Gondwana affinity (Acharyya and Lahiri 1991; Goswami et al. 2010).

4.2 Western Indian Basins

4.2.1 Kutch Basin (Gujarat)

The Kutch Basin is situated in the westernmost part of the Indian subcontinent
within Kutch district, Gujarat (22°305'N-24°30'N and 68°E-71°23'E). It is a peri-
cratonic rift basin, initiated as a consequence of Gondwanaland breakup during the
late Triassic and possesses ~3000 m thick sediments ranging in age from the Late
Triassic to Early Cretaceous spreading over around 45,600 Km? (Biswas 1977, 1981,
1991). The Mesozoic sedimentary succession of this basin is underlain and overlain
by the Precambrian Basement and the Deccan Traps (Late Cretaceous—Early Paleo-
gene), respectively. However, in the northeastern and eastern part of the Mainland,
the Mesozoic sediments are unconformably overlain by the Paleogene sediments
(Biswas 1977) and at places by alluvium. The Mesozoic sediments outcrop in Kutch
Mainland Uplift (KMU) defined by three east-west trending fault-bounded anti-
clinal ranges and in an isolated area at Wagad Uplift (WU). Apart from the Main-
land the Mesozoic exposures, observed in four isolated landmasses viz. Pachchham
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Uplift (PU), Khadir Uplift (KU), Bela Uplift (BU) and Chorad Uplift (CU), are
surrounded by vast plains remaining submerged under water during monsoon and
hence have been described as “islands” (Fig. 5; Biswas 1987, 2005). The Kateser
Member (topmost unit of the Jhuran Formation) and Bhuj Formation (topmost unit
of Mesozoic-Group) represent the Cretaceous sediments of the Kutch Basin (Biswas
1977). Good exposers of the Katesar Member are reached in the northwestern part
of the Kutch Mainland; the river section exposed in the south of Sahera (23°47'15":
68°55'45") being designated as the type section. The Bhuj Formation is very well
exposed from Ghuneri (East) to Bachau (West) within Kutch Mainland (Fig. 5). The
Rukmawati River section (from 23°06'44”N; 69°26'43"E (~7 km east of Dahisara)
comprising an almost complete succession, is the type section for Bhuj Formation
(Biswas 1977). The geology of Kutch has been investigated by geoscientists for sedi-
mentology, paleontology, ichnology, sediment geochemistry etc. (Howard and Singh
1985; Shukla and Singh 1990; Singh and Shukla 1991; Fiirsich and Pandey 2003;
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Fig.5 Structural map of the Kutch Basin showing five major E-W trending faults (NPF, IBF, SWEF,
KMF and NKF) having major control on basin geomorphology (after Biswas 2005)



54 N. Chakraborty et al.

Desai 2013; Arora et al. 2015, 2017; Mandal 2017; Bansal et al. 2017; Chaudhuri
etal. 2018, 2020a, b, c, d; Sarkar and Koner 2020; Banerjee et al. 2020). This basin,
due to its hydrocarbon potential, has sought attention from oil scientists too (Biswas
1977, 1981, 1991).

The Kutch Basin formed as a segment of an embayment extending from the
southern margin of Tethys to the SE direction during the Jurassic Period. The basin
evolved as a result of successive rifting and recurrent movements along Precambrian
tectonic trends. Following the separation from the Gondwanaland in the Late Triassic-
Early Jurassic time, the basin opened up (responding to block subsidence) during
the early stages of India’s northward drift away from Gondwanaland (Biswas 1982,
1987, 1991). The graben was entirely covered by marine sediments during Middle
Jurassic and sedimentation completed by Early Cretaceous (Biswas 1987). The basin
is characterized by highlands, which are the areas of uplift and the plains (Biswas
1977). The uplifted parts are oriented E-W along five principal faults named as
Nagar Parkar Fault (NPF), Island Belt Fault (IBF), South Wagad Fault (SWF), Kutch
Mainland Fault (KMF) and North Kathiawar Fault (NKF) (Fig. 5; Biswas 1987).
The basin platform dips (depositional slope) towards the southwest, the direction in
which the embayment opens up. The platform topography was controlled by N-S-
oriented Median High across parallel fault ridges demarcating the hinge zone passing
through the central part of the basin and showing a perpendicular relationship with
the depositional axis. The Precambrian terrain now exposed in Rajasthan, Gujarat
and Pakistan defines the margins of the basin (Biswas 1987).

Stratigraphy of Kutch Basin had been addressed since long back (Wynne 1872;
Waagen 1875; Spath 1924, 1927-33; Rajnath 1932; Pascoe 1959; Biswas 1977, 1981,
1991; Krishna 1987). Initially, Kutch sediments were sub-divided into two parts:
lower marine unit (Early Jurassic) and upper non-marine unit (late Jurassic) based
on lithostratigraphy with no identification of the Cretaceous rocks separately (Wynne
1872). Based on mineralogical and paleontological characteristics, Stoliczka (unpub-
lished) proposed first four-fold classification for the Jurassic sediments comprising
Patcham, Chari, Katrol and Umia “Groups” from base to top. Later Waagen (1875)
accepted the four-fold classification scheme and further emphasized it by demar-
cating those units as ‘ammonite assemblage zones’ and assigned their ages (Patcham
Group-Bathonian, Chari and Early Katrol Group-Oxfordian, Upper Katrol Group-
Kimmeridgian and Umia Group-Tithonian). This classification scheme was followed
by several paleontologists (Table 2, Fig. 6; Spath 1924, 1927-33; Rajnath 1932;
Pascoe 1959; Krishna 1987). The pioneer workers among them was Spath (1924,
1927-33), subdividing those units into ammonite zones: Macrocephalus “Beds”,
Rehmani “Beds”, and Anceps “Beds” etc. Later, Rajnath (1932) described 26 beds
from Chari and Patcham series, redefined Umia Series and introduced a fifth unit
by naming Bhuj Series, placing it on top of Umia. The “Middle Cretaceous” Bhuj
“Stage” was introduced and characterized by non-marine deposit bearing plant fossils
by Rajnath (1932) and adopted by many workers with minor modifications. Later,
Krishna (1987) re-introduced the earlier four-fold classification, including Rajnath’s
Bhuj Series as ‘Bhuj Member’ within Umia Formation (Table 2). Mitra and Ghosh
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Table 2 Lithostratigraphic classification of Mesozoic of Kutch (based on Spath 1927-33; Rajnath
1932; Krishna 1987)

Age Spath Rajnath Krishna (1987)
(1927-33) (1932)
Upper Tithonian | Not Bhuj series | Umia Bhuj Mainly
to Upper Albian | recognized Formation Member sandstone
Umia series Ukra Mainly shale
Member and sandstone
with oolites and
glauconites
Ghuneri Mainly
Member sandstones and
shale
alternations
Umia series Umia Mainly marls
Member with oolites and
glauconites
Kimmeridgian to | Katrol series | Katrol series | Katrol Mainly sandstone above and
Upper Tithonian Formation shales below
Upper Bathonian | Chari series | Chari series | Chari Mainly shales with hard
to Oxfordian Formation ooliticlimestones bands
Bajocian to Patcham Patcham Patcham
Upper Bathonian | series series Formation
Lt. Upper Not Not Unnamed Mainly sandstone and
Triassic to recognized | recognized | unit limestones with shale
Lower Jurassic interbeds (max. limestone in
this unit)
Mainly sandstone

Precambrian basements

(1964) published a biostratigraphic map based on Waagen (1875) considering assem-
blage zones, instead of ammonite index fossil. Biswas (1971, 1977) introduced the
first lithostratigraphic classification (considering the international code for strati-
graphic classification—1972) with full description and intra-basinal correlation. This
classification proposed four formations within Kutch Mainland, formally named as
Jhurio, Jumara, Jhuran and Bhuyj in ascending order (Fig. 6). Moreover, the Bhuj
Formation, exclusively exposed within Kutch Mainland, is sub-divided into three
members: Ghuneri/Lower Member, Ukra Member and Upper Member. Ukra Member
laterally pinches out towards the eastern part of the basin, where the Lower Member
is directly overlain by the Upper Member (Fig. 6).

The Katesar Member (uppermost unit of Jhuran Formation) consists of greenish-
grey to yellow, internally massive to cross-bedded sandstone with minor intercalation
of shales and fossiliferous hard calcareous bands of lenticular shape (Biswas 1977).
The Katesar member, identified as delta front sequence, is preserved only in the NW
part of Kutch Mainland (Biswas 1977). Maine body fossils like Trigonia and Astarte
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Fig. 6 Lithostratigraphic classification for the Mesozoic succession in the Kutch Basin proposed
by Biswas (1971, 1977)

are preserved within a band near the top of this member (just beside the village Umia),
demarcating the contact with the overlying Bhuj Formation (Biswas 1977). The pale-
ogeographic information regarding the Bhuj Formation is scanty and sketchy. The
Bhuj Formation is dominantly composed of sandstone, subordinate shale and rarely
extra-clastic conglomerate (confined almost exclusively to its unconformable base).
The Bhuj Formation overlies a markedly incised unconformity on top of the Jhuran
Formation (Fig. 7a) and is, in turn, overlain by the Deccan trap and/or the Paleogene
rocks (Fig. 7b; Biswas 1977). Bhuj Formation was deposited in a fluvial environment
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Fig. 7 Field photographs of Kutch Basin showing a Jhuran Formation disconformably overlain
by the Bhuj Formation. Note the irregular contact between them (red solid line), very sharp every-
where and often deeply incised (maximum incision depth 8 m for scale); b The Bhuj Formation
unconformably overlain by the Deccan trap (marked by red line)

mostly, except in the western part of its inland exposure (Biswas 1977, 1981, 1991;
Bose et al. 1986, 1988). Several researchers considered the Formation entirely of
marine origin based on nano fossils assemblages, trace fossils and sedimentary struc-
tures (Howard and Singh 1985; Shukla and Singh 1990). On the other hand, Biswas
(1977, 1981, 1991) and Mahender (2012) recognized two fluvial intervals within the
Bhuj Formation. Mandal et al. (2016) and Sarkar and Koner (2020), however, identi-
fied both marine and fluvial deposits within the Bhuj Formation. The Aptian marine
incursion (following the deposition of Lower Member of Bhuj Formation) inundated
the Kutch Mainland, not only its western part but also the vast area of the Kutch
Mainland (up to Nadapa, 30 km NW from Bhuj). This marine interval at top of the
Lower Member/Ukra Member, separated two fluvial deposits reported from the base
of the Lower Member and the Upper Member (Mandal et al. 2016; Mandal 2017). In
the easternmost part of the basin, the two fluvial units are juxtaposed to each other as
the marine interval pinched out towards the east. From the fluvial architectural study,
it has been concluded that the lower fluvial unit bears more meandering component
than the upper fluvial (Mandal et al. 2016). The marine unit, along the paleo shore-
line, comprises a beach-shoreface complex, a tidal delta complex and an estuary
complex with tributary fluvial inputs (Mandal et al. 2016; Mandal 2017). Abundant
marine body fossils like ammonites and pelycypods are reported from Ghuneri (NW
of the Mainland) and restricted within the Ukra member (Biswas 1977). Continuous
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Mesozoic sedimentation is terminated by Deccan lava flow at the end of Albian
(Biswas 1977).

4.2.2 Jaisalmer-Barmer Basin (Rajasthan)

Jaisalmer basin is a pericratonic basin that deepens to southwest and lies on north-
western slope of Jaisalmer Mari basement arch. The basin is characterized by the
eastern shelf part of the large Indus basin with a thick sedimentary sequence. The
outcrop sections are similar to those of the Kutch shelf (Acharyya and Lahiri 1991).
Among the Mesozoic rocks exposed in Jaisalmer Basin, sediments are represented
by Pariwar, Habur, Goru and Parh formations. Pariwar Formation, unconformably
underlain by the marine Bhadasar Formation of Tithonian age, is characterized by
calcareous, glauconitic and arkosic sandstone, siltstone and clay. The overlying
Habur Formation is composed dominantly of calcareous sandstone, limestone, sandy
marl and marl bands with interfingering coquina beds (Dasgupta 1975). Goru Forma-
tion has only been designated from subsurface data. The lithology consists of a
succession of shales and sandstones, often glauconitic with high clay content. These
three formations deposited in a shallow marine condition. Sediments of Parh Forma-
tion consist mainly of limestone and marl. An open marine environment has been
inferred for the deposition of this formation (Dasgupta 1975).

The Barmer Basin is the northernmost basin of a series of rifts that comprise the
West Indian Rift System, likely to be contemporary with rifting between Madagascar
and India (Dolson et al. 2015; Reeves 2014). Ghaggar-Hakra Formation of fluvial
origin is exposed on the central-eastern margin of the Barmer Basin (Beaumont et al.
2018). In spite of occurrence in small outcrops around Sarnoo, the Ghaggar-Hakra
Formation is regionally significant for documenting intraplate continental deposition
during the early breakup of India from Gondwana. It has been reported that, the
Ghaggar-Hakra Formation is likely to be the time and depositional-equivalent of the
Early Cretaceous fluvial Himatnagar Sandstone of the Cambay Basin (Mukherjee
1983; Mohan 1995; Bhatt et al. 2016), the fluvial to marine Nimar Sandstone of
the Narmada Basin (Ahmad and Akhtar 1990), the fluvial to coastal and deltaic
Bhuj Formation of the Kutch Basin (Biswas 1987; Mandal et al. 2016) and the
predominantly fluvial Dhrangadhra Group of the Than Basin in Saurasthra (Casshyap
and Aslam 1992).

4.3 [Eastern Indian Basins

4.3.1 Bengal-Assam Basin (West Bengal-Assam-Manipur-Nagaland)

Bengal and Assam Basins are located in the eastern part of the Indian craton where
Cretaceous deposits are masked by a thick cover of Cenozoic sediments. The hydro-
carbon well cores and cutting samples attributes the Cretaceous geology. The basin
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is widespread, covering the plains of Bangladesh and West Bengal, and continues
southward below the Bay of Bengal up to the Indian Ocean. Continental sediments
with upper Gondwana flora are exposed on the surface or at shallow depths as the
infratrappean Dubrajpur Formation (sandstone in lithology) and as intertrappean
beds within the Rajmahal Trap basalt near the western margin of the Bengal Basin
(Acharyya and Lahiri 1991). The oldest marine sediments encountered in the subsur-
face Bengal Basin of central West Bengal (Mishra and Singh 1997) belong to the
Dhananjaypur Formation of Campanian age, assigned on the basis of planktonic
foraminifera. The Formation unconformably rests on the Rajmahal Traps and are
themselves overlain by the lateritic and ferruginous sandy beds of the Bolpur Forma-
tion doubtfully assigned in the lack of age diagnostic microfossils as Maastrichtian
age. Bolpur and Ghatal formations consist of sandstone and shale alternations. In
southwest Bengal Basin, the Early Cretaceous deposits are represented by the traps
and intertrappeans overlain by the Late Cretaceous Blur and Ghana formations of
the continental-brackish environment (Mukhopadhyay 2010).

Cretaceous sediments are not well exposed in the Assam Basin. On the south of the
Shillong shelf, the basal Jadukata Formation comprises conglomerate often interca-
lated with sandstone and the overlying Mahadek Formation consist of a thick pile of
glauconitic sandstones with locally developed calcareous fossiliferous horizons. The
Assam-Arakan mountain range marking the eastern fringe of Bengal Basin contains
Cretaceous rocks in the Disang Shale (approx. 3000 m, Late Cretaceous-Eocene)
in Assam-Manipur-Nagaland region. Evans (1932) considered that the Disangs of
Assam-Manipur-Nagaland and the Cretaceous-Eocene marine rocks at the southern
parts of the Shillong plateau represent the geosynclinals and shelf facies of the Bengal
Basin, respectively. In Meghalaya region, the Cretaceous rocks are distributed in
different parts (Bhattacharya and Bhattacharya 1987). The Sylhet Trap Formation
(Medlicott 1871) occurs discontinuously along the plateau margin fault in Kasi Hills
and serves as the basement for the Late Cretaceous marine rocks in areas south of
the Shillong Plateau.

4.3.2 Andaman Basin

The Andaman Basin is an area of 800,000 km? separated from the Bay of Bengal by
the Andaman-Nicobar Ridge (Rodolfo 1969). Over 3000 m of sediments, ranging
from Cretaceous to recent, are exposed. In the southern part of the south Andaman
Islands, the igneous sequence is overlain by conglomerate and grit of the Late Creta-
ceous age. The conglomerate and grit are overlain by a thick pile of turbidities of
Eocene-Oligocene age (Karunakaran et al. 1964a, b, 1968). However, Bandopadhyay
and Carter (2017) mentioned in the updated stratigraphy that the Late Cretaceous
to Paleocene succession is represented by Ophiolite group of rocks incorporating
muddy carbonate, mudstone, and tuffaceous siltstone apart from other components.
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4.4 Central Indian Basin

4.4.1 Narmada Basin (Madhya Pradesh)

The Mesozoic stratigraphy of the Narmada valley in central India comprises Bagh
Group, Lameta Formation, Deccan Volcanics and intertrappeans. Unconformably
overlying the Precambrian basement, the Bagh Group and the Lameta Formation
are also referred to as infra-trappeans (Merh 1995). These two stratigraphic units,
exposed as isolated patches along the Narmada region of central India, have received
considerable attention for preserving the Late Cretaceous depositional history at
the eastern margin of Tethys (Singh et al. 1983; Biswas 1987; Ahmad and Akhtar
1990; Srivastava and Mankar 2012, 2015; Bhattacharya and Jha 2014; Jha et al.
2017; Bansal et al. 2019, 2020). The sediments were deposited along a linear basin
trending WSW-ENE, that opened westward.

The epicontinental seaway along the Narmada region formed during the Late
Cretaceous global sea level rise during the northward journey of India after the
breakup of Gondwana supercontinent (Tandon 2002). Although the stratigraphy of
the Bagh Group has been debated over the years, the three-fold classification by
Jaitley and Ajane (2013) is most widely used, according to which the Bagh Group is
divided into Nimar Sandstone, Nodular Limestone and Coralline Limestone forma-
tions. Ruidas et al. (2018) used the Jaitley and Ajane (2013) classification with a
modification of ‘Bryozoan Limestone’ in place of ‘Coralline Limestone’, as corals
are rare within the Formation. The early, siliciclastic-dominated portion of the Bagh
Group is known as the Nimar Sandstone Formation. The upper part of the Bagh
Group is dominated by carbonates, consisting of Nodular Limestone and Bryozoan
Limestone formations (Tandon 2000, 2002; Ruidas et al. 2018, 2020; Bansal et al.
2020). The biostratigraphy of the Bagh Group and the Lameta Formation is debated
much in research records. However, recent ammonite biostratigraphic investigation
confirms Cenomanian, Turonian and Coniacian ages for Nimar, Nodular Limestone
and Bryozoan Limestone formations, respectively (Kumar et al. 2018). We present the
salient depositional characteristics of the Upper Cretaceous deposit in the Narmada
region, particularly focusing the major transgressive deposits formed during global
sea-level rise during the Late Cretaceous.

Resting directly on the Precambrian basement, the thickness of the Nimar Forma-
tion varies from 15 to 150 m (Ahmad and Akhtar 1990). The early part of the
Nimar Formation, consisting of conglomerate, pebbly and coarse-grained sandstone
represents continental deposit (Fig. 8a). The middle and upper parts of the Nimar
Formation exhibit a transgressive trend, recording a paleogeographic shift from the
fluvial to storm- and tide-dominated shallow marine shelf through a mixed tidal-
fluvial estuarine setting (Bose and Das 1986; Ahmad and Akhtar 1990; Bhattacharya
and Jha 2014; Jha et al. 2017). Although greenish sandstone occurs within the
marine-originated Nimar Formation, the presence of glauconite is yet to be confirmed
(Fig. 8b).
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Fig.8 Field photographs showing vertical sections of a Conglomerate and pebbly sandstone within
the Nimar Formation; b Fine-grained, green sandstone within the Nimar Formation (indicated by
the hammer); ¢ Nodular beds; d Cross-stratified grainstone beds within the Bryozoan Limestone;
e Glauconite bed within the Bryozoan Limestone; f Cross-stratified Lameta Formation (pen length
= 14 cm, hammer length = 38 cm, coin diameter = 2.4 cm)

Conformably overlying the Nimar Formation, the Nodular Limestone (av. thick-
ness 7 m) indicates the growth of a carbonate platform in the Narmada region. The
constituent facies of the Nodular Limestone are dominated by mudstone and wacke-
stone (Fig. 8c). The dominance of lime mudstone within the Nodular Limestone
Formation indicates a low-energy depositional setting (Ruidas et al. 2018, 2020).
The prolonged subaerial exposure leads to the formation of abundant pedogenic
features, including root-related structures (rhizoliths), vadose silts and pisoids. The
presence of conspicuous nodules within the Nodular Limestone possibly reflects
the pedogenic modification, driven by root activities (Ruidas et al. 2020). Detailed
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facies study infers supratidal and upper intertidal origin of the Nodular Limestone
Formation (Ruidas et al. 2020).

In contrary to the fine-grained nature of the Nodular Limestone, the overlying
Bryozoan Limestone Formation is coarse-grained, consisting primarily of pack-
stone and grainstone. The thickness of the Bryozoan Limestone Formation varies
from a few cm to ~5 m. A cross-stratified rudstone, occurring at the bottom part,
suggests an increase in energy condition (Fig. 8d). Petrographic investigation reveals
calcification, in situ brecciation, rthizoliths, alveolar-septal texture and circum gran-
ular cracks, indicating extensive meteoric diagenetic modification of the limestone
(Ruidas et al. 2020). Facies study reveals early intertidal depositional conditions for
the Bryozoan Limestone. A planar laminated rudstone at the top of the Bryozoan
Limestone contains a glauconite bed (average thickness ~50 cm) along with abun-
dant clastics, including quartz, feldspars and mud fragments (Fig. 8e). Bansal et al.
(2020) found that similar glauconite is equivocal of Upper Cretaceous transgressive
deposits in the paleo-Tethyan domain. Glauconite possibly formed exclusively in
shallow hypoxic seas during the Upper Cretaceous time (see Bansal et al. 2020 and
references therein).

The Late Cretaceous Lameta Formation has received the attention of many
researchers for its rich faunal assemblage, which include dinosaurs, and other verte-
brate fossils and palynomorphs. The lithological characteristics of the Lameta Forma-
tion (4-5 m thick) differ significantly from western to central India, varying from
arenaceous, argillaceous and calcareous sandstone to arenaceous limestone (Tandon
2000). Ahmad and Akhtar (1990) reported a conformable transition from the Bagh
Group to the Lameta Formation. However, Tandon et al. (1995) found an uncon-
formable relationship between these stratigraphic units. Although the Lameta Forma-
tion underlies the Deccan Traps near Phutlibaori (southwest of Indore), it is contem-
poraneous with Deccan volcanics around Jabalpur (Tandon 2000). The outcrops
of Lameta Formation occur in six inland basins in central and western India, viz.
Nand-Dongargaon, Jabalpur, Balasinor-Jhabua, Ambikapur-Amarkantak, Sagar, and
Salbardi-Belkhar inland (Srivastava et al. 2018). Larger outcrops display continental
deposits, containing nests and remains of dinosaur fossils (Srivastava and Mankar
2015; Mankar and Srivastava 2015). Srivastava and Mankar (2012) reported brownish
to greenish grey claystone, greenish sandstone, nodular beds and calcrete horizons
within the Lameta Formation. At in Salbardi and Belkher areas inferred Lameta sedi-
ments are of fluvial and lacustrine origin. The depositional environment varied from
shallow estuarine in the west (near Phutlibaori) to continental in the east (Jabalpur)
(Tandon 2000; Bansal et al. 2020).

The Lameta Formation around Phutlibaori region comprises greenish, medium-
to coarse-grained, internally cross-stratified, well-sorted sandstone containing glau-
conites. The set thickness of cross-stratification may be as high as 1 m in the early
part, which decreases upward (Fig. 8f). The sandstone is bioclast-rich arkose and
cemented by carbonates. The content of glauconite varies from 10 to 20% of the
total sediment (Bansal et al. 2018). The occurrence of shark teeth, oyster and wood
logs within the sandstones of the Lameta Formation around Phutlibaori region indi-
cate a marginal marine depositional environment. The sedimentation possibly took
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place in an E-W-oriented estuary, with progressive fluvial influence toward the east
(Tandon 2000; Bansal et al. 2018). The glauconitic shallow marine and estuarine
sediments of the Lameta Formation record the Maastrichtian sea level rise.

4.5 Northern Indian Basins

4.5.1 Himalayan Belt (Zanskar-Spiti-Kinnaur)

In India, the Himalayan orogenic belt extends from Kashmir in the west to Arunachal
Pradesh in the east. Exposer of Cretaceous rocks and records of Cretaceous events
constitute essential components of the belt. In the Himalayan domain, the late Jurassic
sedimentary cycle continued uninterrupted into the Early Cretaceous, whereas the
Late Cretaceous sedimentary cycle continued into the Paleogene (Mukhopadhyay
2010). In the Tethyan Belt of the Higher Himalayas (Zanskar-Spiti-Kinnaur), the
Cretaceous succession is represented by Guimal and chikkim Formation overlying
Spiti Formation of Jurassic age. Early Cretaceous sedimentation took place during a
regressive phase depositing littoral Guimal Sandstone Formation comprising sand-
stone, glauconitic sandstone, silty sandstone, calcareous shale, gritty sandstone with
afew pebbles. The sandstone of Guimal Formation is interpreted as proximal turbidi-
ties in Uttrakhand (Kumar et al. 1977) and Zanskar (Gaetani et al. 1983, 1986), and
a shallow marine deposit in Spiti (Bhargava 2008). The Chikkim Formation of Late
Cretaceous age conformably rests over the Giumal Formation. This formation is
composed of limestone at the lower part representing sedimentation in shelf to the
basinal environment with occasional periods of restricted circulation. The upper part
of the formation is dominated by shale of outer shelf origin (Bhargava 2008).

5 Climatic Trends in India During the Cretaceous

The reconstruction of plaeoclimatic history and paleogeography of the Indian plate
during the late Paleozoic-early Mesozoic is significant because of the location of
India in the southern hemisphere (Clarke and Jenkyns 1999; Wilson and Norris
2001; Huber et al. 2002; Price and Hart 2002; Petrizzo and Huber 2006). Zakharov
et al. (2011) studied the Paleotemperatures for the Cretaceous of India resolute on
the basis of oxygen isotopic analysis of well-preserved Albian belemnite rostra and
Maastrichtian bivalve shells from the Ariyalur district, southern India (Trichinopoly).
The Albian (possibly late Albian) paleotemperatures for Ariyalur district are inferred
to range from 14.9 to 18.5 °C for the epipelagic zone, and from 14.3 to 15.9 °C
for the mesopelagic zone. Isotopic paleotemperatures interpreted as summer and
winter values for near-bottom shelf waters in this area fluctuate from 16.3 to 18.5 °C
and from 14.9 to 16.1 °C, respectively. These paleotemperature data are similar
to those calculated from isotopic composition of middle Albian belemnites of the
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middle latitude area of Pas-de-Calais in northern hemisphere but significantly higher
than those calculated from isotopic composition of Albian belemnites from southern
Argentina and the Antarctic and middle Albian belemnites of Australia located within
the warm-temperate climatic zone. Isotope analysis of early Albian cephalopods
from Madagascar shows higher paleotemperatures for summer near-bottom shelf
waters (20.2-21.6 °C) in comparison with late Albian paleotemperatures calculated
from southern India fossils, but similar winter values (13.3-16.4 °C); however, the
latter values are higher than those calculated from early Albian ammonoids of the
tropical-subtropical climatic zone of the high latitude area of southern Alaska and the
Koryak Upland. The new isotopic paleotemperature data suggest that southern India
and Madagascar were located apparently in middle latitudes (within the tropical-
subtropical climatic zone) during Albian time. In contrast to the Albian fossils,
isotope results of well-preserved early Maastrichtian bivalve shells from the Ariyalur
Group are characterized by low 30 values (up to —5.8) but normal 8'3C values, which
might be a result of local freshwater input into the marine environment. The early
Maastrichtian paleotemperature of the southern Indian near-bottom shelf waters was
probably about 21.2 °C, and that this middle latitude region continued to be a part
of tropical-subtropical climatic zone, but with the tendency of increasing humidity
at the end of Cretaceous time.

Chakraborty et al. (2017) studied Barremian to Aptian sediments of Basal
Siliclastic Formation (BS formation) located at three isolated outcrops: KVK
mines (Dalmiapuram), Neykullam and Terani in Ariyalur district, Tamilnadu within
Cauvery Basin for estimating paleoprecipitation and paleotemperatures. Calculation
of rainfall (Mean annual precipitation) yield values of 844—1060 mm. The annual
average of paleotemperature yielded by the studied samples is 12.5 °C (Chakraborty
etal. 2017), although geophysical reconstructions suggest moderately high paleolat-
itude, ~60°S (Ronov et al. 1989; Hay et al. 1999). Application of weathering indices
like Chemical Index of Alteration (CIA), Chemical Index of Weathering (CIW) and
Plagioclase Index of Alteration (PIA) indicate a moderate degree of weathering.
Overall, an apparently warm temperate humid paleoclimate is implied during the
time of deposition of the studied Basal Siliclastic Formation.

Paleo-climatic reconstruction from the Early Cretaceous sediments of the Kutch
Basin has been extricated solely depending on the paleosol analysis, due to absence
of carbonate or shale or mega fossil deposits (Mandal 2017). Paleosol horizons
are mainly preserved within fluvial succession of Early Cretaceous Bhuj Forma-
tion. High soil maturity, established from dominance of kaolinite in petrographic
and mineralogical study, is reflected in A-CN-K diagram (Mandal 2017). A-CN-
K diagram is in correlation with CIA, displaying higher rate of weathering of the
Bhuj fluvial deposits. Well tested paleosol analysis techniques have been success-
fully adopted to determine paleoprecipitation rate and paleotemperature (Sheldon
et al. 2002; Chakraborty 2016; Chakraborty et al. 2017; Mandal 2017). Mean annual
precipitation recorded during this study vary from 417 mm/yr to 1381 mm/yr while
the mean annual temperature ranged between 7°-16 °C with an average value of
12 °C (Mandal 2017). Overall a humid temperate paleoclimate is inferred (Mandal
2017).
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6 Cretaceous Volcanic Episodes in India

As Gondwana began to break up during the Late Jurassic to Early Cretaceous, exten-
sive intra-continental rifting took place in association with catastrophic flood basalt
events. The Indian craton was subjected to several major rifting events during that
period. On India’s passage to the north during the Cretaceous, its eastern and western
margins were marked by two long, linear, hot spot tracks (Duncan 1981). Kerguelen
and Réunion plumes left their marks on the Indian plate during its passage over them,
yielding Early Cretaceous Rajmahal-Bengal-Sylhet Province or simply as Rajmahal
Province (Ray et al. 2005) in the eastern part and Late Cretaceous Deccan Volcanic
Province (dated close to K-Pg boundary; Renne et al. 2015; Schoene et al. 2019;
Sprain et al. 2019) in the western and central part of Peninsular India respectively
(Courtillot et al. 1999). It is represented by two disconnected exposures, one on south
of the Shillong Plateau in Meghalaya and the other east of the Chottanagpur Plateau
in Jharkhand, termed as the Sylhet Traps and Rajmahal Traps, respectively. Evans
(1964) considered Rajmahal Trap as the counterparts of the Sylhet Trap, detached
about 250 km by the Dauki (/Dhauki) Fault. Based on the similarity of ages and
continuity of basalt flows below younger cover (Sengupta 1966), they are consid-
ered to be part of a single volcanic province, spreading over an estimated area of
>100,000 km?2. Contemporaneous flow, presumably, also occurred close to the eastern
end of the Lesser Himalayan belt (Abor Volcanics) (Acharyya and Lahiri 1991). At
the western margin of the mainland of Eastern India, the Cretaceous succession in
the Rajmahal-Malda-Purnea-Ghalsi sub-basin began with similar volcanic flows of
about 600 m thick Rajmahal Trap with Upper Gondwana intertrappean beds. The
Cretaceous succession in the Rajmahal constitutes more than 15 lava flows and four
to six intertrappean beds. The intertrappean sediments in the Rajmahal hills are repre-
sented by sandstone, siltstone, arenaceous clay bed, carbonaceous and siliceous shale
and tuff, besides a chert bed; with their thicknesses varying from a few centimetres
to about 11 m (Tripathi et al. 2013). These intertrappean beds have yielded a rich
collection of fossils belonging to the Ptilophyllum assemblage typical of the Upper
Gondwana age (Kale 2020). In terms of depositional environments, these sediments
have been referred to be continental fluvio-lacustrine deposits. The Sylhet Traps (Das
Gupta and Mukherjee 2006) are exposed in narrow strips between the Raibah fault
in the north and the Dauki fault in the south (Baksi et al. 1987). The 245 m thick
sequence of flows recorded from Cherrapunji with twenty flows and three interbedded
tuffaceous horizons.

The Deccan volcanic province is one of the largest volcanic eruptions in Earth’s
history and has received global attention for its possible role in K-Pg mass extinc-
tion. The outpouring of the enormous continental flood basalts of the Deccan Trap,
spreading over vast areas of western and central India and adjoining Seychelles,
cover more than 1,500,000 km?2, with the greatest thickness of about 3.5 km along the
Western Ghats escarpment (Baksi et al. 1994). Exposed over a vast contiguous area of
more than half a million km? in the Indian Peninsula; it straddles the Dharwar craton
in the south and the Aravalli-Bundelkhand craton in the north. Its eastern limits
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are defined by the Pranhita—Godavari rift belt beyond which the basement of the
Bhandara craton is exposed. Recent publications reveal that three distinct pulses of
Deccan volcanism (phase-1, 2, and 3) of eruptions with phase-2 accounting for ~80%
of the total volume (Chenet et al. 2007). The initial pulse of the eruption (phase-1)
occurs in the late Maastrichtian base of C30n at ~68 Ma (Keller et al. 20164, b), and is
represented by Sarnu—Dandali volcanics in Barmer District and Mundwara volcanics
in Sirohi District. The Deccan Traps occupy most of the Saurashtra peninsula and
continue westwards into Kutch where they are exposed as a narrow strip between
the Late Cretaceous and Eocene sedimentary sequences. Several outliers of the
Traps rest upon older rocks in Madhya Pradesh (in Gwalior, Sagar, Bhopal, Ratlam,
Indore, Hoshangabad, Chhindwara, Jabalpur and Khargone districts), Maharashtra
(in Dhule, Nagpur, Chandrapur, Yawatmal, Beed, Solapur and Kolhapur districts)
and Karnataka (in Belgaum, Bijapur and Bagalkot districts) (Kale 2020). The first
phase of volcanism was small. The main pulse of volcanism occurs in chron 29R
ending at the K-Pg boundary (~65 Ma) in the main Deccan volcanic province in the
western and central part of the Indian shield. The main phase of Deccan volcanics
accounts for about ~80% of all the traps. In Jhilmili region of central India, a planktic
foraminifer assemblage of Early Danian age has been encountered above the early
Deccan basaltic flow. The exposures of the last phase of Deccan volcanism have been
traced eastwards to the Rajahmundry area of the Krishna—Godavari Basin and out
into the Bay of Bengal. These traps were overlain by Early Danian age of planktic
foraminifera (Keller et al. 2011). The main pulse of the Deccan basalts erupted very
rapidly, probably within 1 Ma at the K-Pg boundary (~65 Ma), when western India
laid over the Réunion hotspot now located to the east of Madagascar (Courtillot et al.
1999; Chenet et al. 2007). It was a major tectonic event producing one of the largest
flood basalt provinces on the Earth’s surface. The east coast volcanism is correlated
to the Deccan volcanism of the west coast, which is largely continental flood basalts,
whereas the Razole basalts of K-G Basin were emplaced in subaerial and submarine
environments (Raju et al. 1993). Possibly the eruption happened from Keruguelen
hotspots, rather than from the Reunion hotspot.

7 Relative Sea-Level Records from South and West India

The separation of Indian subcontinent from East Gondwanaland started in Late
Jurassic-Early Cretaceous. As the pathways opened on both sides of the Indian Penin-
sula ProtoTethys, water gushed into the rifts between India and Antarctica on one side
and, India and Africa on the other. Albian witnessed the first transgression during
Cretaceous and as proposed by Hancock and Kauffman (1979), sea level reached
its maxima during Turonian and Campanian. Consequently, considerable Mesozoic
sediments were deposited on the east coast, west coast, and offshore basins.

The outcrop sediments with rich fossil assemblages reveal that the geomag-
netic polarity sequence correlated with polarity chrons from C34n, the Cretaceous
long normal interval, and C30n in the late Maastrichtian. The recognition of these
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polarity chrons and their correlation with regional faunal assemblages established
the linkage to biostratigraphic zonation in the Indian subcontinent. Smaller benthic
foraminiferal assemblage was more cosmopolitan with a preponderance of Tethyan
forms (Govindan and Narayanan 1980). Larger foraminifera were adapted to low-
latitude, shallow-water carbonate-rich environment where seasonal influences are
minimal. High-energy, neritic environments were indicated by the massive bivalve
records in Maastrichtian sediments. The maximum diversity of the assemblage
was in the late Cenomanian/and earliest Turonian. This interval coincides with
highest sea-level recorded in the Mesozoic (Govindan et al. 1996). The presence
of Tethyan foraminifer taxa; Rotaliporagreenhornensis, Marginotruncanaschnee-
gansi, Helvetoglobotruncanahelvetica, Dicarinellaasymetrica, Globotruncanitaele-
vata and Gansserina gansseri at this paleolatitude was significant. The flat equator-
pole temperature gradient (Sellwood et al. 1994) was indicated by the presence
of these faunas at 40°-45°S. In mid-Turonian Karai Formation, the planktonic
foraminifera were morphologically quite distinctive; the species have pronounced
keels and ornamentation. This quite distinctive paleogeographical province was
restricted to the east coast basins of India and Exmouth plateau/NW Australia shelf
(Hart et al. 2000). The distinctive markers of the Campanian-Maastrichtian boundary
interval recorded G. gansseri, which was a fully tropical species, and its presence in
the Cauvery Basin was possibly up to 15°-20° further south (Hart et al. 2001). The
calcareous nannofossils showed a combined paleogeographical and paleoecological
control over their distribution within the Uttatur Group. From the late Aptian to the
late Albian, the nannoflora was of a high latitude austral setting and the late Albian
onwards up to the early Turonian it gradually changed to that of middle to low lati-
tude setting. The predominance of the sponges, algae and the small sized crustose
corals refers a non-tropical origin of the reef. The formation of beach rocks in the
bay of southern India indicates the water conditions were at least warm enough to
permit carbonate precipitation. During the Late Cretaceous time, southern India was
situated below 30° latitude in an arid, but, non-tropical, surrounded by moderately
warm-ocean (Steinhoff and Bandel 2000).

India began to separate from Madagascar and Antarctica during the Conia-
cian/Santonian and still had a position well south of the equator. Paleogeographical
reconstruction of south-eastern India during the Early to Late Cretaceous indicates
that the reef growth, observed in the lower part of the Uttatur Group, took place in
a region separated from its original position near the Antarctic continent but had
not separated from Gondwanaland very far and moved northward. The tropical belt
at this time was dominated by ruddist reefs. The faunal composition of the reefs in
the Ariyalur area supports the paleoclimatic reconstruction of India, located south
of the tropical belt during the Late Cretaceous. Hence, it probably resided in an arid
climate below the 30° latitude, where the weather conditions had been favourable for
the development of fanglomerate deposits on land and beach rocks at the coast but
unfavourable for tropical reefs builders. The maximum diversity of the assemblage
was in the late Cenomanian/and earliest Turonian. This interval coincident to the
highest sea-level records during the Mesozoic.
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The tectonic evolution and paleogeography of all central European basins were
synthesized by Voigt et al. (2008). The sea level curve for the Danish and North
German basins shows a mid-late Albian transgression flooding in central Europe
basins, while the late Albian transgression completely flooded the Cauvery Basin,
replacing shelf carbonates with organic-rich shale. As a consequence of this major
transgression, the individual sub-basins evolved to a large epicontinental shelf. The
post-Turonian deposits of the Cauvery Basin represent early post-rift unit that accu-
mulated during a time of thermal subsidence consequent to rise of Marion plume.
The late Aptian to mid-Albian sea level cycle (= Dalmiapuram cycle) of the Cauvery
Basin shows some correspondence with the northern Gulf of Mexico. The late Turo-
nian unconformity with a hiatus of about 2.3 Ma separates the Coniacian-Santonian
sea level cycle (= Garudamangalam cycle of Raju et al. 1993) in the Cauvery Basin.
This unconformity has a corresponding sub-aerial unconformity in central Europe
and the northern Gulf of Mexico. However, the late Santonian regression in the
Cauvery Basin has a corresponding marine flooding event in the northern Gulf of
Mexico. The early Maastrichtian widespread transgression is associated with the
early-late Maastrichtian sea-level cycle that has a corresponding late Albian-early
Maastrichtian transgression in the northern Gulf of Mexico (Mancini et al. 1996;
Mancini and Puckett 2005) and the lower boundary of this cycle is represented
by a sub-aerial unconformity in western Europe (Hardenbol et al. 1998) and in the
Cauvery Basin (Nagendra et al. 2011a, b). The Depositional record of Cauvery Basin
was dominated by shelf carbonates in the early to mid-Albian and, by shale and sand-
stones throughout the Late Cretaceous. Late Albian to mid-Turonian, Coniacian and
early Maastrichtian experienced the widespread occurrence of anoxic conditions.

The first marine transgression at the basin margin occurred in the late Aptian to
early Albian. This is revealed by the occurrence of planktic foraminifera H. planispira
and H. trocoidea along with the benthic foraminifera Lenticulina sp. at the upper-
most contact of the Terani Formation to the overlying Dalmiapuram limestone. This
faunal assemblage generally indicates a shallow neritic, open marine environment.
This unit is overlain by limestone belonging to the Dalmiapuram Formation, rich
in coral-algal and bryozoans with rare foraminifera indicating a warm, shallow
and restricted marine environment during the early to mid-Albian. The carbonate
deposition ceased abruptly during the late Albian as a result of increasing depth
and clastic input (Nagendra et al. 2002b). Macrofossils, such as Acanthocerassp.,
Mammitesconciliatus, Nautilus huxleyanus, and Turrilitescostatus (Kossmat 1897,
Govindan et al. 1998) are abundant in the indigenous limestone beds. Marl (indige-
nous basinal carbonate mud) yielded few planktic and diverse benthics represented by
species Hedbergella, Lenticulina, Anomalinoides and Quadrimorphina, indicating
middle neritic conditions. Further deepening is evident during the late Albian to
mid-Turonian as the indigenous limestone beds grades vertically into marl/limestone,
wherein well preserved, diversified and abundant foraminifera, such as Rotaliporare-
icheli, Praeglobotruncana stephani, P. delrioensis, Gavelinella plummerae, Gyroidi-
noides globosa suggests deeper middle neritic conditions (Nagendra et al. 2002a,
2011a, b; Reddy et al. 2013). The time equivalent Karai Shale in outcrops consists



Cretaceous Deposits of India: A Review 69

of Ammonites, Belemnites and worm tubes indicating deeper middle neritic condi-
tions. Paleodepth attained its maxima when maximum flooding condition is achieved
during the Karai Shale sedimentation (Chakraborty et al. 2018a). As a result of basin
upliftment caused by the rise of Marion plume during the late Turonian (Scotese
1997), relative sea level dropped to inner neritic depths. The increased abundance
of glauconite pellets from the bottom of the top TST segment accompanied by a
slight increase in K, O content reflects the role of stratigraphic condensation in glau-
conite evolution (Banerjee et al. 2016; Bansal et al. 2019). The paleogeography of
the Karai Formation ranged from the inner shelf to the shelf-margin straddling across
the maximum flooding zone heavily enriched in phosphates and glauconite pellets
(Chakraborty et al. 2018a).

The Kulakkalnattam Sandstone (Coniacian-Santonian; exposed along
Kulakkalnattam stream) of Garudamangalam Formation consists of abundant
burrows characterized by Skolithos ichnofacies (Nagendra et al. 2010) characteristic
of high energy near-shore conditions. This unit vertically grades into Anaipadi
Sandstone (exposed along a stream near Anaipadi village), consisting of Ammonites
and Mollusca shells signifying inner neritic conditions. The overlying Saturbhugam
Sandstone (exposed at a stream section near Saturbhugam village), internally char-
acterized by trough cross stratifications, points to a fluvial channel origin revealing
sea level drop at the top of Garudamangalam Formation. Overall, the Garudaman-
galam Formation forms a highstand systems tract, which unveils a wide range of
siliciclastic-carbonate mixing modes in a near-shore marine realm associated with
the river-mouth bar. The presence of a shore-parallel river-mouth bar resulted in
a restricted environment on its shore side, remained open marine on the seaward
side (Sarkar et al. 2014). The Sillakkudi Formation characteristically consists of
large Inoceramus shells along with Skolithos and Ophiomorpha burrows at the top
of the unit. The lower part of the formation is represented by Kilpalvur grainstone
containing glauconite pellets and calcareous nodules indicating a marine incursion
into the basin. This formation yielded foraminifera, including Globotruncana
ventricosa, Globotruncana linneiana, Rosita fornicata and Bolivinoides strigillatus
suggesting deeper middle neritic conditions. The Kallar conglomerate between
Sillakkudi and overlying Kallankurichchi Formation suggests a relative sea level
drop resulting in sub-aerial exposure and development of a conglomerate bed. The
Kallankurichchi Formation consists of four lithounits (Nagendra et al. 2002a), with
the lower ferruginous limestone containing smaller benthic foraminifera that marks
the onset of a marine transgression. The increasing abundance of foraminifera and
macrofossils represented by Gryphaea, Alectryonia and Pecten in successively
overlying arenaceous limestone is an indication of deepening bathymetry. Above
the Gryphaea bed a layer dominated solely by Gryphaea shells suggests maximum
paleodepth reached middle neritic depths. Drastic reduction in fossil content in the
overlying upper arenaceous limestone unit signals a falling sea-level. This falling
trend continued up to the end of Ottakovil Formation. The burrow structures such
as Thalassinoides and Ophiomorpha in the Ottakovil Formation indicate marginal
marine to littoral environment. This lithological unit (Ottakovil) marks the end of
the marine phase in the basin margin area. The siliciclastic Kallamedu Formation is
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internally characterized by trough cross-laminations, probably indicating deposition
in a fluvial environment. The sea level curve reveals that four major transgressive
and regressive cycles are imprinted in the Cretaceous rock record preserved in the
Ariyalur area. The paleobathymetric trends vis-a-vis sea level changes reconstructed
for the Albian to Maastrichtian reveal two major sea-level falls during late Turonian
and late Maastrichtian, which correlate well with global sea level curves of Haq
et al. (1987) and Miller et al. (2005). These sea-level falling events are linked to the
rise of Marion hot mantle plume during the late Turonian and Reunion hot mantle
plume during late Maastrichtian (Govindan 1993; Raju et al. 1993; Sundaram et al.
2001; Nagendra et al. 2002b; Watkinson et al. 2007).

Biswas (1981) proposed mega-cycle of base level change curve for the Meso-
zoic succession of Kutch shows a progradational pattern throughout the Creta-
ceous. However, a mid-interval marine transgression, during the late Aptian, has
been attributed based on marine bed occurrence in the west. Mandal et al. (2016)
established that the transgression had been much more extensive to inundate 80%
of Kutch Mainland. The sea extended eastward as far as beyond Nadapa where the
two fluvial units within the Bhuj Formation bound the marine unit juxtaposing one
above the other. An explicit record of a mega-scale event of relative sea level rise is
found sandwiched between two fluvial stratigraphic intervals that amalgamate only
at the eastern extremity of the exposure of the Formation. A localized ~36 m-thick
estuarine sequence within the type section of the Bhuj Formation recorded the minute
meso-scale base level changes during that marine incursion. A granular transgressive
lag often mantles the erosion surface on top of the Lower Fluvial unit.

Resting on a coarsening upward ramp, the initially fining and then coarsening
upward estuarine succession is prograding, though not steadily. It was wave-
dominated, but tide left imprint behind the estuary mouth bar gaining in intensity
because of valley constriction. A wave-dominated barrier bar association devel-
oped under the dominant influence of shore-parallel flow of water. The progres-
sively shoaling and resultant increase in flow shear made the top of the barrier bar
a favorable site for Ophiomorpha-Diplocraterion burrow association to thrive. The
comparatively quieter landward side of the barrier though still dominated by wave, on
the other hand, turned into a habitat of Rhyzocorallium. However, wave dissipated
rapidly and tide comparatively accentuated because of constriction of the estuary
mouth. Consequently, the following association of mixed flat is repleted with tidal
features like mud drapes on forests of cross-strata (Mandal et al. 2016; Mandal
2017). Its initial fining upward trend, no doubt, reflects a short spell of progradation,
in relation to sediment supply from the sea. On the other hand, the trend of steady
sandstone bed-thickening and coarsening upward trend in its upper part points to the
next transgression again. Apparently, the rate of transgression superseded the rate
of sediment accumulation. Constriction of the estuary mouth was largely removed
as the relative sea level rose and wave encroachment took place. Further upward the
succession continues to sandflat to mixed flat and then to mudflat eliciting reversal to
progradation for a comparatively longer period. Such a long the paleocurrent direc-
tion within the estuary had been consistent, indicating landward sediment transfer.
The upward passage of the mudflat to the mixed flat and then to the bayhead delta;
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the transition holds a record of sediment supply from land and attests to further
progradation (cf. Saha et al. 2010). However, recurrence of the same mixed flat (2) to
bay-head delta transition on top of them testifies resumption of progradation after a
short spell of transgression. This progradation continued till the upper fluvial termi-
nates the estuary section as a whole. This record of meso-scale fluctuations in relative
sea level presents a valuable record of local subsidence probably aided by sediment
loading.

8 Biogeography and K-Pg Mass Extinction

The term ‘Biogeography’ focuses on the detailed study of the distribution patterns of
fossils in time and space. Benthic foraminifera (calcareous microfossils), spores and
pollen, are perhaps the most important groups of fossils in paleobiological and pale-
oenvironmental interpretation. Besides, plants and vertebrate fossils are significant
in the field of paleobiogeography. Geophysical data and the established models on
plate tectonics indicate isolation (for at least 35 Ma) of Indian plate before separation
from Madagascar (88—-90 Ma ago) till its final collision with Asia in the Early-Middle
Eocene (Barron and Harrison 1980; Smith 1988; Storey et al. 1995; Prasad and Sahni
1999; Chatterjee et al. 2017). This stretched time span of isolation of landmass should
have brought a radical change of pre-existing biota populations and genetic isolation
should create the endemic taxa without any relation to the contemporary faunas of
nearby regions. In conflict, terrestrial vertebrates of India are found cosmopolitan in
nature during this time, providing no proof of endemism (Sahni 1984; Briggs 1989;
Jaeger et al. 1989).

The occurrence of identical land plants between India and Australia advocates that
these areas were amalgamated till late Jurassic—Early Cretaceous (McLoughlin and
Pott 2009). As the continents had underway to drift apart, a barrier had been created
to the dispersal of terrestrial organisms. During Early Cretaceous, the terrestrial
environment was dominated by seed-bearing plants (gymnosperm) (Rajanikanth and
Chinnappa 2016). During this period the flora distributed in pericratonic and intracra-
tonic basins of India mainly consisted of Pteridophytes, taxaleans, Bennettitaleans,
ginkgoaleans, Pteridospermaleans, pentoxylaleans, Coniferaleans (Rajanikanth and
Chinnappa 2016). This Early Cretaceous flora in the eastern part of India is divided
into diverse floral zonation- Dictyozamites—Pterophyllum—Anomozamites Zonation,
(Athgarh/Pavalur/Satyavedu Formation), Allocladus—Brachyphyllum—Pagiophyllum
Zonation, (Sriperumbudur, Gollapalli, Raghavapuram, Budavada, Vemavaram,
Gangapur) and Weichselia—Onychiopsis—Gleichenia Zonation (Sivaganga) (Sukh-
Dev 1987). In central India there was the dominance of conifers and cycadophytes
and certain pteridosperms and the palynofloral assemblage includes pollen and spores
of pteridophytic, bryophytic spore (e.g. Aquitriradites, Triporolites, Cooksonites,
Coptospora, and spores of Schizaceaceous ferns Cicatricosisporites and Contignis-
porites) and gymnospermic groups (Prakash 2008). The western, central and eastern
regions too enclosed plant fossils like leaf, wood, seed etc. A unique Indian flora
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Pentoxylalean found in other continents addresses the evolution of the plant (Drinnan
and Chambers 1985; Howe and Cantrill 2001; Taylor et al. 2009).

The Maastrichtian units are the fossil-rich horizons in India. After swapping of
the Gondwana fauna with South America through biotic corridors (Chatterjee and
Scotese 2010; Chatterjee et al. 2017), faunas evolved in isolation. There is a similarity
of fauna of Laurasian taxa which includes discoglossid and pelobatid frogs, gobi-
atinae frogs, anguid lizards and eutherian mammals; these fossils are also reported
from central Asia, England, Spain, France, and North America (Prasad and Rage
1995; Chatterjee et al. 2017). Incorporation of Laurasian taxa depicted as ‘sweep-
stake’ mode supported by the ‘Dras—Kohistan island arc system’ (Ali and Aitchison
2008; Sahni and Prasad 2008). They include some taxa of Gondwanan affinities like
ranoid frogs, leptodactylid, hylid and, madtsoiid and nigerophiid snakes, pelomedu-
soid turtles, mesosuchian crocodiles, abelisaurid dinosaurs from Lameta Formation
and Deccan intertrappean (Krause et al. 1997; Sahni and Prasad 2008; Sampson et al.
1998; Wilson et al. 2003); haramiyidan mammals (Anantharaman et al. 2006) and
ostracods are of mainly endemic in character.

The marine Cretaceous succession of east coast, south India is huge repos-
itory of mega- (pelecypod, gastropods, ammonites, echinoids among the inver-
tebrates) and micro-fossils. Stoliczka (1867, 1871) reported gastropods of four
divisions: Scaphopoda, Opisthobranchia, Prosobranchia and Pulmonata and pele-
cypoda. The thick-shelled rudist bivalves (Gryphea, Pycnodonte, Ostrea etc.) are
reported from east coast of India by Fiirsich and Pandey (1999). Inoceramus
(pelecypode) is a good index fossil of Late Cretaceous age. Ayyasami (20006),
among others reported ammonites from Cauvery Basin; e.g. Australiceras jacki,
Eubaculites vagina, Mortoniceras rostratum, Calycoceras newboldi, Eucalycoceras
pentagonum, Pseudaspidoceras footeanum etc. Stoliczka (1873) described Echi-
noid Stygmatopygus elatus from Cenomanian rocks of the Ariyalur Group. A new
species (Gongrochanus Kier) of Cassiduloid echinoid had been discovered by Srivas-
tava (2003). Govindan (1972) and many other researchers worked on foraminifera
(ex. Globigerina hoterivica, Hedbergella planispira, Planomalina buxtorfi etc.).
Nagendra et al. (2011a, b) summarized the macro- and microfossils present in the
Ariyalur area, Cauvery Basin.

The Bagh Beds of Narmada Basin, central India are rich in invertebrate fauna like
brachiopods, echinoids, bryozoans, bivalves, gastropods and cephalopods. Total 16
species of Bivalves (e.g. Inoceramus concentricus Park; I. cripssi Mantell; I. cuvieri
Sowerby; I. tenuis Mantell; Neithea morrisi Pictet and Renevier; Plicatula insta-
bilis Stoliczka; P. deodikari Badve; Modiolus typicus Forbes; Pholadomya ellip-
tica Munster; Astarte similis Munster; A. sinuicostata Badve; Nucula baghensis
Dassarma and Sinha and Cytheria lassula Stoliczka (Chiplonkar 1939; Chiplonkar
and Badve 1976), 8 species of Gastropods (e.g. Turritella chikliensis Chiplonkar and
Badve; Cerithium scalaroideum Forbes; Neptunia excavata Blandford; Gyrodes sp.
Stoliczka; Naik 2013), 2 species of Cephalopods (viz. Placenticeras kaffrarium and
Barroisiceras onilahyense Basse), 7 species of Echinoids (e.g. Dorocidaris namadica
Duncan; Cyphosoma namadicum Fourtau; Echinobrissus rajnathi Chiplonkar;
Hemiaster fourtaui Chiplonkar; H. holoambitatus Chiplonkar; H. subsimilis Fourtau;
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Salenia keatingei Fourtau) and 2 species of Brachiopods (Acanthothyris sp. and
Malwirhynchia subpentagonalis Chiplonkar) have been reported from there (Bose
1884; Bardhan et al. 2002; Naik 2013). The ammonoid fossils assign Coniacian age
of this formation.

The Cretaceous-Paleogene (K-Pg) mass extinction (~66 Ma) is a global extinc-
tion event eliminating approximately 80% of all species of animals leading to biotic
crisis, famous for marking the end of the dinosaur era. The Deccan volcanic eruption
is the longest lava flows known on the Earth (Self et al. 2008). Keller et al. (2009)
revealed three phases of eruptions. This massive eruption had a pronounced impact
on the environment. As the temperature reached the minimum, it lowers the primary
productivity and species diversity (Keller et al. 2016a; Mateo et al. 2017). The huge
phase-2 eruption during the latest Maastrichtian is directly associated with K-Pg mass
extinction in India (Kelleretal. 2011; Gertsch etal. 2011). It caused the rapid warming
of environment (4 °C in bottom and surface waters and 8 °C on land, Mateo et al.
2017). Large amount of erupted CO, was leading to ocean acidification, which in turn
created a major carbonate crisis and contributed to K-Pg mass extinction (Punekar
et al. 2014; Keller et al. 2016a; Mateo et al. 2017). At the end of the Cretaceous two
large bolide impacts occurred on the Earth’s history, viz. Chicxulub crater in Yucatan
Peninsula of Mexico (Hildebrand et al. 1991) and Shiva crater on the western shelf
of India (Chatterjee et al. 2006). At the K-Pg boundary a significant faunal turnover
occurred, marked by the disappearance of dinosaurs, ammonites, flying reptiles, scle-
ractinian corals, belemnites, some groups of bivalves, gastropods and echinoderms.
The extinction phase affected badly to the calcareous planktonic organisms, trop-
ical reef invertebrates. The planktonic foraminiferal diversity declined by 78% and
benthic species declined by 37% across the boundary.

9 Conclusions

The review of Cretaceous deposits in India leads to conclude the following.

(a) Indian plate was on accelerated velocity in Cretaceous (max. 20 cm/year in
Late Cretaceous) during its northward drift from Gondwana to Asia.

(b) Margins of Indian plate reformed with the development of new sedimentary
basins parallel and perpendicular to the coasts.

(¢) Rise in RSL during Albian, Turonian and Campanian caused sedimentation
along east and west coast. A Late Cretaceous transgression flooded central
India.

(d) Climate left imprint of the greenhouse effect in sedimentation record. An
overall apparently warm temperate humid paleoclimate prevailed during the
entire interval, with a tendency of increasing humidity and temperature in the
Late Cretaceous.
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(e) Two spectacular intraplate hotspots (Réunion and Kerguelen) erupted immense
flood-basalt on the two sides of the island continent; Rajmahal-Sylhet
volcanism in eastern Indian and Deccan volcanism in western India.

(f)  Biotic connectivity prevailed among India, Africa and South America. Lack of
endemism shown by terrestrial vertebrates (Ex. Tetrapods), diversity in floral
distribution pattern and appearance of angiosperm are validated.

(g) The devastating mass extinction at K-Pg boundary (~66 Ma) caused a massive
faunal turnover in the history of life, marking the end of dinosaur era. It also
prepared the ground for life rebound, especially for mammals and birds during
the early Paleogene.
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Abstract Understanding the recovery of life and its radiation after the Permian—
Triassic mass extinction event (PTME) that took place around 252.28 4 0.08 Ma
is a fascinating aspect of Earth science studies. In this backdrop, we have under-
taken a study of the floral diversity based on plant macrofossils and megaspores
from the late Permian and early Triassic sediments of the Gondwana Supergroup
from Peninsular India. The early Triassic in Peninsular India is represented by the
Panchet Formation that overlies the Raniganj Formation (late Permian). The outcrops
of late Permian (Raniganj Formation) and early Triassic (Panchet Formation) sedi-
ments in the Tatapani-Ramkola Coalfield in Chhattisgarh State are exposed along the
major rivers and their tributaries that drain the coalfield. The present work has been
carried out on a Permian—Triassic section, exposed at a stream cutting (Iria Nala),
in the northern part of Tatapani-Ramkola Coalfield. The macrofloral assemblage
of the Raniganj Formation (late Permian) from the base of the outcrop is repre-
sented by Schizoneura gondwanensis, Glossopteris sp. and Vertebraria sp., whereas
the overlying Panchet Formation (early Triassic) yielded a moderately preserved
macrofloral assemblage represented by Paracalamites sp., Dicroidium hughesii, D.
zuberi, Desmiophyllum sp., Glossopteris angustifolia, G. communis, G. indica and
scale leaf of glossopterids. In addition, a megaspore assemblage hitherto unknown
from the early Triassic of Tatapani-Ramkola Coalfield is recorded herein that is
represented by nine species belonging to seven genera, out of which one species is
new.
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1 Introduction

Cycles in fossil diversity from the Permian—Triassic successions of Peninsular India
are significant proxies to decipher the climatic scenario during that period. Permian—
Triassic mass extinction (PTME) event (252.28 4= 0.08 Ma), is marked by the greatest
mass extinction in the Earth’s history (Erwin 1993; Shen et al. 2011). Our under-
standing of the Permian—Triassic Boundary (PTB) is almost exclusively based on
the study of marine sediments from Europe and Asia. However, Retallack (1995)
and Hallam and Wignall (1997) opined that a similar extinction event took place in
the terrestrial environment as well. Nonetheless, it is yet to be established whether
the extinction in the terrestrial realm was exactly synchronous to that in the marine
environment (De Kock and Kirschvink 2004).

The magnitude of floral extinction and the overall change in diversity is more
ambiguous, as there are no major peaks in mass extinction for plants in the fossil
record. However, some plants were very much affected and got extinct at the Permian—
Triassic boundary. The PTME event marks a major overturn of plant ecosystems.
In the Permian, glossopterids dominated, while after the PTME, corystosperms took
over the dominance.

A large (~0.9%) sudden global decrease in the stable isotope 3'3C coincides with
the PTME; so the extinctions can be attributed to increased aridity, higher CO,
concentration (about 2000 ppm) and a substantial rise in temperature (~8 °C), as a
consequence of the eruption of Siberian Trap flood basalts (Magaritz 1989; Krull and
Retallack 2000; Dolenec et al. 2001; Musashi et al. 2001; McElwain and Punyasena
2007).

Stable isotopic study reveals that the Permian—Triassic Boundary is characterized
by worldwide negative 8'3C excursion as evidenced in marine limestones (Holser
and Magaritz 1987; Baud et al. 1989; Krystyn et al. 2003), marine organic carbon
(Magaritz et al. 1992; Wang et al. 1994), terrestrial organic carbon (Morante 1996;
Krull and Retallack 2000; Sarkar et al. 2003; Metcalfe et al. 2009) and pedogenic
carbonates (MacLeod et al. 2000).

Continental Permian and Triassic rocks are exposed in many sedimentary basins
of Peninsular India, e.g., the Damodar, Son-Mahanadi and South Rewa basins. Some
of the best sections of Permian and Triassic sequences are preserved in the Rani-
ganj Coalfield (West Bengal), East Bokaro Coalfield (Jharkhand), Auranga Coalfield
(Jharkhand) and Tatapani-Ramkola Coalfield (Chhattisgarh). However, in most of
the outcrops, continuous sections, straddling the Permian—Triassic transition are not
preserved. The basins are intra-cratonic, where the Permian rocks unconformably lie
over the Precambrian basement. The topmost unit of the Permian sediments is repre-
sented by the Raniganj Formation, which in turn lies below the Panchet Formation.
The contact between the Raniganj Formation of late Permian age (Lopingian) and the
overlying early Triassic (Induan) Panchet Formation is either gradational or charac-
terized by local unconformities. A similar stratigraphic framework is also evident in
the East Bokaro, Auranga and Tatapani-Ramkola coalfields. Triassic floral diversity
is rather poorly known in comparison to the Permian sequences in all these basins.
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Based on distinct lithology, flora and fauna, the Panchet Formation is considered
as the basal Triassic sequence in the continental deposits of India. From Penin-
sular India, geochemical and organic carbon isotope studies across the continental
Permian-Triassic Boundary in Raniganj Coalfield (West Bengal), Damodar Valley
Basin has been carried out (Sarkar et al. 2003). Tiwari and Vijaya (1992) reviewed
the Permian—Triassic transition in Peninsular India based on marker palynological
assemblages recovered from borecores. Recently, Kar and Ghosh (2018) recorded
Reduviasporonites, a marker palynomorph from the Permian—Triassic transition of
Peninsular India and attempted to demarcate the transition based on palynology.
The Permian—Triassic section at Guryul Ravine, near Srinagar in Kashmir (India),
has long been debatable regarding the placement of the Permian—Triassic boundary
(Erwin 1993). It was earlier considered for the Permian—Triassic Global Strato-
type Section and Point (GSSP) prior to the selection of Meishan D in Zhejiang
Province, China (Kapoor 1996; Yin et al. 2001). At Guryul Ravine, the Lopin-
gian (late Permian) Zewan Formation is overlain by the early Triassic Khunamuh
Formation. Sequencing events across the Permian—Triassic Boundary have been
identified by Algeo et al. (2007) in the Guryul Ravine section. Later on, Tewari
et al. (2015b) clearly demarcated the Permian—Triassic palynological transition in
the Guryul Ravine section, Kashmir, India and commented on its implications for
Tethyan Gondwanan correlations.

The Triassic period marks the onset of the Mesozoic Era and extends from about
252-201 Ma (Gradstein et al. 2012). The Triassic Period is one of the least explored
sequences, but in terms of evolution it is highly significant. This is one of the most
significant periods in the evolution of the plant kingdom when several groups (e.g.
sphenopsids, ferns, conifers) underwent morphological changes from primitive late
Paleozoic forms to the first representatives of modern, derived morphologies, and
adapted accordingly to withstand a new set of environmental conditions that prevailed
during the Triassic.

The Triassic sediments in Peninsular India exhibit fluvio-lacustrine deposits.
A complete record of the entire Triassic sequence is not known from any of the
Gondwana Basins in the Indian Peninsula. The study of Triassic terrestrial flora is
significant since it throws light on the onset and evolution of Mesozoic terrestrial
ecosystems.

The Triassic palaeofloristics of Peninsular India is rather poorly known in compar-
ison to the underlying Permian sequence. The South Rewa and Satpura basins occupy
the heart of the Indian Peninsula. The Panchet Formation of Tatapani-Ramkola Coal-
field of the South Rewa Basin is well established based on palynology (Srivastava
etal. 1997; Kar and Ghosh 2018). However, the record of plant macrofossils is scanty
(Saxena et al. 2019) and megaspores have not yet been reported from the Panchet
Formation of Tatapani-Ramakola Coalfield. In the present contribution, these aspects
have been undertaken to understand the early Triassic floral diversity.

Though in the continental Permian and Triassic deposits of Peninsular India,
contributions have been made to recognize the Permian—Triassic transition based on
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sporadic studies on plant macrofossils, palynomorphs and isotopic analysis; inte-
grated study on plant macrofossils and megaspores has not yet been done. There-
fore, this contribution is focused to evaluate the floral changes vis a vis the climatic
changes, after the greatest mass extinction i.e. PTME in the history of planet Earth.

2 Geological Setting

In Peninsular India, the Gondwana Supergroup is composed of predominantly non-
marine sequences that were deposited in several isolated outcrops and are distributed
in various intracratonic basins, viz. Pranhita—Godavari, Koel-Damodar, Satpura,
Narmada, Rajmahal and Son-Mahanadi basins. These sediments were deposited
under a wide array of depositional environments ranging from glacial, glacio-
fluvial, glacio-marine, fluvial, lacustrine to shallow- marine over a prolonged period
(Mukhopadhyay et al. 2010). However, marine signatures in Indian Gondwana have
also been recorded (Goswami 2008; Mukhopadhyay et al. 2010). Lithologically,
the Gondwana sediments comprise of mainly conglomerates, sandstones, shales and
coals of fluvial and lacustrine origin, ranging from late Carboniferous to early Creta-
ceous (Fox 1931; Sastry et al. 1977). The Gondwana basins of Peninsular India occur
along four major linear belts: (i) Trans-Indian Basin that includes the ENE-WSW
trending Satpura and Son Valley basins and E-W to WNW-ESE trending Damodar-
Koel Valley basins (ii) NNW-SSE trending Wardha-Pranhita—Godavari Valley Basin
(iii)) NW-SE trending Mahanadi Valley Basin that swerves to WNW-ESE direction
in the southernmost Talcher Coalfield and (iv) NNW-SSE trending Rajmahal Basin.
However, in none of these basins the sequence is complete. These successions share
the floral and faunal elements of the Gondwana strata of South America, South Africa,
Australia, Antarctica, New Zealand and Madagascar (McLuoghlin 2001). The Gond-
wana succession of India has attracted earth scientists owing to its huge coal reserves.
Earlier, various contributions have been made on the macro- and microfloral contents
of the Gondwana succession (Tiwari and Tripathi 1992; Goswami and Singh 2013
and references therein). However, from the biostratigraphic point of view, palynolog-
ical studies have been the most useful for relative age determination and intra- and
inter- basinal correlation of the Gondwana Supergroup in Peninsular India (Tiwari
and Tripathi 1992 and references therein).

In the Indian peninsular deposits, attempts have been made to trace the Permian—
Triassic transition with reference to the boundary between the Raniganj and Panchet
formations of the Gondwana Supergroup (Sastry et al. 1977; Sarkar et al. 2003),
though the sharp contact between the two formations is not well demarcated, as the
succession is mostly gradational and devoid of any marker macrofossils. Another
major constrain is the lack of continuous sections, because the sections of Rani-
ganj and Panchet formations rarely occur in stratigraphically continuous successions
and are mostly confined in isolated outcrops. However, palynomorphs are mostly
present throughout the Permian—Triassic succession that characterizes the change of
palynoflora across the PTB.
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The area of the present study, the Tatapani-Ramkola Coalfield, is the western
extension of the Damodar-Koel Valley basin. It is located between 23°30°-23°55" N
latitudes and 83°00°—83°40 E longitudes in the Balrampur District of Chhattisgarh
State. It is an east—west trending composite coalfield comprising a northern strip of
coal-bearing rocks referred to as Tatapani Coalfield and a southern one called the
Ramkola Coalfield.

The pioneering geological work in the coalfield was done way back in 1878-79
(Griesbach 1880). Thereafter, further mapping was carried out in the 1950, 60 and 70s
by the Coal Wing of the Geological Survey of India (Raja Rao 1983). However, most
of the work was confined to isolated pockets only, as lack of proper communication
facilities was a major constraint in the development of the coalfield. Since the last
three decades, the Coal Wing, GSI has carried out detailed mapping and drilling
operations in different blocks of the coalfield for the estimation of sub-surface coal
reserves. Palaeobotanical work was initiated in the 1970s, wherein some fragmentary
plant remains were reported (Bose et al. 1977). Since 1990s, detailed palynological
studies have been undertaken for stratigraphic resolution of different formations
and demarcation of coal-bearing horizons (Srivastava et al. 1997; Srivastava and Kar
2001; Kar 2001, 2003, 2012; Kar and Srivastava 2003; Kar and Ghosh 2018). Studies
pertaining to coal petrology have also been undertaken (Sarana 2002; Sarana and
Anand-Prakash 2002; Sarana and Kar 2011). Some fructifications of late Permian age
have been reported from the area (Chandra et al. 2008; Singh et al. 2011); however, a
comprehensive account of plant macrofossils and megaspore assemblages especially
of the early Triassic (Panchet Formation) is still lacking except the recent account of
macrofossils by Saxena et al. (2019).

The topography of the coalfield is mostly flat, with minor undulations and is
flanked on all sides by hillocks of Precambrian rocks. The central part is occu-
pied by vast stretches of Upper Gondwana sediments forming ridges and low hills,
which separates the coal-bearing Lower Gondwana sediments of the north and south.
The Gondwana Sequence in Tatapani-Ramkola Coalfield is represented by Talchir,
Karharbari, Barakar, Barren Measures, Raniganj, Panchet and Mahadeva Formations.
The sediments of the Karharbari and Barren Measures formations were initially not
recognized but were subsequently established by palynological studies (Kar 2003;
Kar and Srivastava 2003).

3 Materials and Methods

An excellent outcrop of the sediments of Raniganj and Panchet formations has been
recognized on the right bank of Iria ‘nala’ (stream), 5 km before Wadruf Nagar town,
below the road bridge on Varanasi-Ambikapur road (Fig. 1). The basal part of the
section consists of sediments of the Raniganj Formation and commences with a dark
grey shale bed, followed by a thin coal layer. It is succeeded by interbedded sandstone
and shale units. The sandstone is pale white in colour, micaceous, fine-grained, having
well-marked ripple laminations and with thin intercalations of grey shales. The shale
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Fig. 2 a Litholog of the outcrop showing the transition of Raniganj and Panchet Formations
(Modified after Kar and Ghosh 2018). b Field photograph of the outcrop showing the lithological
features of the Raniganj Formation (late Permian). ¢ Field photograph of the outcrop showing the
lithological features of the Panchet Formation (early Triassic)

beds contain profuse impressions of plant macrofossils of late Permian affinity, and
above it a sandstone-shale sequence is again exposed (Figs. 2a, b). This sandstone
is dirty white in colour and coarser than the underlying layers. The overlying shale
beds are khaki-green in colour and compare closely with the shales of the Panchet
Formation in its type area (Figs. 2a, c). These khaki shales have yielded the plant
macrofossils and megaspores.

The detailed morphographic study of the plant macrofossils was made under
reflected light using a Leica Wild M420 Stereo—binocular microscope. All the macro-
fossils are preserved as impressions. The macrofossils were photographed with a
Nikon D2X digital camera, under strong reflected light at various angles, to obtain a
clear expression of the surface features. Figured specimens are housed in the museum
of the Birbal Sahni Institute of Palaeosciences, Lucknow.

Megaspores have been recovered in a dispersed state; hence to isolate them from
the rock matrix the standard maceration technique (Schulze 1855; Wellman and Axe
1999; Traverse 2007) was followed. The samples were crushed and sizes of the
fragments were kept roughly up to 2 x 2 mm in size, washed in distilled water,
followed by digestion in 40% Hydrofluoric acid to remove the silica content. The
process took 2-3 days, during which fresh acid was added every day with frequent
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stirring. After neutralizing the acid and thorough cleaning with distilled water, it
was treated with 15% Nitric acid, and kept for 2-3 days for digestion. The residue
was thoroughly washed in distilled water through 150 pum meshes. The megaspores
were dried and then individually picked under low power binocular microscope.
These were studied and photographed in dry conditions with reflected light as well
as in transmitted light. Thereafter, these were gradually treated individually with
15% Nitric acid and dilute Ammonium Hydroxide and photographs were taken in
wet condition. Necessary measurements were taken both in dry and wet conditions.
All the photographs were taken in Olympus microscope BX50 by (Olympus DP26
camera) using CellSens Standard. SEM study was carried out using LEO 430 after
treating the single megaspore in absolute alcohol 4-5 times and in AgNOj_ to increase
the conductivity and then finally coated with palladium.

Identification of the megaspores is largely based on gross morphological traits,
such as spore shape, nature of trilete features and structural details of the wall layers.
In addition, features like nexine, mesosporium, inner body, basal lamina, presence
or absence of pits and cushions etc. are the required criteria for the identification of
megaspores (Hgeg et al. 1955; Spinner 1969). All the figured slides and SEM stubs
are housed in the repository of Birbal Sahni Institute of Palaeosciences, Lucknow.

4 Results

4.1 Plant Macrofossils from the Late Permian (Raniganj
Formation) and Early Triassic (Panchet Formation)

Systematic Palacobotany

Division: Tracheophyta

Subdivision: Euphyllophytina

Class: Equisetopsida

Order: Equisetales

Family: Equisetaceae

Genus: Schizoneura Schimper and Mougeot
Schizoneura gondwanensis Feistmantel (Fig. 3a)

Remarks The occurrence of Schizoneura gondwanensis is common in the Permian
sediments of Peninsular India. The present specimen from the Raniganj Formation
bears a striking resemblance with the forms extensively reported from the Raniganj
Formation of Peninsular India, which is characterized by leaf sheaths having promi-
nent veins radiating from the base and running almost parallel to each other that
converge towards the apex.

Genus: Paracalamites Zalessky
Paracalamites sp. (Fig. 3d)



Radiation of Flora in the Early Triassic Succeeding ... 95

Remarks This form recovered from the Panchet Formation (early Triassic) resem-
bles equisetaceous stems assignable to the genus Paracalamites. Lele (1955) assigned
the articulated stems under the genus Neocalamites. Earlier Zalessky (1932) erected
the form genus Paracalamites that included the equisetaceous stems without leaf-
sheaths and this view was supported later by Boureau (1964), Rigby (1966) and
Holmes (2001).

Division: Spermatophyta
Class: Gymnospermopsida
Order: Arberiales

Family: Glossopteridaceae
Genus: Glossopteris Brongniart
Glossopteris sp. (Fig. 3b)

Remarks Owing to the presence of a characteristic midrib, secondary veins and
meshes, this specimen from the Raniganj Formation is assignable to Glossopteris;
however, due to the unavailability of adequate features the present specimen of
Glossopteris cannot be safely assigned to any known species of the genus.

Glossopteris communis Feistmantel (Fig. 3f)

Remarks In gross morphological features viz. shape, angle of emergence of the
secondary veins, narrow meshes, concentration of veins near the midrib and margin,
the specimens resemble Glossopteris communis of Feistmantel (1879), Bose et al.
(1977), Banerji and Bose (1977) described from the early Triassic of Peninsular
India. This species recorded herein from the Panchet Formation is more common in
the late Permian sediments of India; however, their size and dimensions are greater
than the early Triassic forms (Chatterjee et al. 2014).

Glossopteris indica Schimper (Fig. 3g)

Remarks Feistmantel (1879) described Glossopteris indica from the South Rewa
Basin. The presently studied specimen from the Panchet Formation bears a striking
resemblance in the nature of secondary veins and architecture of meshes (i.e. broad
near the midrib and narrow as well as elongated near the margin) described by Bose
and Banerji (1976) from the Auranga Coalfield. Bose et al. (1977) also recovered
G. indica from the Triassic sediments of Tatapani-Ramkola coalfield. This species is
more common in the Permian sediments of other Gondwanan countries. However,
recently Tewari et al. (2015a) recorded this species from the Triassic of Antarctica.

Glossopteris angustifolia Brongniart (Fig. 3e)

Remarks In venation pattern and architecture of meshes (narrow and elongated
meshes) the present specimen from the Panchet Formation resembles those described
by Brongniart (1828). However, the dimension of early Triassic specimens of Glos-
sopteris angustifloia is comparatively reduced in comparison to the Permian sedi-
ments (Chatterjee et al. 2014). This species was also reported earlier from the early
Triassic of Peninsular India (Bose and Banerji 1976; Bose et al. 1977; Banerji and
Bose 1977).
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Genus: Vertebraria Royle ex McCoy
Vertebraria sp. (Fig. 3c)

Remarks The genus Vertebraria recorded herein from the Raniganj Formation is
often found in close association with Glossopteris in the Permian Gondwana. Though
Vertebraria is a commonly occurring form in the Permian sediments of Indian Gond-
wana (Sen 1955; Pant 1956; Surange and Maheshari 1962; Goswami 2006) and else-
where, so far there is a single report of Vertebraria by Bhowmik and Parveen (2012)
from the Triassic of Nidpur, Central India.

Family: Eretmoniaceae
Genus: Eretmonia du Toit
Eretmonia sp. (Figs. 4a, b)

Remarks These scale leaves recovered from the Panchet Formation are character-
ized by rhomboidal shape with numerous veins forming polygonal meshes and are
comparable to the scale leaf of glossopteridean fructification Eretmonia du Toit 1932.
Eretmonia is rather uncommon in the Triassic sediments of India (Banerji et al. 1976;
Pal et al. 2010) as well as other Gondwana countries. It is fairly common in the late
Permian sequence (Surange and Chandra 1974; Retallack 1980; Rydberg et al. 2012).

Division: Spermatophyta

Class: Gymnospermopsida

Order: Corystospermales

Family: Corystospermaceae

Genus: Dicroidium Gothan

Dicroidium hughesii (Feistmantel) Lele (Figs. 4c, d, e, f)

Remarks Dicroidium hughesii is represented by nine specimens in the present
macrofloral assemblage of Panchet Formation. Dicroidium hughesii is the most
common species recovered from the Triassic sediments of Peninsular India. Based
on the external morphologies such as size, shape of pinnules (obtuse to rounded apex
with a constricted base) and odontopteroid venation pattern, the present specimens
are assignable under D. hughesii (Pal et al. 2014). It has also been reported from
India and other Gondwana countries like Australia and South Africa (Lele 1962; Pal
1984, 1985, 1990; Pal et al. 1991; Anderson and Anderson 1989; Artabe et al. 2007).

Dicroidium zuberi (Szajnocha) Archangelsky (Figs. 4g, h)

Remarks The presently studied specimens from the Panchet Formation resemble
D. zuberi based on its characteristic features namely, pinnules with typical venation
pattern characteristic of the species, e.g. 3—4 dichotomously branched primary veins
concentrating at a basiscopic point. The presently described specimens resemble D.
zuberi reported earlier from India, Australia, Antarctica, South Africa and Argentina
(Archangelsky 1968; Retallack 1977; Anderson and Anderson 1983, 2008; Pal 1984;
Banerji et al. 1987; Banerji and Lemoigne 1987; Escapa et al. 2011; Pal et al. 2014).
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Dicroidium sp. (Fig. 41)

Remarks Owing to the absence of adequate features and venation pattern, it is not
justified to assign the specimen to any particular species of Dicroidium though in all
available morphographic features the specimens from the Panchet Formation corrob-
orates the generic diagnosis of the taxon. Hence, the specimen has been tentatively
identified as Dicroidium sp.

Class: Incertae classis

Order: Incertae ordinis

Family: Incertae sedis

Genus: Desmiophyllum Lesquereux emend. Solms-Laubach
Desmiophyllum sp. (Fig. 4j)

Remarks The present specimens recorded from the Panchet Formation resemble
the ginkgoalean leaf Desmiophyllum in all morphographic features. The affinity
of Desmiophyllum is doubtful. As a matter of fact, Retallack (1981) suggested
the non-committal name of Desmiophyllum for the strap-shaped fossil leaves with
parallel venation and considered them as incertae sedis. Desmiophyllum has been
reported from other Gondwana countries viz. Argentina, Australia, Antarctica and
New Zealand (Lacey and Lucas 1981; Retallack 1983; Artabe et al. 2007; Axsmith
etal. 2000; McLoughlin 201 1; Holmes and Anderson 2013). Till now Desmiophyllum
have been reported specifically from the late Triassic of India (Lele 1962; Pal et al.
1991; Pal and Ghosh 1997). This is the first report of Desmiophyllum from the earliest
Triassic of Peninsular India.

4.2 Megaspores from the Early Triassic (Panchet Formation)

Systematic Palynology

Anteturma: Proximegerminantes Potonié

Turma: Triletes (Reinsch) Potonié

Subturma: Azonotriletes Luber

Infraturma: Laevigati (Bennie and Kidston) Potonié
Genus: Banksisporites Dettmann

Type Species: Banksisporites pinguis (Harris) Dettmann
Banksisporites sinuosus Dettmann (Figs. 5a, b)

Remarks In all the characteristic features viz. size range, shape (amb subcircular),
granulose exine ornamentation pattern and specifically in having sinuous trilete
laesurae, the present specimens resemble Banksisprites sinuosus described from
the Rhaetian of Tasmania, Australia (Dettmann 1961). The species also has been
reported by Banerji et al. (1978) from the Tiki Formation (Norian, late Triassic) of
South Rewa Gondwana Basin, Central India.
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Infraturma: Apiculati (Bennie and Kidston) Potonié

Genus: Biharisporites Potonié emend. Bharadwaj and Tiwari
Type Species: Biharisporites spinosus (Singh) Potonié
Biharisporites sparsus Banerji et al. (Figs. 5c, d, e)

Remarks The specimens resemble Biharisporites sparsus Banerji et al. (1978)
described from the Tiki Formation (Norian, late Triassic) of South Rewa Gondwana
Basin, Central India in having subcircular to subtraingular amb, conate exosporium
and large mesosporium. The present species is comparable to other known species
of the genus Biharisporites e.g., Biharisporites maiturensis Maheshwari and Banerji
(1975) and Biharisporites luguensis Pal et al. (1997) recorded from the early Triassic
of Peninsular India. However, all the morphographic features viz. sparsely distributed
coni on the proximal surface of the megaspore and large mesosporium occupying the
whole spore cavity of the present specimens conform the diagnosis of Biharisporites
sparsus Banerji et al. (1978).

Infraturma: Muronati Potonié and Kremp

Genus: Erlansonisporites Potonié

Type Species: Erlansonisporites erlansonii (Miner) Potonié
Erlansonisporites reticulatus Singh (Figs. 51, g)

Remarks The taxon Erlansonisporites reticulatus was first described by Singh
(1964) from the Lower Cretaceous of Mannville Group, east-central Alberta
(Canada). In all available morphological features, the present specimens resemble
Erlansonisporites reticulatus Singh (1964) in having a trilete mark covered entirely
by a strong reticulation that extends all over the spore surface.

Genus: Ricinospora Bergad
Type Species: Ricinospora cryptoreticulata Bergad
Ricinospora sp. (Fig. 6e)

Remarks This species is very rarely represented in the present megaspore assem-
blage and is not very well preserved. However, in all characteristic features specif-
ically the trilete laesurae covered by coarsely spongiose wall material limited to
only in the apical region, the presently recorded megaspore resembles the generic
diagnosis of Ricinospora first described by Bergad (1978) from the Maastrichtian of
south-central North Dakota, USA. The presently described taxon is not comparable
to any known species of the genus.

Subturma: Lagenotriletes Potonié and Kremp

Infraturma: Trifoliati, Barbati Potonié

Genus: Hughesisporites Potonié

Type Species: Hughesisporites galericulatus (Dijkstra) Potonié
Hughesisporites orlowskae Kozur (Figs. 5h, 1, j)
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Remarks The presently recorded megaspores resemble Hughesisporites orlowskae
Kozur, 1973 described from the Triassic of Germany and Poland (Kozur 1973;
Marcinkiewicz 1978; Batten and Kovach 1990) in having circular amb, almost
straight trilete laesurae and prominent ornamentation at the apical region. Recently,
Neri et al. (2018) recorded the taxon from the Lower Jurassic of Rotzo Formation
(Monti Lessini, northern Italy).

Hughesisporites variabilis Dettmann (Figs. 5k, 1 and 6a)

Remarks In all morphographic features the specimens described above resemble
Hughesisporites variabilis Dettmann (1961) described from the Rhaetian of
Tasmania, Australia. The present specimens are also very closely comparable to those
of Banerji et al. (1978) reported from the Tiki Formation (Norian, late Triassic) of
South Rewa Gondwana Basin, Central India.

Turma: Barbates Médler

Genus: Nathorstisporites hopliticus Jung

Type Species: Nathorstisporites hopliticus Jung
Nathorstisporites hopliticus Jung (Figs. 6b, c, d)

Remarks This species of Nathorstisporites resembles Nathorstisporites hopliticus
Jung (1958) described and illustrated by Dettmann (1961) from the Triassic of
South Australia (Leigh Creek Coalfield) which is characterized by subcircular amb,
raised trilete laesurae, spine like outgrowths those almost mask the trilete mark
and granulose exine. The species also has been reported by Banerji et al. (1978)
from the Triassic of Tiki Formation, South Rewa Gondwana Basin. Megaspores
having affinity with Nathorstisporites hopliticus have been very widely recorded
from Rhaetian—Hettangian sediments of Greenland (Harris 1935), Sweden (Lund-
blad 1956), Germany (Jung 1958), Salt Range of Pakistan (Sah and Jain 1968) and
Poland (Marcinkiewicz 1971).

Genus: Noniasporites Maheshwari and Bajpai
Type Species: Noniasporites harrisii Maheshwari and Bajpai
Noniasporites harrisii Maheshwari and Bajpai (Figs. 6f, g, h, 1)

Remarks In all characteristic features viz. circular amb, reticulate exine with
low and narrow muri and presence of well-developed capilli like appendages in
the proximal face this species in the present megaspore assemblage resembles
Noniasporites harrisii described by Maheshwari and Bajpai (1984) from the late
Permian of Raniganj Formation, Raniganj Coalfield (Damodar Valley Basin), West
Bengal. According to Maheshwari and Bajpai (1984) their samples come from shale
sequence, slightly above the Upper Kajora Coal Seam (Seam IX) exposed in the
Nonia Nala Section, near Asansol. The exact stratigraphy and age of their samples is
uncertain, whether it is late Permian (Raniganj Formation) or early Triassic (Panchet
Formation). However, Maheshwari and Banerji (1975) commented that a number of
megaspore genera continued their existence from late Permian (Raniganj Formation)
to the early Triassic (Panchet Formation) in the Damodar Valley Basin.
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Noniasporites triassicus sp. nov. (Figs. 6j, k, 1)

Specific diagnosis—Megaspores acavate trilete, amb circular to subcircular, trilete
laesurae wavy and raised, presence of rills near the trijuncture in the proximal face,
exine granulose.

Description—Acavate trilete megaspores, mostly laterally preserved, amb
circular to subcircular in proximo-distal view, however, in lateral view outline is
broadly oval, giving a pitcher shaped appearance, equatorial diameter measuring
274-286 pmindry state and 249-267 pum in wet condition, polar diameter measuring
280-287 wm in dry state and 289-293 pm in wet condition. After differential macer-
ation in wet condition, there is no remarkable increase in the size of the megaspores.
Trilete rays significantly wavy and highly raised, mostly masked due to the pres-
ence of rills near the trijuncture. The rill-like exoexinal projections occur in a radial
orientation in the proximal side, especially in the inter-ray areas. In wet condition
(after differential maceration), the exine appears smooth or laevigate excepting the
proximal side. However, in dry state under reflected light as well as under SEM, the
exine ornamentation is granulose. Mesosporium is indiscernible in wet conditions.

Comparison and remarks—The genus Noniasporites was instituted by Mahesh-
wari and Bajpai (1984) from the Upper Permian of Raniganj Formation, Raniganj
Coalfield (Damodar Valley Basin), West Bengal. The age and horizon of the taxon
have been described above. Noniasporites Maheshwari and Bajpai (1984) is charac-
terized by rill-like exoexinal projections in the inter-ray areas, trilete marks masked by
inter-ray ornamentation and the apparent absence of mesosporium. Glasspool (2003),
while reviewing the Permian Gondwana megaspores considered Noniasporites as a
distinct genus. The presently described species resembles the generic circumscrip-
tion of Noniasporites as attributed by Maheshwari and Bajpai (1984). It closely
resembles the type species and the only known species i.e. Noniasporites harrisii
in most of the diagnostic features; however, it differs specifically in the exoexinal
ornamentation patterns. The newly instituted species is mostly laterally preserved
giving a pitcher shaped appearance, whereas, Noniasporites harrisii Maheshwari
and Bajpai (1984) is proximo-distally or obliquely preserved. Except the proximal
side, the exine ornamentation of Noniasporites harrisii under optical microscope
appears laevigate but under SEM it gives a corroded appearance. In contrast, the
exine ornamentation of the present species is granulose as observed under SEM. In
having these distinguishing characters, the new species Noniasporites triassicus has
been erected.

Holotype—Fig. 61; BSIP SEM Stub No. 1563.

Type Locality—Iria Nala Section, near Premnagar Village, Balrampur District,
Chhattisgarh, Tatapani-Ramkola Coalfield, Chhattisgarh.

Age and Horizon—early Triassic, Panchet Formation.

Derivation of name—After the Triassic Period.
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Fig.3 a Schizoneura gondwananensis Feistmantel from Raniganj Formation of Tatapani-Ramkola
Coalfield, Chhattishgarh; BSIP specimen number 8400/21. b Glossopteris sp. from Panchet Forma-
tion of Tatapani-Ramkola Coalfield, Chhattishgarh; BSIP specimen number 8400/03. ¢ Vertebraria
sp. from Panchet Formation of Tatapani-Ramkola Coalfield, Chhattishgarh; BSIP specimen number
8400/01. d Paracalimites sp. from Panchet Formation of Tatapani-Ramkola Coalfield, Chhattish-
garh; BSIP specimen number 8400/09. e Glossopteris angustifolia Brongniart from Panchet Forma-
tion of Tatapani-Ramkola Coalfield, Chhattishgarh; BSIP specimen number 8400/13. f Glossopteris
communis Feistmantel from Panchet Formation of Tatapani-Ramkola Coalfield, Chhattishgarh;
BSIP specimen number 8400/17b. g Glossopteris indica Schimper from Panchet Formation of
Tatapani-Ramkola Coalfield, Chhattishgarh; BSIP specimen number 8400/17a (Scale bar = 10
mm)
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Fig.4 a-b Eretmonia sp. from Panchet Formation of Tatapani-Ramkola Coalfield, Chhattishgarh.
a BSIP specimen number 8399/12; b BSIP specimen number 8399/13. C—f Dicroidium hughesii
(Feistmantel) Lele from Panchet Formation of Tatapani-Ramkola Coalfield, Chhattishgarh. ¢ BSIP
specimen number 8399/54; d BSIP specimen number 8400/33; e BSIP specimen number 8399/35;
f BSIP specimen number 8399/55. g-h Dicroidium zuberi (Szajnocha) Archangelsky from Panchet
Formation of Tatapani-Ramkola Coalfield, Chhattishgarh. g BSIP specimen number. 8400/35;
h BSIP specimen number 8399/37. i Detached pinnule of Dicroidium sp. from Panchet Formation
of Tatapani-Ramkola Coalfield, Chhattishgarh. BSIP specimen number 8400/21. j Desmiophyllum
sp. from Panchet Formation of Tatapani-Ramkola Coalfield, Chhattishgarh. BSIP specimen number
8399/53 (Scale bar = 10 mm)
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Fig. 5 a-b Banksisporites sinuosus (Harris) Dettmann a Megaspore in dry state showing the
distinct trilete mark; b Megaspore in wet condition (after maceration). BSIP Slide No. 15640. c—e
Biharisporites sparsus Banerji et al. ¢ Megaspore in dry state showing the distinct raised trilete mark.
d Megaspore in wet condition (after maceration). e SEM of the distal face of the megaspore. BSIP
SEM Stub No. 15641. f-g Erlansonisporites reticulatus Singh, f Megaspore in dry state showing
the ornamentation in the proximal face and distinct raised trilete mark. g SEM of the proximal face
of the megaspore. BSIP SEM Stub No. 15642. h—j Hugeshisporites orlowskae Kozur, h Megaspore
in dry state showing the proximal face with raised trilete mark. i Megaspore in wet condition (after
maceration). j SEM of the proximal face of the megaspore showing sculptural elements. BSIP SEM
Stub No. 15643. k-1 Hughesisporites variabilis Dettmann; k Megaspore in dry state showing the
proximal face showing the ornamentation and trilete mark. 1 Megaspore in dry state showing the
distal face. BSIP Slide No. 15644
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Fig. 6 a Hughesisporites variabilis Dettmann, Megaspore in wet condition (after maceration)
BSIP Slide No. 15644; b—d Nathorstisporites hopliticus Jung, b Megaspore in dry state showing
the proximal face with ornamentation and raised trilete mark. ¢ Megaspore in wet condition (after
maceration). d SEM of the proximal face of the megaspore showing sculptural elements. BSIP SEM
Stub No. 15645. e Ricinospora sp. Megaspore in dry state showing the proximal face with orna-
mentation. BSIP Slide No. 15646. f—i Noniasporites harrisii Maheshwari & Bajpai, f Megaspore
in dry state showing the proximal face with ornamentation. g Megaspore in wet condition (after
maceration). h SEM of the proximal face of the megaspore showing sculptural elements. BSIP
SEM Stub No. 15647. i SEM of another specimen showing the proximal face of the megaspore
with sculptural elements. BSIP SEM Stub No. 15648. j-1 Noniasporites triassicus sp. nov. (Holo-
type), j Megaspore in dry state showing the proximal face with ornamentation. k Megaspore in
wet condition (after maceration). 1 SEM of the proximal face of the megaspore showing sculptural
elements. BSIP SEM Stub No. 1563
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5 Discussion

The macrofloral assemblage recorded herein from the Panchet Formation (early
Triassic) of Tatapani-Ramkola Coalfield, bears a striking resemblance to the early
Triassic macrofloral assemblage from the Auranga Valley, Latehar District, Jhark-
hand (Bose and Banerji 1976). An assemblage dominated by species of Dicroidium,
namely Dicroidium hughesii and D. zuberi bears a striking resemblance to the
early Triassic macrofloral assemblages known from other Gondwanan countries
viz. Australia, Antarctica, New Zealand and Argentina (Archangelasky 1968; Retal-
lack 1977; Anderson and Anderson 1983, 1989, 2008; Artabe et al. 2007; Escapa
et al. 2011). The late Permian vegetation dominated by the glossopterids was
gradually replaced by the Dicroidium dominated early Triassic vegetation. Late
Permian holdovers, namely some species of Glossopteris and Paracalamites (Equi-
seatceous stems) continued up to the early Triassic. Recently Saxena et al. (2019)
also recorded some plant macrofossils from the Panchet Formation (early Triassic)
of Tatapani-Ramkola Coalfield that include Paracalamites sp., Schizoneura gond-
wanensis, Glossopteris indica, G. verticilata, G. senii, G. raniganjensis, G. indica,
G. taeniensis, Linguifolium lillieanum, Heidiphyllum elongatum, Heidiphyllum sp.,
?Autunia conferta and Dicroidium zuberi.

Palynological analysis on the samples of the studied outcrop has been
carried out by Kar and Ghosh (2018) and they designated four assemblage
zones on the basis of dominance/sub-dominance of marker taxa. The four
assemblage zones recorded, in ascending order from the base of the outcrop
are—Zone 1. Striatopodocarpites-Densipollenites, Zone Il: Striatopodocarpites-
Crescentipollenites, Zone 1II: Falcisporites-Klausipollenites and Zone IV:
Densipollenites-Lunatisporites. Amongst these, Zone I and Zone II represent the
upper Raniganj palynozones and can be correlated to the late Permian, while the
assemblages of Zone IIl and Zone IV constitute the lower Panchet palynozones
assignable to the early Triassic. Kar and Ghosh (2018) commented that the Permian—
Triassic transition lies between Zone II and Zone III of the outcrop. All these paly-
noassemblages are comparable to the already documented palynozones known from
the other Gondwana basins of Peninsular India (Tiwari and Tripathi 1992). It is very
well established that throughout the world, the Permian—Triassic transition is marked
by the spike of Reduviasporonites. This marker palynomorph of the Permian—Triassic
transition has been reported by Kar and Ghosh (2018) from the same outcrop and it has
been observed that their occurrence significantly enhanced from the Palynoassem-
blage Zone II and its maximum abundance was noticed in Palynoassemblage Zone
III.

Study of fossil megaspores is very significant as it not only throws light on the
evolutionary history of the land plants but can also be used in tracing the plants that
are heterosporous. It has been used as a marker in biostratigraphical zonation and
correlation at generic level in the Triassic succession of Europe (Kovach and Batten
1989). Triassic megaspores from Peninsular India have been reported earlier by a
number of workers (Ghosh and Banerji 2007 and the references therein). Ghosh and
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Banerji (2007) have established the biostratigraphic zonation based on megaspores
from the Triassic sequence of Peninsular India for the correlation of different Gond-
wana basins. Significant contributions on Triassic megaspores from other Gondwana
countries have been made by Dettmann (1961), Helby and Martin (1965), Scott and
Playford (1985), Cantrill and Drinnan (1994), Lugardon et al. (2000), Macluf et al.
(2010) and others.

The present contribution on the megaspores provides further addition to the knowl-
edge of megaspores recovered from the early Triassic sequence of South Rewa
Gondwana Basin. The assemblage is represented by the characteristic megaspore
taxa of Triassic affinity viz. Banksisporites sinuosus, Biharisporites sparsus, Erlan-
sonisporites reticulates, Ricinospora sp., Hughesisporites orowskae, H. variabilis,
Nathorstisporites hopliticus, Noniasporites harrisii and N. triassicus. Solitary new
species of Noniasporites i.e. N. triassicus has been recognized in the present assem-
blage. Amongst the recorded megaspore taxa, the majority are known from the
Triassic of Peninsular India and elsewhere. Very few species of the present assem-
blage have been recorded earlier from the late Permian, Jurassic and also from the
early Cretaceous sediments. So, in all probabilities very few late Permian forms
continued till the early Triassic, and only few early Triassic forms continued their
existence up to the early Cretaceous.

It is very well known that the megaspores are basically the product of
heterosporous pteridophytes. Some Triassic megaspores are characterised by the
mesosporium that suggest their affinity to the Sellaginellales (Potonié 1956). Modern
counterparts of Selaginella are usually found in areas with adequate moisture;
however, some species of Selaginella are adapted in comparatively drier regions
and are pikilohydric in nature. Therefore, probably during the early Triassic the
environment was not absolutely arid; rather it was semi- arid with moderate
humidity. The samples which yielded well preserved megaspores are dominated by
Dicroidium, however; some dwarf species of Glossopteris e.g. G. communis (Chat-
terjee et al. 2014) and other late Permian holdovers are also present. The occurrence
of Dicroidium in the khaki-green shale of the Panchet Formation (early Triassic)
indicates a progressively drier climatic conditions in contrast to the underlying late
Permian sediments.

The early Triassic experienced drier climatic conditions in comparison to the
warm and humid climate during the Permian (McLoughlin et al. 1997). In contrast,
the Glossopteris flora of late Permian was adapted to temperate, cool and moist
environments (McLoughlin 1993; McManus et al. 2002). A greenhouse condition
with a warmer phase prevailed during the Triassic due to the global rise of tempera-
ture. The Triassic Period also witnessed episodes of intense volcanism (Frakes et al.
1992; Retallack and Zarza 1998; Scotese et al. 1999). Chatterjee et al. (2014) opined
that dwarfism was one of the strategies adapted by the early Triassic plant groups to
combat the adverse conditions when there was indeed a shortage of essential nutrients
in the soil, in addition to the seasonal dry climate, irregular rainfall and widespread
aridity. It should be mentioned here that the Triassic genera, specifically Lepidopteris
and Dicroidium possessed thick cuticles with sunken stomata since the atmosphere
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during the early Triassic had a higher level of CO, and lower O, level (Berner 2006;
Ward 2006; Sues and Fraser 2010).

6 Conclusions

It is evident from the present study that radiation of flora took place after the end
Permian Mass Extinction Event. However, it took several million years for recovery.
Itis a widespread phenomenon that affected both flora and fauna of marine and terres-
trial realms. As revealed from the present case study on the outcrop of late Permian
to early Triassic sequence of Tatapani-Ramkola Coalfield, the late Permian vegeta-
tion dominated by glossopterids were gradually replaced by the Dicroidium domi-
nated flora in the early Triassic. Some species of Glossopteris and associated floral
elements continued up to the early Triassic. However, the dimension of Glossopteris
leaves became comparatively smaller than the underlying late Permian sequence.
Owing to wide geographical distribution and restricted geologic range, Dicroidium
is considered as an index taxon of the continental Triassic and across the Gond-
wana Supergroup throughout the Triassic the Dicroidium flora was well diversified
and prolific. Though there are reports of plant macrofossils having an affinity with
Dicroidium from the late Permian of Middle East (Kerp et al. 2006; Hamad et al.
2008), their affinity is doubtful and yet to be resolved. However, it may be assumed
that Dicroidium flora might have originated in the equatorial region during the late
Permian and eventually became widespread in the southern hemisphere during the
Triassic (Chatterjee et al. 2013). The palynological assemblage as well as the megas-
pore assemblage also reflects a clear evidence of floral change in the early Triassic
in comparison to late Permian.
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and Depositional Environments

of the Kachchh Mainland, Gujarat, India

Mahender Kotha

Abstract The Mesozoic rocks in the Kachchh Basin, with their varied lithological
characters and depositional facies, have been a focus of geologists’ attention since
the pioneering work of Wynne and Fedden in 1872-74, more than a century ago.
The prolific megafauna, especially the Upper Jurassic ammonites, of the Mesozoic
succession of Kachchh is well known globally that attracted paleontologists, while
the wide range of condensed sections exposing Bathonian to Pleistocene drew the
stratigraphers’ attention. The Jurassic ammonite fauna of Kachchh is essential for its
regional significance and broad provincial interest. Although an excellent volume of
data is available on the Jurassic succession of India, most of that focus attention on
paleontology and stratigraphy. The varied depositional, erosional, and biogenic struc-
tures present in the Mesozoic sequence of Kachchh are quite interesting. The exposed
Mesozoic sequence of Kachchh Mainland consists of rocks ranging from Middle
Jurassic to Early Cretaceous, is divided into four formations viz. Jhurio, Jumara,
Jhuran, and Bhuj in ascending order. The Jhurio and Jumara formations, belonging
to Middle Jurassic, represent a mixed carbonate—clastic sequence, while the Jhuran
Formation (Late Jurassic) and Bhuj Formation (Early Cretaceous comprises an essen-
tially clastic succession. In all, 13 lithofacies associations with varying depositional
conditions are observed from the entire exposed Mesozoic succession of Kachchh
Mainland. Sandstone and shales are the dominant lithologies of the succession, while
the carbonate rocks occur only to the Middle Jurassic exposures. Petrographically, the
sandstones belong to the predominant quartz arenite to feldspathic arenite categories,
followed by a few lithic arenites, and the associated carbonate lithologies belong to
a variety of types, ranging from mudstone to grainstones, and exhibit a variable
microfacies character and diagenetic modifications. The present work highlights an
overview of the sedimentological account of the Mesozoic succession of Kachchh
Mainland and discusses the distribution of the variety of clastic and carbonate facies
types and their use of the paleoenvironmental reconstruction for understanding the
paleogeography of Kachchh Basin.
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1 Introduction

The sedimentary basin of Kachchh (also known as Kutch), well known for its prolific
megafauna, especially the Upper Jurassic ammonites, possesses a vital perspective
for paleontologists, stratigraphers, and sedimentologists. The abundance of fossil
faunas and the wide range of condensed sections exposing Bathonian to Pleistocene
have attracted both paleontologists and stratigraphers (Fig. 1a, b). Arkell (1956)
quoted this classic area as probably the most favored locality in the world for Upper

Fig. 1 Field photographs of Mesozoic outcrops: a Glimpse of Kutch Region and its geological
importance, b Ammonoid fossil specimens preserved in the Mesozoic succession of Kutch, ¢ Jhurio
Formation as exposed at the core of the faulted Jhurio Dome, d Type section of Jumara Formation,
northern periphery of Jumara dome. Top of Jumara Formation marked by Dhosa Oolite bed, e Middle
(Shale) and Upper (Sandstone) members of the Jhuran Fm as seen in the Khari Nadi cliff near
Rudramata temple and f Reference section of Bhuj Fm at Mandvi/ Lakhpat Road Junction along
Ring road, opposite Prince Residency Hotel, Bhuj (coin diameter = 2.5 cm)
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Jurassic Ammonites. He also pointed out that the lower part of Callovian is probably
more fully developed in Kachchh than anywhere else.

The east—west aligned pericratonic sedimentary basin of Kachchh with vast plains
dissected by a few low rising hills came into existence during the Late Triassic —
Early Jurassic at the time of rifting of Africa and India (Biswas 1981). The basin
has experienced periodic carbonate sedimentation interrupted with a vast siliciclastic
deposition from Middle Jurassic to Neogene. The Mesozoic rocks are exposed in six
highland areas viz. Kachchh Mainland, Wagad, Pachham, Khadir, Bela, and Chorar,
whereas the Tertiary strata are exposed in the adjacent plain lands. Regional structural
elements of the Kachchh Mainland consist of two parallel fault flexures along the
NW-SE striking master faults (Biswas 1981, 1982, 1987, 1991). The Jurassic rocks
are best developed in the northern flexure. A string of culminations observed along
this flexure with depressions between them. These zones of culminations stand out
in domal forms at Jara, Jumara, Nara, Keera, Jhura and Habo hills, where inliers of
Middle Jurassic (relatively older) rocks, the Jhurio and Jumara formations occur at
the core of these domes. The dried-up nalas, cliff sections, and road cuts provide
good exposures of Mesozoic outcrops for sample collection (Mahender and Sharma
2010). While attempting to briefly review the work done earlier on stratigraphic and
sedimentological aspects, this paper also presents a comprehensive account of the
sedimentation history of the Mesozoic succession of Kachchh in order to understand
the provenance and depositional environments.

Although the list of investigations on Kachchh is enormous, much of the avail-
able literature focuses attention mainly on the paleontology and stratigraphic aspects
(Wynne 1875; Waagen 1871; Spath, 1933; Rajnath 1932, 1942; Agarwal, 1957, 1975;
Ghosh, 1969; Biswas 1970, 1971, 1974, 1977, 1981, 1991; Singh and Kanjilal 1974;
Krishna et al. 1983, 2000; Krishna 2017). Some of the past studies integrate the sedi-
mentological aspects with geochemical characteristics of the Mesozoic Sediments
of Kutch Basin (Shukla and Singh, 1990; Phansalkar et al. 1992; Khadkikar 1996;
Dubey and Chatterjee 1997; Osman and Mahender 1997; Mahender and Sharma
2010; Ahmad et al. 2006, 2014). The detailed lithostratigraphic classification of
Mesozoic of Kutch was proposed by Biswas (1977) based on detailed field studies.
Some of the most recent contributions of Mesozoic of Kachchh are as follows:
Mesozoic foraminiferal study (Gaur and Talib 2009; Talib et al. 2012), study of
Ammonoidea assemblage of Callovian and Upper Jurassic Bivlaves (Bardhan et al.
2009, 2012), endemism and phylogeny of Bathonian—Callovian Ammonoidea (Dutta
and Bardhan 2016), hydrocarbon exploration (Patil et al. 2013), possible oceanic
anoxia in Jurassic (Arora et al. 2015, 2017); detrital zircon and monazite for tracking
the source of Mesozoic Sediments of Kutch (Chaudhuri et al. 2020a), paleogeo-
graphic implications of glauconite composition (Banerjee et al. 2016; Bansal et al.
2017), systematics, endemism and phylogeny of Bathonian—Callovian Ammonoidea
(Dutta and Bardhan 2016), Upper Jurassic soft Sediment deformation structures as
a testimony to seismites (Kale et al. 2016), stable isotopic studies and its potential
for paleoecologic, paleoclimatic, and paleogeographic reconstructions of Middle
to Jurassic belemnites and brachiopods (Alberti et al. 2012a, b), overview of the
lithostratigraphy, biostratigraphy and paleoenvironment of the Middle to Upper
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Jurassic sedimentary succession (Alberti et al. 2017), oldest turritelline gastropods of
Upper Jurassic (Das et al. 2018), compositional evolution of siliciclastic sediments
recording the tectonic stability of a pericratonic rift during the Mesozoic Kutch
Basin (Chaudhuri et al. 2018, 2020a,2020b,2020c,2020d). The present paper gives
an overview of the stratigraphic sedimentology, and the depositional environments
Mesozoic sequence of Kachchh Mainland.

2 Geological Background

The Mesozoic sedimentary strata, ranging in age from Middle Jurassic (Bathonian)
to Early Cretaceous as exposed in Kachchh Basin is divided into four formations viz.
Jhurio, Jumara, Jhuran, and Bhuj in ascending order (Biswas 1977). The Mesozoic
rocks overlie the Archean basement and disconformably underlies the Late Creta-
ceous basic flows of the Deccan Trap in the southern and western parts and Tertiary
sediments in the eastern part of the basin. The sequence was developed due to repeated
marine incursions during the Middle Jurassic to lower Cretaceous period followed
by major tectonic movements and Deccan Trap volcanism in the Late Cretaceous
time (Biswas 1977). The present work is based on (a) systematic sampling along
selected traverses, (b) samples from cliff sections, and (c) spot sampling from specific
localities presents an overview of the systematic stratigraphic sedimentology of the
Mesozoic Sequence of Kachchh Mainland. The general distribution and occurrence
of outcrops and their field character can be found in Mahender et al. (2008) and
Mahender and Sharma (2010).

3 Systematic Stratigraphy

The Mesozoic stratigraphy of Kachchh Basin comprises strata ranging in age from
Middle Jurassic (Bathonian) to Recent (Holocene) (Table 1). Mesozoic rocks, are
divided into four formations viz. Jhurio, Jumara, Jhuran, and Bhuj in ascending
order (Biswas 1977). The first two formations (Jhurio and Jumara) belong to the
Middle Jurassic, the Jhuran Formation is Late Jurassic, and the topmost Bhuj Forma-
tion belongs to an Early Cretaceous age (Biswas 1977, 2005). The Tertiary sedi-
ments lie over the Trap and the Mesozoic sediments wherever the Trap is absent. A
detailed description of each Mesozoic formation is given in the following paragraphs,
and a summary of the generalized Mesozoic lithostratigraphic succession Kachchh
mainland is presented in Table 2.
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3.1 Jhurio Formation (Author: Biswas 1977; Also Known
as Patcham Series)

A thick sequence of dominant limestone with interbedded shale and occasional bands
of “golden oolite” and sandstone has been named as Jhurio Formation. The formation
shows a change in facies, from carbonate in the west to clastics in the east.

3.1.1 Type Section

Jhurio Hill, 38 km. North of Bhuj.

3.1.2 Geographical Extension

This formation has a vast extent. It is present in the Kachchh Mainland and has been
recognized in the subsurface also. The formation is exposed as small inliers in three
hills (Habo, Jhurio, and Jumara, from east to west) along the Mainland’s northern
margin. The formation is thickest in the Jhura Dome (Fig. 1¢). The hill’s major part is
composed of this formation and numerous good sections are seen in radial streams.
In Habo and Jumara hills, only the upper part of the formation is exposed. In Habo,
it crops out only at three places in the northern flank of the hill south of Dhrang and
Fulae. It is also exposed in the hill adjacent to the Rann to the north of Jumara. The
steeply dipping hard limestone beds form the whitish country of high relief featured
by cuestas and annular valleys.

3.1.3 Lithology

The lower part comprises thin beds of yellow and grey limestones occasionally
containing golden oolites, in grey shales. The middle part comprises thick beds of
grey, yellow weathering shales alternated with thick beds of golden oolitic limestones.
In contrast, the upper part of the formation is made up of thinly bedded white to
cream coloured limestones with thin bands of golden oolites. The formation has
been formally subdivided into seven informal members, named as A to G by Biswas
(1977), based on the limestone, golden oolite, and shale occurrences. In Habo hill,
only the topmost part of the formation is exposed. In the Jumara section, the top
member is underlain by olive—grey gypseous shale with thin bands of coral bioliths
equivalent to member F.

3.1.4 Lithofacies

This formation represents two lithofacies associations (Table 3), which include the
quiet water subtidal carbonate association (LFA—1) and mixed siliciclastic carbonate
shallow marine association (LFA-2) (Osman and Mahender 1997).
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3.1.5 Boundaries

The lower boundary is not exposed in the type section. The upper contact with the
overlying Jumara Formation is conformable and well-marked by the contrast of its
white limestones and the green shales of the Jumara Formation. The geomorphic
expression of the limestones forming high relief against the low areas of shales help
to mark the boundary easily.

3.1.6 Thickness

In the type section, the thickness of the formation is 287 m. In Jumara and Habo
Hills, the exposed thickness is only 70 m. (+) and 16 m. (+) respectively.

3.1.7 Paleontology

Common Fossils include Rhynchonella, Terebratula, Kachchhithyris, Allectryonia,
Ostrea, Astarte, Trigonia, Belemnites, and ammonites (Macrocephalites). This
formation is incredibly rich in fossils in the Jumara dome, where the shales and
biostromes are packed with corals, brachiopods, pelecypods, and ammonites.

3.1.8 Age

The benthic foraminifera belongs to Epistomina regularis — E. ghoshi Assemblage
zone, Lenticulina dilectaformis Partial-Range—Zone, Tewaria Kachchhensis partial—
Range—Zone in stratotype indicate Bathonian—Callovian age (Pandey and Dave
1993). The formation was deposited in a littoral to the infra littoral environment,
neritic transgressive environment.

3.2 Jumara Formation (Author: Biswas 1971; Also Known
as Chari Series)

Monotonous grey to dark grey, laminated, rarely silty, and often calcareous shale
sequence overlying the Jhurio Formation was named after its type section of Jumara
Dome at the western Kachchh. The formation shows a gradual increase in thickness
from east to west.
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3.2.1 Type Section

Jumara Dome, Western Kachchh. The Jhurio and Habo dome sections to the east of
the type section are important reference sections.

3.2.2 Geographic Extent

The formation is exposed as inliers at the center of the domal and anticlinal hills
along the northern edge of the Mainland and in the central Charwar Range, in more
or less circular and elliptical outcrops. Being a soft formation, it usually gives rise to
a grey undulating topography. The Jumara Formation is very widespread, extending
from Banni graben (subsurface) to Kachchh mainland. It has also been recognized
in the shelf part of the offshore and the wells.

3.2.3 Lithology

In the type section, the formation is characterized by monotonous olive—grey,
gypseous, laminated shales with thin, red ferruginous bands, alternating beds of
limestone, and occasional sandstone inter—beds. It has been sub—divided into four
informal members numbered I to IV based on the limestone or sandstone inter—beds
dividing the continuous shale sequence (Biswas 1977). Thin fossiliferous oolitic
limestone bands occur in the shales near the top of member IV, the famous “Dhosa
Oolite beds” or “Stage.” It is a very characteristic horizon and used as the main key
bed in Mainland stratigraphy. In these sections and Chorar Range outcrops, more
sandstone beds appear in the lower part. East of the type section, in the Manjal
dome, the lowest exposed bed is a limestone developed locally, embracing the lower
and upper parts of the members I and II.

The Jhurio and Habo dome section to the east of the type section are important
reference sections. In these sections and Charwar Range outcrops, more sandstone
beds appear at the lower part. East of the type section, in Manjal dome, the lowest
exposed bed is a limestone, developed locally embracing the lower and upper parts
of the members III and II. Further east in the Keera dome, a significant portion of
the member I has been replaced by a golden—oolite—shale lithosome that resembles
the middle part of the Jhurio Formation.

3.2.4 Lithofacies

Three lithofacies associations are recognizable in this formation (Table 3), which
include the predominantly terrigenous valley—fill association (LFA-3), quiet water
lagoonal shale—carbonate association (LFA—4) and cyclic shallow—water peritidal
carbonate—shale association (LFA-5) (Osman and Mahender 1997).
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3.2.5 Boundaries

The top and basal part of the formation is exposed only in Jhura, Habo, and Jumara
hills. The lower boundary is defined by conformable limestone shale contact, and
Dhosa Oolite Member marks the upper boundary (Fig. 1d). The contact is marked by
the topmost oolitic band, which is conglomeratic and separates the unfossiliferous
grey shales (of Jhuran Formation) and the green fossiliferous shales with oolite bands.

3.2.6 Thickness

The thickness of the formation (273.5 m as observed in the type section) is more or
less uniform throughout the study area.

3.2.7 Paleontology

This formation is the richest of all in fossil content. Varieties of ammonites, Belem-
nites, brachiopods, pelecypods, corals, and gastropods are found throughout the
formation. Besides mega fossils, the formation is rich in foraminifera.

328 Age

The benthic foraminifera recorded from the type area is referred to as Tewaria kachch-
hensis Partial Range—Zone, Proteonina difflugiformis, Astacolus anceps Assem-
blage—Zone and Epistomina majungaensis Range—Zone (Pandey and Dave 1993).
The fossil assemblage gives an age of Callovian— Oxfordian to the formation.

3.2.9 Environment

A littoral to shallow marine circa littoral (below the wave base) environment of
deposition is inferred for the formation.

3.3 Jhuran Formation (Author: Biswas 1977; Also Known
as Katrol Formation)

The thick sequence of alternating beds of sandstone and shale has been named the
Jhuran Formation. The Jhuran formation, defined by the underlying Dhosa Oolite
Member of the Jumara Formation and the overlying non—-marine sandstone of the
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Bhuj Formation, is divided into four informal member—(lower, middle, upper, and
Katesar members).

3.3.1 Type Section

Along the stream around Jhuran Village, 40 km east of Bhuj City and the type section
for the upper part of the sequence (Katesar Member) is exposed along Katesar River
and in Mundhan Anticlines (4 km. SW of Mundhan).

3.3.2 Geographic Extent

The formation is extensively exposed along the southern flanks of the northern and
central hill ranges in two wide E-W strips. It is present as inliers in the Bhuj Formation
at extreme east and west and in the central part of domes and anticlines. The Lower,
Middle and lower part of the upper member is extensively exposed in the central part
of the Kachchh Mainland, the main sections of which are better exposed (Fig. le)
in and around Bhuj, and in Kharinadi valley around Rudramata temple, 16 km N
of Bhuj, which serves as a useful reference section for the most part of the Jhuran
Formation in the study area.

3.3.3 Lithology

The lower part comprises alternating yellow and red sandstone and shale beds with
thin bands of hard yellow, fossiliferous, pebbly, calcareous sandstone, occasionally
containing golden oolites in grey shales. The middle member in the present study
area is represented by a monotonous succession of dark grey to black well-lami-
nated shales, occasionally gypseous, weathering in olive—gray color. Thin red bands
of ferruginous sandstone, micaceous siltstone, and yellow ochreous mudstone are
typical in shales. The shales are unfossiliferous in the present area although they
are fossiliferous in the western part. The Upper member in the present study area is
represented with red and yellow, massive current bedded sandstone with intercala-
tions of shale, siltstone, and at places, calcareous sandstone bands in the middle. The
formation is uniform in lithologic character throughout, excepting the interfingering
relationship between the members and the sandstone and shale beds.

3.3.4 Lithofacies

Four lithofacies type associations have been identified (Table 3) in this formation,
which comprises LFA—6: Interbedded shale—sandstone association, LFA-7: Fossilif-
erous shale with thin sand/silt interbeds, LFA—8: Sandstone with interlayered shale,
and LFA-9: Interbedded Siltstone—Shale association (Mahender and Sharma 2010).
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3.3.5 Boundaries

Although it is generally conformable, a local disconformity is observed at the lower
boundary of the Jhuran Formation. Jhuran shales resting over the eroded Dhosa
Oolite Member. The upper contact with the overlying Bhuj Formation is gradational.

3.3.6 Thickness

The formation is thickest in the Jara—Mundhan area of NW mainland, where it is
865 m thick and thins down to the eastward to 442 m in the type Section. In the
central mainland, the formation thickness is at its minimal (—380 m).

3.3.7 Paleontology

Common fossils include belemnites, ammonites, pelecypods, gastropods, and locally
corals and echinoids. The irregular occurrence of plant fossils has been noted at many
places in association with beds carrying marine fossils.

3.3.8 Age

Kimmeridgian to (pre—Aptian) Valangian age has been assigned by the earlier
workers based on the available faunal evidence for this formation.

3.3.9 Environment

The paralic facies and the physical and biological characteristics of the sediments of
different members tend to suggest a repeated paleogeographic shift from sub littoral
to supra littoral environment and a continental environment in the upper part.

3.4 Bhuj Formation (Author: Biswas 1971; Also Known
as Umia/ Bhuj Series)

A thick sequence of non—-marine sandstones of uniform character constitutes the
youngest formation of the Mesozoic sequence of Kachchh. The formation has been
named after Bhuj. The formation is bounded by the Jhuran Formation below and the
Deccan trap flows above.
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3.4.1 Type Section

There are several reference sections of which the Rukmavati section, south of Bhuj,
from Jamatara downstream up to Trap, is considered as the main reference section.
The other impressive section of this formation can be seen around the Bhuj City
(Fig. 1f) and near the Tapkeshewar Temple hill range. The formation is divided into
two informal members viz. the Lower and Upper members in Kachchh mainland,
whereas laterally in the west they are designated as Ghuneri (Lower) and Ukra

(Upper).

3.4.2 Geographic Extent

The Bhuj rocks are exposed extensively in the mainland, occupying about 3/4th of the
total Mesozoic outcrop area. The main exposures are seen in two wide belts stretching
from Bachau on the east to Ghuneri on the west, occupying lowlands between the
hill ranges. The entire city of Bhuj, in fact, is located on this formation. Monotonous
sandy plains ribbed with cuestas formed by hard ironstone or lateritic bands, some
of which are capped by Trap flows, are the typical topographic expression of Bhuj
rocks. Bhuj sandstone being a good aquifer, plains on these rocks are extensively
cultivated.

3.4.3 Lithology

The present study area exposes only the Lower and Upper members of the forma-
tion. The Lower Member is characterized by the cyclic repetition of ferruginous or
lateritic bands, shales, and sandstones. The Upper Member consists of whitish to
pale brown, massive, current-bedded, coarse-grained, well-sorted sandstones with
kaolinitic shale and ferruginous band alternations at some intervals. The sandstones
are pale brown to buff, soft, friable, usually current bedded (large scale tabular), fine
to coarse-grained, well-sorted, loosely cemented quartz arenites, are usually mica-
ceous, ferruginous, and/or calcareous. Some coarse-grained varieties are feldspathic
arenites. Shales are grey, silty, well laminated with limonitic partings, and locally
carbonaceous.

3.4.4 Lithofacies

Four lithofacies associations are described in the formation (Table 3), which includes
(i) Cross—bedded sandstone association (LFA-10), (ii) Interbedded Sandstone—Silt-
stone association (LFA-11), (iii) Silty Sandstone with interlayered shale (LFA—12),
and (iv) Bioturbated Sandstone Lithofacies association (LFA-13) (Mahender and
Sharma 2010).
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3.4.5 Boundaries

The formation is bounded by the planes of disconformity. The lower contact,
though partly gradational at some places, show a disconformable contact. The upper
boundary of the Bhuj formation is marked with the Deccan Trap flows resting on the
formation’s eroded undulating surface.

3.4.6 Thickness

The thickness of the formation (273 m as observed in the type section) is more or
less uniform throughout the study area.

3.4.7 Paleontology

The formation, in general, is devoid of fossil fauna in the eastern part; however,
in the western part, in the Ukra member, some fossils are reported. There are
plenty of plant fossils reported from these rocks. The flora is typically Upper Gond-
wana Ptilophyllum Flora comprising Ptilophyllum, Williamsonia, Brachyphyllum,
Cladophlebis, Equisetum, etc. besides leaf impressions, large chunks of fossil wood
are seen concentrated at places.

348 Age

The lower time limit of the formation is indicated by the upper limit of the Jhuran
Formation, which is the Valanginian. The hiatus due to disconformity between the
formations is not known. The lowest age indicator in the Bhuj Formation is the Ukra
Member, whose ammonite assemblage indicates an Aptian Age. The leaf impressions
and micro—, and macrospores suggest a “Neocomian” age to these rocks.

3.4.9 Environment

Based on the lithology, the absence of fauna and rich assemblage of flora, sedimentary
structures (such as large—scale cross—bedding), and marine tongues in the downward
direction (in the west), the sediments can be interpreted as the products of delta
deposits with distal part (delta front) towards the west and the proximal part (fluvial)
to the east in the direction of land.
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4 Sedimentology

4.1 Clastic Sedimentology

Sandstones, the abundant lithology of the Mesozoic sequence of Kachchh, units are
well-bedded and exhibit a variety of sedimentary structures (depositional, erosional
and other), including cross—bedding of various types and scales (Fig. 2a—c); varying
scales of rippled bedding in sandstones indicating the shallow nature of the deposi-
tional environment (Fig. 2d, f). Large interference ripples also occur in some of the
litho units (Fig. 2e). Laminated bedding with alternating fine and coarse laminae has
been observed in the sequence at various localities, especially from cliff sections.
Several types of trace fossils have been observed in the Middle Jurassic sequence of
Kachchh from shaley units. Although the preservation of trace is fossils is better seen
in argillaceous units, sandy—carbonate units also exhibit poorly preserved trace fossils
such as Rhizocorallium, Thalssinoides, etc. The various burrow patterns observed in
the succession include vertical burrows, sand-filled burrows and bioturbated hori-
zons (Fig. 2p-r); Jointing is prominently developed in ferruginous and calcareous
sandstones and sandy limestones. Two sets of joints are clearly seen, giving rise to
blocks of the lithounits (Fig. 2j). At places, columnar jointing (Fig. 2k) is promi-
nently developed in sandstones belonging to Late Jurassic to Early Cretaceous. The
pattern is very similar to the columnar structures commonly observed in Basalts.
Best exposures of columnar sandstone occur in and around Bhuj. Regular hexagonal
columns developed perpendicular to bedding are with four to five sides are frequent.
Each column is about 1-1.2 m. height and about 20-30 cm. in diameter; Iron crusts
commonly occur (Fig. 2m, n) on the top of oolitic sandy beds at some localities are
associated with large iron oncoids. The crusts are 2—4 cm. thick; Concretion layers
(Fig. 2h) are widespread within the argillaceous limestone interbeds of Kachchh
Jurassic. These beds consist of elongate, cylindrical, and irregular shaped nodules.

4.2 Paleocurrents

Cross—bedding is the most abundant and striking sedimentary structure seen at many
localities of the exposed sandstones at various intervals of the sequence. The strike
and dip of the cross—bedding units vary abruptly from place to place. The cross—
bedding is mostly of high angle wedge type cross—stratification. Large scale planar
and herringbone cross—stratification types are also observed in this rock sequence.
The dip of the foreset varies from gentle (<10) at a few places to quite steep (>20)
at several localities. Abrupt reversals of the direction of dips are also found. The
mineral composition, grain—size changes, and their weathered surfaces define the
cross—strata. The azimuth and dip of the cross—bedding data of over 200 readings
recorded from various localities to calculate the vector mean direction by following
the procedures of Curray (1956) indicate a paleocurrent direction towards the west
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Depositional

Deformational Erosional

Wearhering

Biogenic

Fig. 2 Variety of Sedimentary Structures observed in Mesozoic rocks of Kachchh Mainland:
a Large-scale, cross—bedding structure within Bhuj Formation, b Well developed cross-bedding
exhibited by Jhuran sandstones, ¢ Large-scale, composite cross-bedding structure of ferruginous
sandstone, Habo Dome, d—e Large straight crested, slightly sinuous wave ripples shown, g Groove
casts/marks preserved in sandstones, h eroded concretionary structures displaying circular, even
depressions, i syneresis/desiccation cracks, j Jointing pattern (regular evenly spaced) characteristic
of fossiliferous, ferruginous sandstone of Jumara Fm, k Columnar type jointing displayed in Bhuj
sandstone, 1 Syn-sedimentary deformation exhibited by sandstone, m, n Typical outcrop surfaces
formed due to weathering, p burrowing and bioturbation leading to complete disturbed bedding,
q Fine-grained shaly limestone displaying burrowing and trace fossils, Jhura Hill, q, r trace fossils
due to burrowing and boring by organisms (pen length = 14 cm, hammer length = 38 cm)
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and southwest (from 222.89 to 246.52; Table 3). The locality wise distribution of dip
azimuth and calculated vector mean data are given in Table 4.

4.3 Texture

The clastic textural attributes (viz. size, shape, sphericity, and roundness parameters)
are of significant help to describe and classify the various sandstone types in addition
to understand their: provenance, transporting mechanisms, and depositional environ-
ments. The grain—size distribution patterns of the representative sandstone samples
exhibit, in general, a marked unimodal to bimodal nature of the rocks, which compli-
ments the results of the paleocurrent analyses. The summary of textural parameters, as
observed in the sandstones, is given in Table 5. A stratigraphic variation in the textural
parameters between mixed—clastic carbonate sequence of Middle Jurassic and the
predominantly clastic sequence of Late Jurassic— Early Cretaceous as observed in
the sandstones can be visualized from Table 5, representing the minor changes in
transportation and depositional conditions. The plotting of size data on bivariate
discriminatory diagrams of Moiola and Weiser (1968) (Fig. 3a, b) shows a mixed
beach to dune/river environment of deposition. However, no stratigraphic separation
was observed, supporting little variation in depositional conditions.

4.4 Composition

The sandstones of Mesozoic succession, in general, are fine to medium-grained,
moderate to well sorted, and cemented by quartz, hematite and Calcite (Fig. 4). Matrix
occurs as crushed lithic grains, small quartz grains, and phyllosilicates and varies
considerably (5-22%) or more with cement varying up to 28-41%. Cementation
by quartz, hematite/ferruginous, calcite (less frequently in the Late Jurassic—Early
Cretaceous). Framework grains in most sandstones are composed of detrital quartz
and feldspar grains, lithic, and fossil/carbonate fragments. These sandstones can be
broadly grouped into three categories viz. type 1 sandstones (quartz arenites, that
are distinguished by abundant quartz, alkali feldspars with devoid of rock fragments
(Fig. 4a), sub-rounded to sub—angular quartz grains with sutured contacts, monocrys-
talline quartz predominating over polycrystalline quartz, with heavy minerals tour-
maline and rutile; type 2 sandstones (feldspathic arenites), which are characterized by
moderate quartz, and moderate plagioclase feldspars and rock fragments (Fig. 4b, d);
more or less similar textural characteristics of those of typel sandstones and heavy
mineral composition include tourmaline, epidote, garnet; type 3 sandstones (sub—
litharenites), characterized by relatively low quartz content, moderate feldspars and
rock fragments with abundant sedimentary lithic fragments cemented with quartz
and poikilotopic calcite cement. While the calcite cemented type 1 and 2 sandstones
(Fig. 4e-h) belong in general to Middle Jurassic, the silica cemented varieties are
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Fig. 3 Bivariate textural plots of Moiola and Weiser (1968) for discriminating depositional envi-
ronments: a Mean-size (Mz) versus standard deviation (SD), b Mean-size (Mz) versus skewness
(Sk)

observed only in the upper part (Late Jurassic — Early Cretaceous) of the succes-
sion. The type 3 sandstones are seen only in the Late Jurassic—Early Cretaceous
(Fig. 4a—d).

4.5 Diagenesis

The detrital framework composition of sandstones of Kachchh Mainland has been
altered by diagenesis, leading, in particular, to the reduction of the feldspar and
unstable lithic fragments, which is supported with the presence of large matrix and
cementing material (Fig. 5b, g). The significant diagenetic changes observed include
the compaction, dissolution, and cementation (quartz, calcite, feldspar), resulting
in reduced primary porosity. As observed in the thin sections, the sandstones, in
general, are subjected to low mechanical compaction, probably just before cementa-
tion indicated by moderate packing density and the presence of the early cement. The
primary porosity is primarily due to the early calcite cementation (Fig. 5h), resulting
in scarce or limited quartz overgrowths. Only occasionally, the sandstones show local
development of large overgrowths and chert cement. Iron oxide (hematite) cemen-
tation and feldspar cementation is ubiquitous and forms an important authigenic
phase of the diagenesis of the Mesozoic sandstones. Among the carbonate cemented
sandstones, two types of calcite cement are observed. The pore-filling and patchy
carbonate (sparite and micrite) occur as an early diagenetic cement (Fig. 5g, h), and
the large crystals of calcite (poikilotopic) probably form by neomorphism. In some
Late Jurassic to Early Cretaceous samples, Ferroan dolomite and anhydrite/gypsum
occur as late—stage cement.
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Representative sandstone Photomicrographs

Fig. 4 Photomicrographs of representative Mesozoic sandstones of Kachchh Mainland (xpl):
a Fine- to medium-grained, moderately-sorted sandstone, b Feldspathic arenite displaying Fe-oxide
replacement, ¢ Medium- to coarse-grained sandstone showing variable types of Rock fragments,
d Fine- to medium-grained sandstone showing altered feldspar (in the centre), e Subangular to sub
rounded, poorly sorted quartz wacke showing lithic fragments of limestone and glauconite pellet
(left centre), f Sandstone cemented by large poikilotopic calcite crystals. Note the typical high
order interference colours of calcite, g Subrounded to well rounded, well sorted calcite cemented
quartz arenite. Matrix between the grains contain opaque iron oxide, and h Feldsphathic sandstone
showing dissolution and alteration of feldspars and subsequent calcite cementation
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Late Jurassic - Early Cretaceous

Middle Jurassic

Fig. 5 Photomicrographs of the Mesozoic Sandstones displaying the various post—depositional
diagenetic changes: a Sandstone displaying altered feldspar (lower left) and ferruginized rhomb-
shaped crystals of dolomite of Jhuran Formation, b Fine- to medium-grained quartz wacke
displaying large poikilotopic calcite cementation, ¢ Gypsum/anhydrite cementation of fine sand-
stone, d Sandstone displaying Textural inversion (poorly sorted with well-rounded quartz grains)
Bhuj Formation, e Calcarenite showing polycrystalline (composite) quartz. The sutured boundaries
between crystals clearly indicate metamorphic source, f Sandstone displaying pore filling silica
cementation in the form of isopachous fringe around quartz grains, g Calcarenite showing rounded
quartz and chert grains together with smaller subangular to sub rounded quartz grains in a fine-
grained matrix h Poorly sorted, quartz arenite showing grains coated with kaolinitic cement and
subsequent iron oxide impregnations
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4.6 Fine Clastics

The fine-grained mudrocks (shales) Mesozoic succession consists of well laminated
shales, silty shales and calcareous shales of various colours and shades. The compo-
sition of the fine clastics as observed from the results of the XRD analyses comprises
clay minerals (essentially of smectite, chlorite, kaolinite and illite) and silty quartz).
While kaolinite is observed throughout the succession, chlorite is restricted only to
the Late Jurassic to Early Cretaceous part of the succession.

5 Carbonate Sedimentology

5.1 Carbonate Allochems

The carbonate rocks (bedded/oolitic/nodular limestones) and calcareous shale units
are predominantly observed only at the lower and middle part of the succession in
Jhurio and Jumara formations. The limestones are hard, compact and often nodular
with varied framework composition and range from clean, well-sorted packstone—
grainstones to unsorted mudstone—wackestone types. The framework components
observed in the carbonate rocks include a variety of carbonate allochems (pellets
(Fig. 6a), ooids (Fig. 6b), intraclasts (Fig. 6¢), terrigenous (Fig. 6d) and skeletal grains
(Fig. 6e-1)), orthochems, including micrite and sparite with different morphological
varieties, viz. microspar, sparite (Fig. 7c), fringe cement (Fig. 7i), coarse blocky
mosaic, and syntaxial rim cements (Fig. 7d).

The carbonate rocks, based on texture and framework composition, are catego-
rized into mudstones, pelletal wackestone, oolitic wackestone—packstone, molluscan
packstone—grainstone and grainstone types following the Dunham (1962) classifica-
tion of carbonate rocks.

5.2 Carbonate Diagenesis

Diagenesis of carbonates encompasses all the sediment processes due to physical,
chemical, and biological changes immediately after deposition until realms of incip-
ient metamorphism at elevated temperatures and pressures. Diagenesis has great
relevance, especially in limestones due to their susceptibility to such modifica-
tions, which provides valuable information on the depositional and post-depositional
conditions.

The carbonates of the Mesozoic sequence of Kachchh Mainland have undergone
diagenetic modifications in almost all stages of diageneses. The significant diage-
netic changes observed in these rocks include compaction (Fig. 7a), dissolution
(Fig. 7b), cementation (Fig. 6a, b), neomorphism (Fig. 7c), micritization (Fig. 6f, 7e)
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Non-skeletal

Fig. 6 Photomicrographs of Middle Jurassic carbonates displaying the different carbonate
allochems with varying states of preservation (xpl): a Peloidal grainstone showing tight packing due
to compaction, b Oolitic grainstone showing ooids with relatively thin cortices containing quartz
and bioclasts as nuclei, ¢ Lithocalstic grainstone with ferruginous cement, d Sandy molluscan
grainstone showing casts of bivalves, algal and echinoidal bioclasts, e Molluscan grainstone with
well-preserved bivalve showing original foliated internal structures, f Gastropodal wackestone with
micrite-filled ghost structure of gastropod shell, g Brachiopod shell showing the preservation of
internal structure of obliquely arranged fibres, h Crinoidal grainstone with large brachiopod shell
fragment (cavity filled with internal sediment) with well-preserved foliated structure, i Echinoidal-
bryozoan grainstone showing iron—oxide impregnated bioclasts (echinoid spine) suggesting replace-
ment of bioclasts, j Algal-crinoidal packstone displaying the micritization of a crinoid skeletal frag-
ment, k Micrite-filled internal chambers of a foraminifer displaying the aggrading neomorphism,
1 Algal wackestone with abundant silt-sized quartz and well preserved possible sponge spicule
(rod-shaped) in centre and m Coralline-molluscan grainstone showing section of a coral and algal
skeletal elements. The coral walls and septa are seen micritized (lower left)

and replacement (Fig. 6e, ). The observed diagenetic changes in these rocks include
dissolution, cementation, neomorphism, micritization, replacement, and compaction.
The evidence of compaction observed in these rocks include tight packing (Fig. 7a)
and squeezing, bending, and even fracturing of some skeletal grains (Fig. 7e). Selec-
tive dissolution of aragonitic or high-Mg calcitic fossils and ooids are seen selectively
dissolved, producing secondary (oomoldic type) porosity (Fig. 7b). Such dissolution
produces secondary porosity. The Middle Jurassic carbonates, in many samples,
exhibit the process of micritization wherein the carbonate allochems (skeletal and
non-skeletal) are completely or partially micritized with the continuous and boring
activity of algae (Fig. 6f, i, 1). The replacement of the original calcite by dolomite
cement (Fig. 7e) and silica (Fig. 7f) is considered a late—stage diagenetic process.
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Fig. 7 Photomicrographs (xpl) displaying the various diagenetic changes of Mesozoic carbonate
rocks: a Laminated (light and dark) ferruginous limestone with tightly compacted very thin
tests/shells of bivalves b, ¢ Replacement of original aragonitic shell fragment of mollusc by neomor-
phic sparry calcite. Note the ghost of primary layers in the spar (lower left), d Syntaxial rim cementa-
tion of echinoid skeleton, e Sandy—molluscan biosparite showing replacement of calcite by dolomite
(dolomitization—dark patches), and f Silicification and chert formation in limestone

6 Depositional History

The interpretation of the environment of a litho—unit should be based on consider-
ation of several parameters: physical (bed geometry, primary structures), litholog-
ical (petrographic, mineralogic, granulometric, textural, and diagenetic), biological
(biota, trace fossils), chemical, and stratigraphic relationship, together in a process
to response model. Minimal emphasis was given in the past for an integrated study
to substantiate their conclusions with detailed sedimentologic observations.
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6.1 Provenance

Based on the detailed petrographic and heavy mineral analyses, Chaudhuri et al.
(2018) interpreted the provenance of Mesozoic sandstones resulting from two
different sources, the felsic basement rocks of Nagar Parkar ridge complex in the
north and the Aravalli and Delhi Super Group in the east. The paleocurrent analyses
and sedimentological study of the sandstone from the present study suggesting a
westerly to south paleoslope support the above indicating the movement of sedi-
ment from north and east. As observed from the thin section petrographic study,
the framework composition of the sandstone suggests a mixed igneous and meta-
morphic source of supply of sediments. The fine to medium-grained, hard, compact
sandstones containing abundant undulose quartz, lithic fragments over feldspars char-
acterize a metamorphic source. The abundant opaque minerals and the presence of
strained quartz and microcline further support the metamorphic source. The rela-
tively coarse-grained sandstones with abundant feldspars and non—undulose quartz,
inclusions of rutile in quartz suggest an igneous origin. A shift in sandstone type
from Arkosic (Jumara Formation) to subarkosic (Bhuj Formation) is interpreted
by Chaudhuri et al. (2018). The heavy mineral composition, consisting of rutile,
ilmenite, and magnetite, suggests an acidic to a basic igneous source. QFL plots
of framework composition indicated a basement up-lifted provenance of Middle
Jurassic sandstones and a combined basement—uplifted and craton interior prove-
nance for the Late Jurassic to Early Cretaceous sediments. In the present study, the
plotting (Fig. 8a, b) of the Mesozoic sandstone framework compositional data on the
tectonic provenance diagram (QFL) of Dickinson (1979, 1985) shows the majority
of the sample falling in the recycled orogenic and craton interior provenance without
much differentiation of the Middle Jurassic versus Late Jurassic—Early Cretaceous

Tectonic Provenance Plot of Mesozoic Sandstones
Qz (adopted from Dickinson et al, 1979) -

Qz - Quanz (Total) |
Fs - Feldspar
Rx - Rock Fragments |

/| Recycled Orogeny |

/ [Dissected Arc

/' | Dissected Arc e T

[Transitional Arc | [Transitional Arc| -~

=" [Undissected Arc

Undissected Arc|

Fs Rx Fs Rx

a. Jhurio and Jumara Formations b. Jhuran and Bhui Formations

Fig. 8 Ternary QFR plots for sandstone provenance analysis (Dickinson and Suczek 1979;
Dickinson 1985) for understanding the tectonic provenance of Mesozoic sandstones of Kachchh
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Fig. 9 Stratigraphic variation in chondrite-normalized REE plots for the data

sandstone. The rare earth element (REE) content of the rocks characterize post—
Archean sediment, and the homogenization is due to erosion and transportation. The
REE content of Middle Jurassic sandstones (mean from 129 to 153) is close to the
crustal average. In contrast, the Late Jurassic to Early Cretaceous (Jhuran and Bhuj
Formations) show a slightly higher value (above crustal average) of the total REE
(Table 5). However, a greater enriched LREE and fractionated LREE and flat HREE
is observed from the chondrite normalized REE patterns for the entire Mesozoic
sediments (Fig. 9a—d). Although no regular vertical or spatial variation/separation
is observed in the texture and composition of the sandstone when interpreted inde-
pendently, the use of Canonical discriminant statistical analyses of the combined
textural and mineralogical composition all the sandstones provided in differentiating
the different lithological units (Fig. 10).

6.2 Depositional Environment

Most of the earlier studies on the reconstruction of the paleoenvironments of the
Mesozoic stratigraphic units were qualitative and based mainly on local studies and
general observations of gross lithology and ecology of fossil fauna/flora (Ghosh
1969). Subsequent studies of Krishna et al. (1983) and Howard and Singh (1985)
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Canonical Discriminant Plot of Kachehh Mesozoic Sandstones & Bhuj
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Fig. 10 Canonical discriminant plot of combined textural and framework compositional data of
sandstones showing clear separation of Mesozoic formations of Kachchh Mainland

interpret the depositional environments based mainly on trace fossils with some
supporting evidence from gross lithology. A comprehensive study of the basin frame-
work, depositional processes, and environments, and the evolution based on the
detailed study of the gross facies and its quantitative assessment of the basin is
given by Biswas (1981). Based on a detailed study of Ammonoid fauna, shallow
marine, inner to middle shelf environment of deposition has been suggested for the
Middle Jurassic Jhurio and Jumara formations (Fiirsich et al. 1992, 2001; Krishna
et al. 2000). The vertical environment profiles of lithologic sequences indicate two
distinct mega—cycles Kachchh (Biswas 1982): a transgressive, followed by a regres-
sive cycle, with several transgressive/regressive sub—cycles and micro—cycles corre-
sponding to the fluctuations of sea levels in unstable shelf condition. An outer to
inner shelf environment of deposition for the Jhuran Formation is interpreted based
on their sedimentological study (Arora et al. 2015, 2017).

The clastic textural study suggests a mixed depositional condition of fluctuating
coastal beach—shallow marine environment. The average grain—size of these rocks
resembles that of nearshore, beach—shallow marine sands. In general, the clastic
grains are moderate to well-sorted, negative to positively skewed, and mesokurtic.
According to Friedman (1967, 1969), standard deviation values of Mesozoic sand-
stone textures fit into the category of moderately sorted to well-sorted sand; and are
similar to those of the beach sands. The depositional environments as interpreted
independently from the field observation of the sedimentary structures and textural
characteristics and composition of the sandstones all support each other indicating, in
general, a mixed fluvial-aeolian—beach—shallow marine environment of deposition
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of Mesozoic sediments. Petrographically the coarse clastics correspond to Quartz
arenite and Feldspathic arenite types with little mud suggesting greater winnowing
action of the depositional medium.

The mineralogical composition and sandstone in association with textural char-
acteristics and paleocurrent data suggest their derivation from a recycled crystalline
igneous and metamorphic source probably from north and east, perhaps from the
Aravallis in the East and Nagar Parkar ridge in the north. Table 6 summarizes
the stratigraphy and sedimentation history of the Mesozoic sequence of Kachchh
Mainland.

7 Conclusions

The present integrated study of the lithofacies association with detailed clastic and
carbonate sedimentology of the Mesozoic sequence of Kachchh, while substantiating
the earlier interpretations, also provides additional data to interpret provenance and
depositional environments.

(a) The Mesozoic sequence of Kachchh mainland represent 13 Lithofacies associ-
ations comprising various sediment characteristics with a host of sedimentary
structures dominated by Cross—bedding depositional structures.

(b) The paleocurrent analyses of cross—bedding structures of sandstones support
the sediment provenance source from the north (possibly Nagar Parkar massif)
and east and northeast (Aravalli source).

(c) In general, the depositional environments of the Mesozoic sequence vary from
a beach to shallow marine for the lower part to fluvial to shallow marine in the
upper part.

(d) The Mesozoic sediments of Kachchh mainland, as indicated by their structural
and petrographic textural characteristics, have been subjected to various post—
depositional modifications that lead to modification of the original depositional
characteristics and porosity changes.
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Magnetic Polarity Stratigraphy m
Investigations of Middle-Upper Jurassic L
Sediments of Jara Dome, Kutch Basin,

NW India

Venkateshwarlu Mamilla

Abstract Sandstones of the Jhuran Formation in Jara Dome of Kutch Basin were
investigated for Magnetic Polarity Stratigraphy (magnetostratigraphy). The Jara
Dome in the Kutch Mainland exposes rocks of Jhurio and Jhuran Formations. This
study is based on a collection of 100 oriented samples from 35 successive beds in the
Jhuran Formation. Both thermal and AF demagnetization investigations were carried
out to isolate the Characteristic Remanent Magnetization (ChRM) directions. Virtual
Geomagnetic Polarity (VGP) latitudes were computed using the ChRM directions.
Magnetostratigraphic column is prepared and correlated with the Geological Time
Scale (GTS). The magnetostratigraphic column matches fairly with the GTS from
Chron M24 to M19 (145-155 Ma). The magnetostratigraphic column exhibits the
dominance of normal polarity except one single reversed polarity in the Jara dome
of Kutch Basin.

Keywords Magnetostratigraphy - Kutch - Jurassic - Jhuran formation - Jara
dome - Remanent magnetism

1 Introduction

The paleoposition of India after its breakup from the Gondwana and its subsequent
northward journey during the Mesozoic is poorly constrained. The study of paleo-
magnetism and seafloor spreading (Hess 1962), expanded largely due to the avail-
ability of precise paleomagnetic data. Further, it paved the way for understanding
the drift history of continents and their past positions. The apparent polar wandering
path (APWP) of a lithospheric plate is prepared by connecting the paleo-positions.
The record of geomagnetic polarity is well established from the present, back to
the Oxfordian (Upper Jurassic), equivalent to the last 160 Ma of geological time.
Three distinct episodes of reversal behavior are identified in this time interval.
The oldest episode, comprising frequent reversals in the Late Jurassic and Early
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Cretaceous, is referred to as the M-sequence (Lowrie 2011). The youngest episode,
comprising the Late Cretaceous and Cenozoic, consists of frequent reversals known
as the C-sequence (Lowrie 2011). The M-sequence and C-sequence are separated
by an interval of 38 Ma, called the Cretaceous Normal Polarity Superchron (CNPS),
during which Earth’s magnetic field did not reverse polarity. The patterns of rever-
sals do not occur cyclically. Statistical analysis indicates that the reversals in the
C- and M-sequences occur randomly, considering the time spent between oppo-
site polarity states. During the early Jurassic break-up of Pangaea and the onset of
sea-floor spreading, magnetostratigraphic confirmation of the marine polarity record
is either absent or fragmentary. Marine polarity record is absent for older epochs.
Consequently, despite many magnetostratigraphic investigations in ancient rocks,
consistent polarity records are absent for rocks older than Upper Triassic. Extrapo-
lation of the Geomagnetic Polarity Time Scale (GPTS) requires verifying the same
polarity sequence in multiple overlapping sections, which is an essential task for
paleomagnetists and biostratigraphers.

Although geology, tectonics, structure, stratigraphy, sedimentology and paleon-
tology of the Kutch Basin are well understood, paleomagnetic data are lacking. The
Kutch Basin in NW India has attracted the attention of geoscientists all over the world
due to its rich fossil content, complex tectonic setting, and structural features. The
preliminary paleomagnetic data on Jurassic sediments of Kutch were published by
Venkateshwarlu et al. (2008). Paleomagnetic investigations of thirty magmatic bodies
of Kutch provided a Virtual Geomagnetic Pole (VGP) at 33.7°N and 81.2°W (dp/dm
=5.81/9.18) (Paul et al. 2008). Venkateshwarlu et al. (2014) presented results of pale-
omagnetic data for twelve dyke samples that intrude into several litho units exposed in
three different localities, namely, Jumara (Mainland), Kaladongar (Patcham Island)
and Kantkote (Wagad, outside the Mainland). The study showed that the dykes in
two of the three localities have normal directions, while the third has a reversed direc-
tion (similar to the Deccan Volcanic Province directions). The magmatic rocks of
the Kutch basin were broadly contemporaneous straddling 30N-29R-29N chrons.
Magmatic rocks of Kutch were possibly generated by the impact of the Réunion
plume on the Kutch lithosphere under an extensional setting. Magnetostratigraphy
studies were carried out on the Jumara Dome of the Kutch Basin and published
by Venkateshwarlu et al. (2016). Periasamy and Venkateshwarlu (2017) provided
geochemical and petrological data of rocks comprising the Jhuran Formation of Jara
Dome. The objective of this study is to present the magnetostratigraphy pattern for
the ammonoid-rich Middle to Upper Jurassic Kimmeridgian-Tithonian succession
of the Jara Dome in Kutch Basin.

2 Geology and Sampling

The Kutch Basin is a pericratonic rift basin located in western India (Fig. 1) that
came into existence after the break-up between eastern and western Gondwanaland
during the late Triassic/Early Jurassic period (Biswas 1993) The east—west trending
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rift basin bounded between latitude 22°30 and 24°30 North latitude and 68° and
72° East longitude. It is confined by Nagar Parkar Fault (NPF) and North Kathiawar
fault (NKF), Radhanpur-Barmer basement arch on northern, southern and eastern
margins, respectively. The basin accommodates 2000—3000 m thick Mesozoic sedi-
ments ranging in age from Lower Jurassic to Lower Cretaceous, 600 m of Tertiary
sediments and a thin sheet of Quaternary sediments. Major outcrops of the Mesozoic
succession occur in several uplifted regions of the basin, such as Kutch Mainland,
Patcham Island, Khadir Island, Bela Island, Chorar Island and Wagad uplifts (Fig. 1)
which are separated by vast plains of the Great and Little Ranns and Banni plains
occupied by alluvial sediments and salt pan (Biswas 1977).
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The Jhuran Formation (Kimmeridgian to Middle Tithonian) consists mainly of
sandstone with interbedded shale (Biswas 1977; Arora et al. 2016, 2017). It uncon-
formably overlies the Dhosa Oolite of the Jumara Formation and is succeeded by
the Bhuj Formation, with an unconformable contact in between. The present study
focuses on the sandstones and shales comprising the Jhuran Formation. The stratig-
raphy of the Mesozoic succession of Kutch and detailed lithostratigraphic boundaries
(Biswas 1977) are provided in Table 1.

The Jara Dome occurs at the western fringe of the Mainland Kutch where
the Jumara, Jhuran and Bhuj Formations are best exposed. The Jhuran Formation
comprises Lower, Middle and Upper and Katesar Members (Biswas 1977; Arora
et al. 2016). The lithostratigraphic section of the Jhuran Formation in the Jara Dome
has been prepared (Fig. 2). The study area is located around the latitude 23°43'96”"N
and longitude 68°56'17"E.

Table 1 Stratigraphy of the Mesozoic succession of Kutch with necessary lithological details of
the Jhuran Formation (Biswas 1977)

Age Members (Jhuran Description

Formation)
Albian to Bhuj Formation Katesar (Tithonian to | Greenish grey to yellow,
Santonian Valangian) massive cross bedded
Aptian sandstones with minor

intercalations of shales,
exposed only near western
margin near Katesar temple

Berriasian to Upper (Tithonian) Predominantly arenaceous

Barremian rocks. Red and yellow,
massive cross bedded
sandstone with
intercalations of shales and
sandstones. Predominantly
shaley, dark grey to black
shales , interbedded with
ferruginous siltstones and
laminated micaceous

siltstone
Tithonian to Jhuran Formation Middle (M. Alternating yellow and red
Kimmeridgian Kimmeridgian to sandstones, shale beds in
Oxfordian to Jumara Formation Tithonian) almost equal proportion
Callovian with some yellow
. B ; fossiliferous, calcareous
Bathonian Jhurio Formation Lower (L. sandstones

Kimmeridgian and
older)
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3 Methods

One hundred oriented block samples of sandstones and shales of the Lower and
Middle Members were collected from 35 beds in the Jara Dome (Fig. 2). Coring
and cutting of all samples were carried out to prepare a total of 300 specimens
of standard size (2.5 cm diameter and 2.2 cm length). Some of the samples
broke into pieces during coring and transportation. Natural Remanent Magneti-
zation (NRM) and Susceptibility measurements were done on all the specimens
using JR-6 (Brno, Czechoslovakia make) spinner magnetometer and Kappa Bridge
(MFK-FA, Czechoslovakia make) respectively. All the paleomagnetic and rock
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magnetic measurements were carried out at Paleomagnetism laboratory, CSIR-
National Geophysical Research Institute (NGRI), Hyderabad, India. The well-
constrained magnetostratigraphy framework was carried out in the laboratory. About
107 specimens were selected systematically to cover all 35 beds. The specimens were
subjected to Alternating Field demagnetization (AFD) studies (56 specimens) using
Molspin AF demagnetizer (Molspin company, U.K make) to remove the secondary
impact of magnetization and to isolate the Characteristic Remanent Magnetization
(ChRM) directions. The thermal demagnetization experiment (51 specimens) was
necessary to remove the secondary magnetization in these samples.

Statistical analyses were carried out using Fisher’s (1953) statistics. Mean decli-
nations (Dm) and mean inclinations (Im) were calculated using principal component
analysis (PCA) of Kirschvink (1980) for the samples. Virtual geomagnetic pole
(VGP) latitudes were computed for the Jara section using paleomagnetism software.

4 Results and Discussion

The magnetostratigraphic interpretations of the Jhuran Formation is based on the
correlation of the reversal events with already well established GPTS in Europe and
global GPTS. This correlation establishes the time estimates of the deposition of strata
and also the duration of sediment deposition. The obtained magnetostratigraphic
results of the Jurassic of Kutch are the new research data for the paleomagnetic
records.

The NRM intensities of the samples range between 3.53 x 1072 and 1.70 x
10~ A/M, displaying lower remanence values. The intensity decay and orthogonal
projections or Zijderveld (1967) diagrams where the vector behavior during AF
demagnetization is deciphered (Fig. 3). In most of the samples, a ChRM could be
isolated between 25 and 70 mT field intervals, after the elimination of a viscous
component. Figure 4 shows the intensity decay and orthogonal projections where
the vector behavior during thermal demagnetization is deciphered. In most of the
studied samples, a low-temperature magnetization is unblocked below 300-400 °C
after the removal of a viscous component at 150 °C. A stable component with a high
unblocking temperature component was isolated above 300 and 580 °C, a ChRM can
be identified in about 90% of the samples. Significant decay in the NRM intensity
below 580 °C indicates the predominant contribution of magnetite, in addition to
hematite, in some of the samples. Thermal demagnetization is much more efficient
than AF for most of the specimens in this study.

The ChRM directions have been calculated using linear regression analysis. The
majority of the samples show a two-component magnetization. The first component
gets removed at initial steps of magnetic fields/temperatures and the stable compo-
nent referred to as the characteristic remanent magnetization component, shows
single polarity in northerly declinations with positive/negative inclinations (Fig. 5).
The directions of both initial NRM and ChRM of the samples show a good clus-
tering/grouping and thereby indicate that the primary magnetization rests in detrital
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Fig. 3 Intensity decay curves (a) and orthogonal projections (b) showing vector behavior during
AF demagnetization. Solid circles in orthogonal projections show vectors on to the horizontal plain
and open circles show vectors on to the vertical plain

remanent magnetization (DRM). The obtained ChRM directions in this study do
not show the effect of either present earth field (PEF) or Deccan effusion. All the
samples/sites indicate the normal polarity except in one site where the reversed
polarity was observed. Magnetostratigraphic column of the section is prepared by
plotting Virtual Geomagnetic Pole (VGP) latitudes versus lithocolumn at sampling
locations. Correlation of each individual magnetochronology of the section is done
with the standard Geological Time Scale of Gradstein et al. (2004) and Ogg et al.
(2008).

Isothermal Remanent Magnetization (IRM) studies were carried out on samples
to know the remnant magnetic carrier minerals. Isothermal remanent magnetization



164 V. Mamilla

(a) (b)

M/Mmax N UP
19
% © Vertical
! KZ12.3bll e Horizontal
Unit = 380.e-06 A/m
0.5
[:]
Q
@ (=] L E
0 T T 1
0 200 400 600
T(C) S Down
M/Mmax
0 %000 o, N UP
oo © Vertical

e Horizontal
] Unit = 574.e-03 A/m
0.5 KZ34.2al 5 WWE

o0 S Down

0 T T T
0 200 400 600
T(C)

Fig. 4 Intensity decay curves (a) and orthogonal projections (b) showing vector behavior during
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curves reveal the presence of magnetite and hematite; the latter is the remanent carrier
(Fig. 6).

Table 2 provides the paleomagnetic results from the Jara section of the Kutch
Basin. The results of paleocurrent direction on the Jurassic Jara Dome sand-
stones/shales of the Kutch Basin suggests that sand detritus was mostly derived
from the Aravalli range situated to the northeast, east and southeast of the Kutch
Basin and from the Nagar Parker massif situated to north and northwest (Periasamy
and Venkateshwarlu 2015). Petrographical and geochemical studies on sediments
of the Jara Dome reveal the deposition on a passive margin basin (Periasamy and
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Fig. 5 Mean ChRM directions of samples. The green circle is the overall mean along with the
circle of confidence level at 95% probability level in red color
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Fig.6 Normalised IRM acquisition curves of samples of the Jhuran Formation. The sudden increase
in remanence indicates the existence of low coercive minerals and unsaturated till 3T, shows the
presence of hematite in samples
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Table 2 Paleomagnetic results of samples in the Jara section (N/n = Total Specimen/Specimen
selected for mean calculation; Dm = mean Declination; Im = mean Inclination; @95 = circle of
confidence about 95% probability level; k = precision parameter; VGP Lat. = Virtual Geomagnetic
Pole Latitude)

Sample No N/n Dm Im A95 k VGP Lat
K72 6/4 351 8 31.8 5.38 68.5
KZ3 4/3 342 24 51.4 4.17 69.6
Kz4 6/3 338 55 34.8 13.55 67.6
KZ5 6/6 346 37 20.3 11.79 76.7
KZ6 5/4 353 42 17.4 20.18 83.6
Kz7 3/3 329 14 - - -
K78 6/6 358 36 14.3 22.69 85.8
K79 6/6 328 3 134 25.94 51.9
KZ10 5/4 352 23 - - -
KZ11 6/5 335 30 25.1 10.26 65.3
KZ12 6/6 339 22 18.1 14.73 66.6
KZ13 4/3 326 42 21.1 34.83 59.0
KZ14 2/2 309 83 - - -
KZ15 6/6 347 35 18.6 13.88 77.1
KZ16 2/2 335 47 24.1 109.71 67.1
Kz17 5/5 359 33 18.1 14.69 84.2
KZ18 5/4 355 -9 31.7 9.32 —6.3
KZ19 5/4 352 25 - - -
KZ20 4/4 329 39 13.6 46.14 61.4
KZ21 2/2 348 31 - - -
K722 2/2 352 37 - - -
K723 1/1 343 48 - - -
KZz25 2/2 310 23 - - -
K726 3/3 321 29 - - -
KZ29 3/3 317 36 - - -
KZ31 2/1 285 48 - - -
KZ34 2/2 273 37 - - -
109/96 343 33 6.4 23.29

Venkateshwarlu 2017; see also Bansal et al. 2017; Chaudhuri et al. 2018, 2020a, b,
c, d).
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5 Magnetic Polarity Stratigraphy (MPS)

Magnetic polarity stratigraphy sequence has been established by plotting the Virtual
Geomagnetic Pole (VGP) latitudes against the lithocolumn prepared by measuring
the thickness of the beds and projecting the lithologies of the sediments on to the
column. A recent study on the Jumara Dome indicates that the magnetostratigraphy
readily matches with GTS M41 and below, and exhibits the dominance of normal
polarity (Venkateshwarlu et al. 2016). A plot of VGP latitudes against the lithocolumn
has been prepared (Fig. 7). The figure defines a clear magnetic zonation of the
sedimentary sequence at the Jara Dome and describes three magnetozones in this
section representing two normal events and a reversed one.
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Fig.7 Lithostratigraphic column (left) and magnetostratigraphic column for the Jhuran Formation
of Jara Dome, recording primarily normal polarity, except one reversed polarity at the upper portion
of the section. The magnetostratigraphic column is correlated with standard Geological Time Scale
of Gradstein et al. (2004) and Ogg et al. (2008) (VGP = Virtual Geomagnetic Pole; MPS = Magnetic
Polarity Stratigraphy)
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Interestingly, the Jara section has recorded the normal polarity throughout the
section except one reversed polarity event in the upper portion. The magnetostratig-
raphy column is correlated with the standard Geological Time Scale (GTS) of Grad-
stein et al. (2004) and Ogg et al. (2008). The Bathonian period in the GTS shows 2
to 3 major reversals, whereas the Jara section has recorded only one reversal event.
However, with the available biostratigraphic data of this section, the MPS can be
placed at the Kimmeridgian to Tithonian in GTS from Chron M24 to M19.

The correlation diagram of Magnetic Polarity Stratigraphy (MPS) of the Jara
section in with the Standard Geological Time Scale (GTS) of Gradstein et al. (2004)
and Ogg et al. (2008) is prepared (Fig. 8). The entire Kimmeridgian succession of the
Jara Dome records a long normal magnetic polarity event, which correlates with the
standard GTS. It belongs to the Chron M21, and below this lies the longest normal
quite polarity zone in the entire Upper Jurassic period. Above this, the Tithonian
succession of the Kutch Basin records one reversed and one normal event corre-
sponding to standard GTS from chron M21 to M19. The magnetic polarity stratig-
raphy of the Upper Jurassic succession in the Jara Dome correlates well with the
standard GTS from Magneto chrons M24 to M19. Therefore, an age span of 10 Ma
(155-145 Ma) is assigned to Upper Jurassic Jhuran Formation in the Jara Dome.

os|  Period Age

145
Tithonian

Jurassic Late
150- M22
=

i idgian /— e
Kimmeridgian M24

155

Fig. 8 Correlation of Magnetic Polarity Stratigraphy (MPS) of Jara section of the Kutch Basin
with the Standard Geological Time Scale (GTS) of Gradstein et al. (2004) and Ogg et al. (2008)
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However, the reversal events in GTS from M21 to M24 are not recorded in
the Kutch Basin, which can be attributed to secondary disturbances like bioturba-
tion, diagenesis or later deformation. The early Kimmeridgian/Oxfordian boundary
possibly occurs within or slightly above M25. The Kimmeridgian/Tithonian
boundary occurs within or slightly above M22.

Figure 9 shows the correlation diagram of the magnetostratigraphy of the Kutch
Basin with the Carcabuey section of Spain and Oceanic Magnetic Anomalies.
Magnetic Polarity Stratigraphy (MPS) of the Upper Jurassic outcrop sedimentary
lithosection of the Jhuran Formation in the Kutch Basin correlates well with the
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Fig. 9 Correlation of magnetostratigraphy of the Jhuran Formation in Kutch Basin with those of
Carcabuey section from Spain (Ogg et al. 1984) and M-sequence of marine magnetic anomalies of
Deep Sea Drilling Project (DSDP) leg 32 (Larson and Hilde 1975)
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global Upper Jurassic lithosections from Carcabuey, Spain (cf. Ogg et al. 1984) and
available oceanic magnetic anomalies of Deep Sea Drilling Project (DSDP) leg 32
(Larson and Hilde 1975). The famous Carcabuey section at Southern Spain repre-
sents the late Jurassic period based on paleomagnetic records (Ogg et al. 1984).
Present lithosection of the Kutch Basin has retained similar imprints of the magnetic
polarity stratigraphy as of Spain and oceanic magnetic anomaly with comprehensive
fossil preservation. The magneto chrons are well correlated as the Jhuran Formation
retained the similar magnetic signatures of Earth’s Magnetic Field. Correlation to
the marine magnetic chrons allows placing the precise correlation through Magneto
chrons from M24 to M19 of the Jhuran section.

6 Conclusions

This paper presents the first magnetostratigraphic dating of the fossil-bearing
sediments of the Jhuran Formation in the Jara Dome of the Kutch Basin. The
magnetic mineralogy study reveals that the primary remanent magnetization resides
in magnetite and mostly in hematite. The erected magnetic polarity stratigraphy
(MPS) column indicates that the Jhuran Formation in the Jara Dome correlates well
with the Standard Geological Time Scale. Based on this correlation, the MPS can be
placed at Kimmeridgian to Tithonian in GTS from Magneto Chron M24 to M19.
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Provenance and Paleo-weathering m
of the Mesozoic Rocks of Kutch Basin: L
Integrating Results from Heavy Minerals

and Geochemical Proxies

Angana Chaudhuri, Emilia Le Pera, Gaurav Chauhan,
and Santanu Banerjee

Abstract This study investigates the composition, tectonic setting and age of source
rocks of the Mesozoic Kutch Basin, along with the extent of weathering based on
heavy mineral characteristics and geochemical investigations. The Mesozoic succes-
sion, divided into Jhurio, Jhumara, Jhuran and Bhuj formations, preserves sediments
deposited in the Kutch Basin from the Late Triassic to Early Cretaceous. Subangular
and subrounded heavy minerals indicate mixing of first cycle and recycled input in
these samples. Major oxide ratios such as SiO,/Al,03, Al,03/TiO,, K;0/Na,O and
trace elements like Zr, Th, Sc, Th/Co, Th/Sc and La/Sc indicate dominantly felsic
source. LREE enrichments and negative Eu anomalies support the predominance of
felsic source rocks. The V and Ni concentrations in these sediments indicate the input
from mafic sources in the older Jhurio and Jhumara formations. Weathering indices
such as CIA, PIA and CIW suggest the relatively greater extent of chemical alteration
for Jhumara, Jhuran and Bhuj formations in comparison to Jhurio Formation. The
higher content of Hf in Jhuran and Bhuj formations suggests the input from older
source rocks in younger formations, indicating erosional unroofing at the source. The
concentration of Cr and Ni and ratios of Eu/Eu* and (Gdn/Yby) indicate predomi-
nantly post-Archean source with inputs from older Archean rocks in younger Jhuran
and Bhuj formations, and corroborate the erosional unroofing. These evidences relate
possible sources of Mesozoic sediments in the Kutch Basin to Precambrian rocks of
the Aravalli craton and Nagar Parkar igneous complex.
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1 Introduction

Sedimentary rocks preserve information of their source rock, tectonic setting, pale-
odrainage and paleoclimatic conditions. Detailed thin section petrography of rock
samples is a preliminary and routine step, especially for understanding provenance
of siliciclastic sedimentary rocks (Crook 1974; Dickinson and Suczek 1979; Dick-
inson 1985; Zuffa 1987;Critelli and Ingersoll 1994; Le Pera et al. 2001; Critelli et al.
2003; Chaudhuri et al. 2018, 2020a). Further, the sedimentary rocks bear geochem-
ical signatures of the source rocks (Quinby-Hunt and Wilde 1991; Ochoa et al. 2007).
Major, trace, rare earth element concentrations and their ratios serve as proxies for
composition, tectonic setting and age of source as well as the climate prevailing
during deposition (Paikaray et al. 2008; Saha et al. 2010, 2018; Mondal et al. 2012;
Armstrong-Altrin et al. 2017; Chaudhuri et al. 2020a, b). The concentration of major
oxides and their ratios such as Si0,/Al, 03, Al,O3/TiO,, K,O/Na,O are useful indi-
cators of source rock characteristics (McLennan et al. 1979; Maynard et al. 1982;
Roser and Korsch 1986; Hayashi et al. 1997). Trace element ratios, such as, La/Th,
La/Sc, Th/Sc, Th/Co, Ti/Zr, Sc/Cr, La/Y are also useful for provenance interpreta-
tions (Bhatia and Crook 1986; Floyd and Leveridge 1987; McLennan et al. 1993;
Cullers 2002). Indices such as CIA, PIA, CIW and ICV suggest the extent of weath-
ering of source rock and prevailing climate at source area (Nesbitt and Young 1982;
Harnois 1988; Fedo et al. 1995; Cox et al. 1995).

The Kutch Basin at the western continental margin of India preserves ~3000 m of
Mesozoic sediments deposited during the breakup of Gondwana and the subsequent
drift of the Indian subcontinent (Biswas 1982, 1987, 2005). Several studies provided
insights on provenance for the Mesozoic succession of the Kutch Basin, although
based on a limited dataset (Ahmad and Bhat 2006; Ahmad et al. 2014; Periasamy and
Venkateshwarlu 2017). Recently Chaudhuri et al. (2018, 2020a, b, ¢, d) presented
sandstone petrography, single-grain heavy mineral analysis, geochemistry of trace
elements, Nd isotopes in shale and geochronology of detrital zircon and monazite.
However, data collected from different rock types using different methods need to be
integrated. The present study aims to understand the composition, tectonic setting and
age of source rocks of the Mesozoic sediments in the Kutch Basin and assess the extent
of weathering at the source. This paper integrates petrographical, geochemical and
geochronological data to accomplish this objective. Already published petrographic
data have been considered for interpretation.
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2 Geological Setting

The Mesozoic Kutch Basin formed due to the rifting of the Gondwana supercontinent
(Biswas 1982, 1987, 2005). Nagar Parkar Ridge to the north, Kathiawar Uplift to
the south, Radhanpur-Barmer Arch to the east and the continental shelf to the west
demarcates the Kutch Basin. The vast thickness of Mesozoic sedimentary rocks
of this basin crops out in several uplifts, viz., Nagar Parkar Uplift (NPU), Island
Belt Uplift IBU), South Wagad Uplift (SWU) and Kutch Mainland Uplift (KMU).
The KMU is the largest uplift preserving Late Triassic to Early Cretaceous mixed
siliciclastic sediments (Alberti et al. 2013).

The Mesozoic succession in the KMU comprises Jhurio, Jhumara, Jhuran and
Bhuj formations in ascending order of succession (Biswas 1987) (Fig. 1). The Batho-
nian to early Callovian carbonates and finer siliciclastics, classified as the Jhurio
Formation overlies unconformably on the Precambrian basement rocks. The younger
Oxfordian sediments of the Jhumara Formation comprise argillaceous rocks at the
bottom and carbonates at the top (Biswas 2005). The Kimmeridgian to Tithonian
sediments of the Jhuran Formation overlies unconformably on the Jhumara Forma-
tion. The alternation between sandstone and shale makes up the overall prograding
Jhuran Formation (Arora et al. 2015). The Neocomian to Albian siliciclastics of the
Bhuj Formation unconformably overlie the Jhuran Formation. Although the older
carbonate and finer clast-dominated formations do not show much paleocurrent
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Fig.1 Geological map of Kutch Mainland showing extent of Mesozoic and Cenozoic sedimentary
rocks (adapted from Biswas 1977, 1981)
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structures, the younger, siliciclastics-dominated Jhuran and Bhuj formations provide
a south-westerly paleoslope (Biswas 1991, 1993, 2005; Arora et al. 2015; Mandal
et al. 2016; Bansal et al. 2017; Desai and Biswas 2018).

3 Methods

Sandstone and shale samples of Jhurio, Jhumara, Jhuran and Bhuj formations were
collected from outcrops at Zara, Nirona, Yaksh, Dhrang, Habo, Palara, Gangeshwar,
Tapkeshwar and Bhuj. These samples were crushed and dry sieved to separate the
63—125 um size fraction. 10 gm of each of the sieved samples was poured into a
beaker. The beaker was filled with water and the sample was allowed to settle. The
lighter clay minerals and water from the upper part of the beaker were decanted into
a large bowl. The beaker was again filled with water and the contents were agitated
by swirling. The upper part of the beaker was once again emptied in the large bowl.
This process was repeated several times to concentrate the heavy minerals. The
contents were then transferred to a watch glass, swirled slowly to concentrate the
heavy minerals in the deepest part of the beaker. The light minerals and the extra
water was siphoned off using a dropper. The dried heavy minerals were observed
using Leica DM 4500P polarizing microscope attached with Leica DFC420 camera
and Leica Image Analysis software (LAS-v4.6) at the Department of Earth Sciences,
Indian Institute of Technology Bombay. Heavy minerals were identified using optical
properties described by Mange and Maurer (2012). Sandstone samples were excluded
for geochemical analysis because of both extensive cementation, that commonly
results in removal of unstable framework components (e.g. Worden and Burley 2003),
and the growth of authigenic phases changing the original detrital phases (e.g. Scholle
and Schluger 1979; McDonald and Surdam 1984).

Shale samples were exclusively chosen for the geochemical analyses. For major
oxide analyses, 0.25 g of each sample powder (<63 pwm) was added to 0.75 g lithium
metaborate (LiBO;) and 0.50 g of lithium tetraborate (LiB4O7) in a platinum crucible.
This mixture was fused in a muffle furnace at 1050 °C for 10 min. The temperature of
the furnace was then lowered to 800 °C. The crucible was removed from the furnace,
immersed in 75 ml of 1N HCl in a glass beaker and magnetically stirred for 1 h until
complete dissolution of the fusion bead. This solution was transferred into a 100 ml
volumetric flask. IN HCI1 was added to the flask to make the volume 100 ml. 5 ml of
this solution was diluted to 50 ml with distilled water for analysis using Inductively
Coupled Plasma Atomic Emission Spectrometry (ICP-AES) (ARCOS, Simultaneous
ICP Spectrometer by SPECTRO® Analytical Instruments GmbH, Germany) facility
at the Sophisticated Analytical Instrument Facility (SAIF), Indian Institute of Tech-
nology Bombay. USGS standards, MAG-1, SBC-1, SCo-1 and SCo-2 were used for
the analysis. Loss on ignition (LOI) was measured and calculated using the weight
loss of 1 g of sample on heating to 950 °C.

For determining trace element (TEs) concentrations, including those of rare-earth
elements (REEs), 0.05 g of each sample powder (<63 pum) was poured into individual
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Savillex Teflon pressure decomposition vessels (25 ml). Ten ml of an acid mixture
with HF/HNO3; = 7:3 was added to each vessel. The content of the vessel was mixed
thoroughly by swirling and heated at ~160 °C for 48 h. A few drops of HC10, was
added to the content and evaporated at 200 °C to near dryness. Ten ml of an acid
mixture with HNO3/Milli Q® de-ionized water = 1:1 was added to the vessel and
mixed thoroughly. The vessel was tightly closed and heated at 80 °C for 30 min.
The sample solution was poured into a 250 ml volumetric flask. Five ml of 1 ng/ml
13Rh solution was added to this flask as an internal standard. Further, Milli Q®
de-ionized water was added to make the volume of content in the flask to 250 ml.
Five ml of sample solution from each of the 250 ml flasks was diluted to 50 ml using
Milli Q® de-ionized water for analysis by high resolution inductively coupled mass
spectrometer (HR-ICP-MS) (Attom ES by Nu Instruments®, UK) along with the
instrument software (Attolab v.1), at CSIR-National Geophysical Research Institute
(NGRI), Hyderabad. USGS standard reference materials, MAG-1, SBC-1, SCo-1
and SCo-2 were used for analysis. Chinese standard reference material, GSR-5 was
used to check the accuracy of the analysis. The data processing was done using Nu
Quant®.

4 Results

4.1 Heavy Minerals

Sandstones of the Jhurio, Jhumara, Jhuran and Bhuj formations contain heavy
minerals with both subangular and subrounded grains (Fig. 2). The most common
transparent heavy minerals in these sandstones, in order of decreasing abundance, are
ultrastable phases such as zircon, tourmaline, rutile (e.g. Hubert 1962), stable phases
such as garnet, monazite and apatite, and less common moderately stable species
such as epidote. Zircon grains are dominantly colourless or pale pink, with a few
brown varieties (Fig. 2a). Tourmaline grains exhibit greenish-brown to greyish-blue
colours (Fig. 2b). Rutile occurs in reddish-brown to amber-brown colours (Fig. 2c¢).
Epidote occurs in yellow, while apatite exhibits colourless to light-grey (Fig. 2d, e).
Monazite grains exhibit pale yellowish-brown colours (Fig. 2f). This diverse heavy
mineral assemblage does not exhibit any significant corrosion, implying insignificant
dissolution during the burial diagenesis.
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Fig. 2 Photomicrographs of transparent heavy minerals separated from sandstones (ppl)—zircon
(a), tourmaline (b), rutile (c¢), epidote (d), apatite (e) and monazite (f)
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4.2 Geochemistry

4.2.1 Major Oxides

The samples of the Jhuran Formation exhibit the lowest concentration of SiO, (av.
56.45%), while the samples of the Bhuj Formation show the highest concentration
(av.65.21%) (Tables 1,2, 3 and 4). Most of the Bhuj Formation samples exhibit higher
Si0, concentrations than the PAAS (62.80%; cf. Taylor and McLennan 1985). Al,O3
is the second most abundant oxide in the analysed samples. Samples of Jhumara (av.
18.98%) and Jhuran (av. 21.04%) formations exhibit average Al,O3; concentrations
higher than the PAAS (18.90%). Samples of Jhurio (av. 11.72%) and Bhuj (av.
16.37%) formations exhibit lower concentrations than the PAAS. Samples of the
Jhurio Formation exhibit the highest Fe,O; content (av. 7.10%). The samples of
Jhurio (av. 7.57%) and Jhumara (av. 2.23%) formations exhibit CaO concentration
higher than that of the PAAS (1.30%). The samples of Jhurio, Jhumara, Jhuran
and Bhuj formations exhibit average Na,O concentrations of 0.52%, 0.39%, 0.43%
and 0.34%, respectively. All the analysed samples show K,O concentration lower
than that of the PAAS (3.70%). The samples of Jhurio, Jhumara, Jhuran and Bhuj
formations show average TiO, concentration of 0.72%, 1.23%, 1.17% and 1.09%,
respectively.

Table 1 Major oxide concentration in shale samples of the Jhurio Formation

Major oxides KU1 KU2 KU3 KU4 KU5 Avg.

SiOy 56.47 67.59 66.04 54.26 51.07 59.09
TiO, 0.46 0.72 0.58 0.81 1.04 0.72
Al O3 7.69 10.74 9.11 14.85 16.23 11.72
Fe,03 7.69 6.28 7.44 7.57 6.54 7.10
MnO 0.02 0.03 0.02 0.04 0.04 0.03
MgO 1.13 1.13 1.07 2.51 1.68 1.50
CaO 11.74 5.57 4.80 8.89 6.83 7.57
Na,O 0.54 0.58 0.61 0.43 0.45 0.52
K>,O 2.44 2.89 2.77 2.66 2.00 2.55
P,05 0.03 0.03 0.03 0.13 0.07 0.06
LOI 12.85 5.17 8.16 6.33 14.94 9.49
Total 101.05 100.74 100.61 98.48 100.89 100.35
K>0/Na, O 4.56 4.97 4.56 6.18 4.45 4.94
Si02/Al,03 7.35 6.29 7.25 3.65 3.15 5.54
CIA 63.61 68.03 64.52 71.57 81.65 71.08
PIA 74.15 79.90 75.28 89.43 90.47 81.85
CIW 81.37 84.87 81.96 91.30 91.64 86.23
Icv 1.66 1.20 1.45 1.11 0.83 1.25
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Table 2 Major oxide concentration in shale samples of the Jhumara Formation
Major oxides |[KM1 |KM2 |KM3 |KM4 |KM5 |KM6 |KM7 |KM8 |KM9

SiOy 5493 | 55.71 | 59.12 | 57.11 | 56.42 | 61.48 |53.88 |57.98 |59.03
TiO, 1.20 1.20 1.21 1.34 1.49 1.05 | 1.26 | 1.15 | 0.88
AL O3 2352 | 20.72 | 19.64 | 21.02 | 23.48 | 12.13 |19.83 |16.54 | 10.04
Fe;03 3.59 491 4.97 4.63 2.82 571 | 6.16 | 530 | 3.19
MnO 0.03 0.05 0.05 0.03 0.01 0.05 | 0.03 | 0.01 | 0.06
MgO 0.94 1.19 1.17 1.86 0.98 074 | 135 | 0.79 | 0.59
CaO 0.23 0.41 0.38 1.44 0.36 598 | 1.31 | 3.11 | 9.62
Na,O 0.19 0.27 0.29 0.25 0.09 0.16 | 0.51 | 0.24 | 0.09
K,O 2.18 2.20 2.38 2.65 227 251 | 263 | 349 | 249
P>0s 0.07 0.18 0.13 0.05 0.09 0.03 | 0.04 | 0.04 | 0.03
LOI 13.20 | 14.27 | 1220 | 11.29 | 12.53 | 1049 |12.42 |11.27 | 1291
Total 100.08 | 101.10 |101.54 |101.65 |100.55 |100.33 |99.43 |99.93 |98.93

K>0/Na,O 11.36 8.30 8.21 | 10.67 | 24.32 | 15.89 | 5.12 |14.52 | 26.82
Si0,/A1,03 2.34 2.69 3.01 272 2.40 507 | 272 | 3.51 | 5.88

CIA 88.71 | 86.44 | 84.77 | 85.10 | 89.46 | 78.93 |81.39 |78.38 |76.99
PIA 97.10 | 9546 | 94.71 | 9570 | 98.56 | 94.77 [90.96 |94.18 |96.01
CIW 97.39 | 9596 | 9537 | 96.26 | 98.71 | 95.89 |92.15 |95.44 |97.05
ICV 0.39 0.53 0.57 0.62 0.38 0.84 | 0.68 | 0.69 | 0.77
Major KM10 |KMl11 |KM12 |KM13 |KMI14 |KMI15 |KM16 |KMI17 |Avg.
oxides

SiO, 56.18 | 58.18 56.63 | 57.28 |56.48 58.50 | 56.87 | 56.02 | 57.16
TiO, 1.22 | 1.27 1.36 1.34 | 1.32 1.38 1.31 0.97 1.23
Al O3 21.90 | 17.23 20.88 | 20.61 |18.73 21.81 | 1993 | 14.62 | 18.98
Fe, 03 497 | 4.59 6.42 5.20 | 5.06 3.13 6.32 2.95 4.70
MnO 0.05 | 0.03 0.02 0.02 | 0.02 0.01 0.03 0.01 0.03
MgO 1.20 | 1.84 1.50 142 | 1.42 1.37 1.69 0.98 1.24
CaO 0.39 | 1.73 0.61 0.70 | 2.25 0.43 0.73 8.31 2.23
Na;0 0.50 | 0.92 0.45 0.51 | 0.46 0.67 0.42 0.60 0.39
K,;0 2.19 | 2.42 2.61 2.52 | 242 2.69 2.74 2.08 2.50
P,0s5 0.15 | 0.04 0.05 0.07 | 0.04 0.07 0.05 0.04 0.07
LOI 12.70 | 11.58 10.85 | 10.90 | 10.70 1142 | 11.41 | 1358 | 11.98
Total 101.46 [99.82 | 101.38 | 100.57 |98.91 |101.46 |101.48 |100.15 | 100.51
K;0O/Na,O 436 | 2.62 5.85 493 | 5.28 4.05 6.55 3.49 9.55
Si0,/Al1,03 2.57 | 3.38 2.71 278 | 3.02 2.68 2.85 3.83 3.18
CIA 84.84 | 75.30 82.94 | 82.41 |81.92 81.97 | 82.09 | 77.61 | 82.31
PIA 92.68 |82.80 92.48 | 91.43 |91.43 90.94 | 9248 | 86.29 | 92.82
CIwW 93.42 | 85.02 93.43 | 92.47 |92.54 92.05 | 93.53 | 88.16 | 93.81

(continued)
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Table 2 (continued)

Major KM10 |KMI11 |KM12 |KMI13 |KM14 |KM15 |KM16 |KMI17 |Avg.
oxides
ICV 0.54 | 0.86 0.67 0.63 | 0.68 0.55 0.72 0.67 0.64

4.2.2 Trace Elements

The average Sc concentration (16.6 ppm) of samples of the Jhumara Formation is
comparable to the PAAS (16.0 ppm; cf. Taylor and McLennan 1985) (Tables 5, 6,
7 and 8). The average Sc content of the samples of Jhurio, Jhuran and Bhuj forma-
tions are 12.8 ppm, 13.5 ppm and 13.9 ppm, respectively. The average Zr content
(177.7 ppm) of samples of Jhurio Formation is lower than the PAAS (210.0 ppm).
While samples of Jhurio (av. 151.6 ppm) and Jhumara (av. 155.2 ppm) formations
show V contents similar to the PAAS (150.0 ppm), the same in Jhuran (av. 125.5 ppm)
and Bhuj (av. 99.6 ppm) formations exhibits lower contents than the PAAS. The
average Ni content of samples of Jhurio, Jhumara, Jhuran and Bhuj formations is
lower than the PAAS (55 ppm). Samples of the Bhuj Formation show higher contents
of Th and Co compared to other formations. However, the Co content in the analysed
samples is lesser than the PAAS (23 ppm).

4.2.3 Rare Earth Element

The average contents of the total rare earth element () _REE) of Jhurio, Jhumara,
Jhuran and Bhuj formations are 121 ppm, 195 ppm, 255 ppm and 256 ppm, respec-
tively (Tables 5, 6, 7 and 8). The chondrite-normalised REE data (cf. Boynton 1983)
exhibit patterns similar to those of NASC (North American Shale Composite) and
PAAS (Post Archean average Australian Shale) (cf. Haskin et al. 1968; Nance and
Taylor 1976; Sun and McDonough 1989).

5 Discussion

5.1 Composition of Source Rocks

Subangular grains of heavy minerals like garnet and rutile indicate nearby source
rocks and/or first-cycle input while rounded to subrounded grains of ultra-stable
heavy minerals like zircon and tourmaline suggest longer transportation of grains
and/or recycling processes from preexisting clastic rocks (Fig. 2). The occurrence of
abraded quartz overgrowths on detrital cores of quartz in these sandstones suggests
the polycyclic nature (Chaudhuri et al. 2020a, b). The presence of heavy minerals
with insignificant corrosion features (e.g. Ando et al. 2012) indicates the shallow
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Table 3 Major oxide concentration in shale samples of the Jhuran Formation

Major KN1 |KN2 |KN3 |KN4 |[KN5 |KN6 |KN7 |KN8 |[KN9 |KNI0
oxides

SiOy 57.55| 57.11 | 56.60 |50.15 | 5543 | 55.61 | 54.55| 52.14 | 54.79 | 52.30
TiO, 1.14 1.14 1.11| 1.05 1.07 1.03 0.99 1.13 1.02| 1.01
Al O3 20.64 | 20.06 | 18.90 |20.16 | 20.28 | 19.80 | 19.78 | 21.78 | 19.28 | 18.85
Fe O3 493 6.35 6.70 | 6.91 5.83 5.26 7.17 6.19 7.23 1 10.54
MnO 0.04 0.06 0.07 | 0.10 0.04 0.04 0.05 0.05 0.07 | 0.07
MgO 1.18 1.23 1.27 | 1.79 1.41 1.26 1.38 1.47 1.69 | 1.38
CaO 0.63 0.72 0.67 | 1.18 0.70 0.69 0.97 0.97 0.97 | 0.50
Na,O 0.48 0.45 0.47 | 045 0.56 0.50 0.51 0.48 043 | 0.36
K;0 2.54 2.59 232 2.24 241 2.39 2.20 2.16 2.37| 2.16
P,0s5 0.14 0.13 0.10| 0.16 0.15 0.18 0.13 0.12 0.14 | 0.10
LOI 12.00 | 12.79 | 12.89 |14.38 | 1398 | 13.39 | 13.89| 15.51 | 13.01 | 12.40
TOTAL 101.27 | 102.63 | 101.11 | 98.57 | 101.86 | 100.16 | 101.61 | 101.99 | 101.00 | 99.68
K,0/Na,O 5.31 5.78 4.94 | 4.99 4.33 4.77 4.35 4.54 5.56 | 5.96
SiO,/A1,03 2.79 2.85 299 | 249 2.73 2.81 2.76 2.39 2.84 | 2.77
CIA 82.67 | 82.40 | 82.33 |83.78 | 82.02| 82.38 | 83.04 | 84.79 | 82.92|84.25
PIA 91.90 | 92.11 | 91.38 (19231 | 90.60 | 91.26 | 91.29 | 92.55| 92.26 | 93.28
CIwW 9291 | 93.14| 9244 |93.17 | 91.71 | 92.32 | 92.25| 93.29 | 93.22 | 94.06
ICv 0.58 0.65 0.69 | 0.71 0.65 0.61 0.68 0.60 0.74 | 0.80
Major KNI1 |KNI12 |KNI13 |KNI14 | KN15 | KN16 | KN17 | KN18 |KN19 |KN20
oxides

SiO, 62.81 | 56.96 | 56.18 |52.22 |48.40 |50.13 | 52.58 | 57.84 | 61.41 |56.02
TiO, 0.91 1.07 1.07 | 1.06 | 0.96 | 0.98 0.97 1.04 1.06 | 1.06
Al O3 18.62 | 20.18 | 20.76 |20.17 | 18.79 |19.74 | 17.36 | 19.45 | 18.21 | 19.25
Fe 03 343 5.90 531 | 5.17 | 734 | 5.66 7.00 5.18 4.88 | 5.24
MnO 0.03 0.04 0.04 | 0.04 | 0.07 | 0.04 0.06 0.04 0.05 | 0.05
MgO 0.88 1.26 1.38 | 1.53 | 1.96 | 1.30 1.32 1.37 141 | 1.40
CaO 0.48 0.57 0.61 | 052 | 1.63 | 0.57 0.92 0.87 091 | 0.83
Na,O 0.52 0.46 0.63 | 0.81 | 048 | 0.41 0.55 0.48 0.73 | 0.62
K;0 2.55 2.55 255 | 241 | 221 | 227 2.30 2.62 2.82 | 2.65
P>0s5 0.07 0.11 0.12 | 0.11 | 0.71 | 0.13 0.11 0.11 0.12 | 0.14
LOI 8.92 | 12.84 | 13.27 |15.03 |17.39 |16.74 | 1697 | 13.16 8.96 | 11.27
Total 99.23 |101.94 | 101.93 {99.05 |99.94 |97.97 | 100.13 | 102.15 | 100.56 | 98.53
K,0/Na,O 4.87 5.52 4.05 | 298 | 4.63 | 559 4.14 547 3.89 | 4.25
SiO,/A1L,03 | 3.37 2.82 271 | 259 | 258 | 254 3.03 2.97 3.37 | 291
CIA 80.62 | 82.52 | 81.12 |80.55 |82.61 |83.87 | 80.10 | 81.54 | 77.02 |79.63
PIA 90.21 | 91.99 | 89.68 |88.58 |91.28 |92.82 | 89.07 | 91.35 | 86.41 | 88.86
CIwW 91.54 | 93.01 | 90.93 [89.90 |92.30 |93.66 | 90.48 | 92.52 | 88.42 |90.36

(continued)
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Table 3 (continued)

Major KNI1 |KNI12 |KNI13 |KNI14 | KN15 | KN16 | KN17 | KN18 |KN19 |KN20
oxides

ICV 0.54 0.63 0.63 | 0.67 | 0.79 | 0.61 0.77 0.65 0.74 | 0.69
Major KN21 | KN22 | KN23 | KN24 | KN25 |KN26 |KN27 |KN28 |KN29 | KN30
oxides

SiO; 53.13 | 54.05 | 53.61 |53.20 | 59.19 | 54.79 | 55.07 | 55.08 | 52.97 | 54.06
TiO, 1.07 | 1.09 | 1.16 | 1.02 1.01 1.26 1.28 1.27 1.31 1.31
AL O3 19.29 20.25 [20.97 |17.44 | 1898 | 2520 | 25.15| 24.89 | 26.28 | 25.80
Fe,03 7.09 | 5.68 | 521 | 7.78 518 | 2.63 254 280 | 226 3.01
MnO 0.07 | 0.06 | 0.04 | 0.05 0.05 0.02 0.02 0.02 0.01 0.02
MgO 1.44 | 135 | 139 | 1.35 138 079 | 093 092 089 0.84
CaO 048 | 0.68 | 042 | 0.85 1.04 | 050| 0.65 0.55 0.46 | 0.35
Na, O 053 | 062 | 059 | 059 0.51 0.18 | 030 0.31 029 | 0.30
K>,O 241 | 2.60 | 259 | 2.32 2.65 1.88 1.94 1.85 1.64 1.64
P,0s 0.13 | 0.18 | 0.15 | 0.09 0.12 0.08 0.07 0.08 0.07 0.08
LOI 12.58 | 12.47 | 13.00 [ 14.92 | 11.58 | 13.10 | 13.53 | 13.84 | 15.66 | 14.16
Total 98.21 [99.03 |99.12 |99.60 |101.69 | 100.42 | 101.48 | 101.62 | 101.85 | 101.56
KoO/NayO | 456 | 421 | 442 | 391 524 | 1034 | 6.52| 589 | 575 5.49
Si02/AL, O3 | 275 | 2.67 | 256 | 3.05 312 217 | 219 221 202 210
CIA 81.59 |80.66 | 82.26 |79.61 80.72 | 90.53 | 89.09 | 89.11 | 90.64 | 90.36
PIA 90.55 | 89.54 | 91.34 |88.42 | 90.64 | 97.48 | 9592 | 95.67 | 96.31 | 96.08
CIW 91.72 |90.86 |92.40 (89.92 | 91.94 | 97.68 | 96.25 | 96.01 | 96.55 | 96.34
ICV 072 | 0.66 | 0.62 | 0.81 067 | 032| 035 0.35 0.31 0.33
Major KN31 | KN32 | KN33 | KN34 | KN35 | KN36 | KN37 | KN38 | KN39 | KN40
oxides

SiO, 55.71| 56.85| 5527 | 55.69| 56.13 /5290 | 56.93 | 56.61| 57.68| 58.33
TiO, 1.25 1.35 134 137 127| 1.27 124 132 129| 1.18
AL O3 22.81| 23.43| 23.62| 23.96| 24.99|23.95 | 21.77| 2336 | 2222| 17.97
Fe,03 3.17 3.18 2.31 2.52 2.86| 3.04 4.71 3.40 3.99 6.26
MnO 0.03 0.02 0.02 0.02 0.02| 0.03 0.03 0.03 0.03 0.02
MgO 095| 0.86| 095 094 075| 1.14 099| 1.12| 094 0.82
CaO 0.91 039| 036| 057 044| 098 0.56 1.06| 0.38| 290
Na,O 032| 034 040, 043, 032 049 028| 041| 040 040
K>,O0 1.87 1.92 1.86 1.96 1.73 | 1.94 2.00 1.96 222 1.75
P,0s 0.08 0.08 0.09 0.08 0.07 | 0.08 0.07 0.07 0.09 0.07
LOI 13.11| 13.13| 13.93| 13.69| 12.74 |13.73 | 13.52| 12.05| 1243 | 11.21
Total 100.20 | 101.56 | 100.16 | 101.23 | 101.31 | 99.54 | 102.10 | 101.38 | 101.65 | 100.91
K>0/Na,O 580| 559| 461| 455| 543| 395 7.07| 477| 557 438
SiO2/AL, O3 | 244 | 243 234 232| 225| 221 261 242| 260 325

(continued)
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Table 3 (continued)

Major KN31 | KN32 | KN33 | KN34 | KN35 | KN36 | KN37 | KN38 | KN39 | KN40
oxides

CIA 88.07 | 87.97| 87.61 | 87.12| 89.55|86.58 | 87.53| 87.05| 85.70 | 81.08
PIA 95.14 | 9498 | 94.22| 9390 | 95.67|93.12 | 9546 | 94.01 | 93.80| 91.98
CIW 95.55| 9541 | 94.68 | 94.41| 9598 |93.68 | 9589 | 94.53 | 94.44 | 93.18
ICV 0.40 0.39 0.38 0.39 0.33| 043 0.47 0.44 0.46 0.66
Major KN41 | KN42 | KN43 | KN44 | KN45 | KN46 | KN47 | KN48 | KN49 | KN50
oxides

SiO, 63.31|59.52 | 60.36 | 62.87 |59.20 | 59.97 | 57.60 | 55.47| 56.37| 56.80
TiO, 1.29| 1.34 1.32 1.34 | 1.32 1.39 1.30 1.42 1.18 1.16
Al O3 19.17 | 20.66 | 22.05| 21.63 |20.72 | 21.55| 21.97| 21.85| 21.93 | 20.99
Fe;03 237 237 2.67 2.18| 3.03 343 1.37 4.56 1.36 5.55
MnO 0.01| 0.01 0.01 0.01| 0.01 0.01 1.81 0.02 1.96 0.04
MgO 1.03 | 0.97 0.89 0.73 | 1.02 1.07 1.56 1.02 1.39 1.45
CaO 0.64 | 1.29 0.65 0.33| 0.96 0.60 1.03 1.17 1.06 0.22
Na,O 0.59| 0.59 0.17 0.39| 0.34 0.30 0.35 0.50 0.23 0.38
K;0 2.00| 1.99 1.98 1.99 | 1.99 2.12 2.32 1.89 2.17 2.48
P,0s5 0.07 | 0.07 0.09 0.08 | 0.08 0.08 0.02 0.09 0.02 0.08
LOI 9.99 | 1098 | 10.35 9.71 [ 10.84 | 10.69 | 12.59| 13.51| 14.51| 1291
Total 100.47 | 99.79 | 100.54 | 101.26 | 99.51 | 101.21 | 101.92 | 101.50 | 102.18 | 102.06
K;0/Na,O 3.39| 3.37 | 11.65 5.10| 5.85 7.07 6.63 3.78 9.43 6.53
Si02/AlL 03 3.30| 2.88 2.74 291 | 2.86 2.78 2.62 2.54 2.57 2.71
CIA 78.56 | 79.85 | 85.25| 82.73|82.51 | 82.81| 81.56| 82.13| 83.52| 80.44
PIA 89.11 | 89.96 | 97.11 | 93.67 |93.98 | 94.82| 94.04 | 91.93 | 96.04 | 94.29
CIwW 90.81 |91.41 | 97.53 | 94.57 |94.88 | 95.62| 95.02| 93.00 | 96.66 | 95.34
ICvV 0.57| 0.53 0.43 0.44| 0.51 0.52 0.64 0.55 0.59 0.66
Major oxides KN51 KN52 KN53 KN54 KNS5 Avg.

SiO, 58.26 59.20 59.53 61.12 61.37 56.35
TiO, 1.12 1.16 1.14 1.09 1.09 1.17

Al O3 20.36 20.74 20.97 19.14 19.18 21.04

Fe, 03 4.22 4.88 4.50 3.85 3.88 4.58
MnO 0.04 0.02 0.02 0.02 0.02 0.10
MgO 1.44 1.55 1.40 1.22 1.22 1.21
CaO 0.22 0.27 0.26 0.16 0.15 0.72
Na,O 0.40 0.55 0.26 0.25 0.18 0.43
K>,O0 2.92 2.55 2.80 2.92 2.93 2.26
P>0s5 0.07 0.06 0.07 0.06 0.06 0.11

LOI 12.86 9.29 10.41 9.93 9.95 12.76
Total 101.91 100.27 101.36 99.76 100.03 100.72

(continued)
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Table 3 (continued)

Major oxides KN51 KN52 KNS53 KN54 KNS5 Avg.

K20/Na, O 7.30 4.64 10.77 11.68 16.28 577
Si0,/A1,03 2.86 2.85 2.84 3.19 3.20 2.71
CIA 77.65 78.77 79.34 77.66 78.07 83.16
PIA 93.63 92.22 95.03 95.33 96.19 92.74
CIW 95.06 93.70 96.08 96.46 97.12 93.68
Icv 0.67 0.68 0.64 0.65 0.65 0.58

burial of sediments (e.g. Morton 1984). Heavy minerals such as epidote display a
limit of persistence between 600 and 1100 m depth (e.g. Morton 1984), or between
600 and 3000 m (e.g. McBride 1985) as burial diagenesis proceeds. The geochemical
analysis by Arora et al. (2017) indicated the low maturity of organic matters within
the Mesozoic succession in Mainland Kutch, except near a few dike intrusions.
The heavy mineral assemblage, therefore, corroborates the shallow burial nature of
sediments.

In a cross-plot of TiO; and Al, O3, apart from a few samples of Jhumara and Bhuj
formations which plot closer to the basalt line, data of all four formations plot in the
granite + basalt field (cf. Mclennan et al. 1979; Schieber 1992) (Fig. 3). In a cross-
plot of TiO, and Zr of Hayashi et al. (1997), most of the samples plot in the field
for intermediate igneous rocks. A few samples of all the formations plot in the field
for felsic igneous rocks (Fig. 4). In a cross-plot of Th versus Sc of Cullers (2002),
most samples of Jhuran and Bhuj formations and nearly half of the data Jhurio and
Jhumara formations bear felsic signature (Fig. 5). A few samples of Jhuran and Bhuj
formations and the majority of those of Jhurio and Jhumara formations plot within
the intermediate field. In a cross-plot of Th/Co versus La/Sc of Cullers (2002), all
data cluster near the silicic field (Fig. 6). Most data cluster near the field marked for
felsic rocks in a triangular plot of V-Ni-Th x 10 of Bracciali et al. (2007) (Fig. 7).
Samples of the Jhuran and Bhuj formations plot close to the Th apex. Data of Jhurio
and Jhumara formations and a few of those of the Jhuran Formation plot relatively
closer to the V-Ni join. Samples of all four formations exhibit low La/Th ratios
ranging from 1.59 to 3.01 (Tables 5, 6, 7 and 8). Samples of Jhurio, Jhumara, Jhuran
and Bhuj formations show broadly overlapping chondrite-normalized REE patterns,
with prominent LREE enrichment and negative europium anomaly (Fig. 8). These
patterns are similar to those of NASC and PAAS samples. The samples of Jhuran
and Bhuj formations exhibit the highest REE concentrations. All samples of Jhurio,
Jhumara, Jhuran and Bhuj formations exhibit negative Eu anomalies (Eu/Eu* =
Eu/(,/(Smy x Ndy)), with averages of 0.66, 0.65, 0.65 and 0.55 respectively.

The presence of both rounded, as well as angular varieties of heavy minerals,
indicate the presence of multiple source rocks. Chaudhuri et al. (2018, 2020a, b)
report the dominance of arkoses in the sandstones of the Jhurio, Jhumara, Jhuran and
Bhuj formations suggesting a significant clastic supply from felsic source rocks. The
abundance of arkose, the relationship between TiO, and Al,O3, Th/Co and La/Sc
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Table 4 Major oxide concentration in shale samples of the Bhuj Formation

Major KB1 |KB2 |[KB3 |KB4 |[KB5 [KB6 |KB7 |KB8 |KB9 |KBIO
oxides

SiO, 58.85 | 54.54 | 54.61 | 57.67 | 65.69 | 67.55| 66.99 | 65.64 | 75.75| 76.76
TiO, 122 1.11| 1.05| 1.06 | 1.08 1.10 1.10 1.17 0.91 0.82
Al,03 22.77 |21.23 | 21.14 | 16.73 | 16.40 | 17.13 | 16.44 | 18.03 | 10.80 | 11.21
Fe203 283 | 585| 694 | 790 3.97 3.69 | 4.13 3.29 4.92 3.74
MnO 0.09 | 0.07| 0.08| 0.03| 0.05 0.05 0.04 0.06 | 0.05 0.10
MgO 1.11| 1.37| 1.28| 1.41| 0.72 0.68 0.68 0.84| 0.39 0.35
CaO 0.35| 0.42| 0.28| 033 | 0.22 0.15 020 | 0.11 0.07 0.09
Na20 0.18| 0.14| 020 0.10 | 0.28 029 030 032| 021 0.44
K20 276 | 241 | 238 | 2.86| 1.99 2.09 2.01 2.16 2.93 3.19
P205 0.07 | 0.07 | 0.06| 0.07 | 0.05 0.05 0.05 0.06 | 0.04 0.04
LOI 11.01 | 12.05 | 11.59 | 10.78 | 9.16 8.96 9.08 9.80 | 4.32 3.52
Total 101.25199.26 | 99.61 | 98.95 | 99.61 | 101.75 | 101.01 | 101.47 | 100.40 | 100.25
K;0/Na,O | 1532 |17.43 | 12.11 [28.65 | 7.12 7.29 6.78 6.76 | 13.90 7.23
Si0,/A1,03 258 | 2.57| 2.58| 3.45| 4.01 394 | 4.08 3.64| 7.01 6.85
CIA 86.42 | 87.40 | 86.78 | 82.99 | 84.47 | 85.03 | 84.48 | 85.48 | 74.71 | 72.10
PIA 97.09 | 97.62 | 96.64 | 97.64 |94.28 | 95.19 | 94.40 | 95.61 | 94.06 | 89.74
CIW 97.46 | 97.91 | 97.03 | 98.07 |94.99 | 95.80 | 95.10 | 96.16 | 95.73 | 92.66
ICV 043| 055| 0.58| 080 | 0.54| 0.50| 054 0.49 0.83 0.79
Major oxides | KB11 |KB12 |[KB13 |KBI14 |[KBI5 |KB16 |KB17 |KB18 |Avg.
Si0; 66.36 | 74.17 | 67.03 |68.68 | 61.67 | 5691 [65.63 | 69.24 | 65.21
TiO, 0.88 1.21 097 | 0.98 1.45 1.30 | 1.06 1.22 1.09
AlL,O3 8.89 | 1541 | 1595 |15.50 | 16.82 | 20.03 |12.66 | 17.45 | 16.37
Fe203 7.28 1.03 4.58 | 2.59 1.33 1.58 | 10.41 0.87 4.27
MnO 0.05 0.01 0.34 | 0.02 0.01 0.01 | 0.02 0.01 0.06
MgO 0.56 0.49 0.81 | 0.77 0.45 0.59 | 0.52 0.43 0.75
CaO 5.35 0.12 0.29 | 0.39 0.05 0.07 | 0.08 0.10 0.48
Na20 0.58 0.91 0.21 | 0.30 0.12 0.16 | 0.48 0.84 0.34
K20 2.65 2.12 3.66 | 3.63 1.52 1.65 | 3.44 3.21 2.59
P205 0.05 0.04 0.06 | 0.04 0.03 0.04 | 0.07 0.05 0.05
LOI 7.76 6.25 6.65 | 7.02 | 18.19 | 17.98 | 5.58 7.59 9.29
Total 100.42 | 101.75 | 100.55 [99.92 |101.64 |100.31 [99.94 |101.01 | 100.51
K,0/Na,O 4.58 231 | 17.06 |12.23 | 1238 | 10.57 | 7.22 382 | 10.71
Si0,/Al,03 747 4.81 420 | 443 3.67 2.84 | 5.18 3.97 4.29
CIA 65.02 | 79.37 | 77.36 |75.94 | 89.61 | 90.23 |73.15 | 77.57 | 81.01
PIA 7592 | 88.44 | 94.44 19221 | 98.06 | 97.96 | 90.64 | 89.92 | 93.32
CIwW 82.33 | 89.99 | 95.76 |94.07 | 98.24 | 98.14 |93.21 | 91.76 | 94.69

(continued)
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Table 4 (continued)
Major oxides |KB11 |KBI12 |KB13 |KB14 [KB15 |KB16 |KB17 |[KB18 |Avg.
ICV 1.36 0.48 0.71 | 0.63 0.34 0.32 | 1.10 0.47 0.64

and V-Ni-Th support the dominance of felsic source rocks (Cullers 2002; Lépez
et al. 2005; Bracciali et al. 2007; Etemad-Saeed et al. 2011; Amendola et al. 2016;
Armstrong-Altrin et al. 2017) (Figs. 3, 6 and 7). The relationship between TiO,
and Al,O; suggests the input from mafic sources in these sediments (Fig. 3). The
intermediate igneous source rock composition, indicated by the relationship between
TiO; and Zr contents, possibly indicates a mixing of sediments from felsic and mafic
igneous rocks (Fig. 4). The relationship between Th versus Sc supports the mixing
of sediments from mafic and felsic igneous rocks (Fig. 5). The fields for Jhurio and
Jhumara formations plot closer to the V-Ni join in the triangular plot of V-Ni-Th and
thereby corroborate the mafic input in these formations (Fig. 7). Low La/Th ratios
support the predominant felsic source of sediments (Floyd and Leveridge 1987; Gu
et al. 2002; Etemad-Saeed et al. 2011; Zhu et al. 2011; Yan et al. 2012). The LREE
enrichment, the resemblance of the chondrite-normalized REE patterns with those of
NASC and PAAS and negative Eu anomalies endorse the dominance of felsic source
rocks in sediments (Fig. 8) (Kasanzu et al. 2008; Wani and Mondal 2011; Wang et al.
2015; Lowen et al. 2018; Chaudhuri et al. 2020a).

5.2 Weathering and Recycling

The degree of chemical weathering of source rocks is calculated from the chemical
index of alteration (CIA) (Nesbitt and Young 1982) using the following formula (in
molecular proportions)

CIA = [n(ALO3)/(n(AlLO;) + n(CaO) * + n(Na,0) + n(K»0))] x 100

The CaO content associated with calcite, dolomite and apatite is corrected to find
CaO* (CaO in silicates). Further, McLennan (1993) suggested if n(Ca0O’) < n(Na,0),
n(CaO*) = n(Ca0Q’) else, n(CaO*) = n(Na,O) where n(CaO’) = n(Ca0O) — 10 x
n(P,05)/3. Samples of Jhurio, Jhumara, Jhuran and Bhuj formations exhibit average
CIA values of 71%, 82%, 83% and 81%, respectively. Two other indices used to study
the extent of weathering and alteration are the plagioclase index of alteration (PTA)
and the chemical index of weathering (CIW). K-metasomatism during diagenesis
may modify the values of CIA. Therefore, PIA and CIW are used for unbiased
estimation of weathering conditions (Harnois 1988; Fedo et al. 1995).

PIA = [(ALLO3; — K;0)/(ALL,O3 — K,0) + CaO * + Na,O] x 100
CIW = [ALLO3/(Al,03 4+ CaO * +Na,0)] x 100
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Table 5 Trace element concentration in shale samples from Jhurio Formation
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Elements KU1 KU2 KU3 KU4 KUS5 Avg.

Sc 73 9.5 10.1 16.9 20.3 12.8
v 121.2 117.3 192.7 127.4 199.6 151.6
Cr 115.5 153.3 148.7 89.6 118.4 125.1
Co 9.1 16.3 11.9 13.6 13.9 13.0
Ni 30.9 36.6 42.1 272 39.4 35.2
Cu 17.0 223 21.4 29.3 335 24.7
Zn 31.8 44.4 86.0 43.2 51.0 51.3
Ga 9.3 12.8 12.0 13.7 20.7 13.7
Rb 63.0 86.1 79.9 118.0 100.6 89.5
Sr 254.6 159.8 240.0 619.2 168.9 288.5
Y 9.4 12.7 11.2 24.0 20.0 15.4
Zr 143.0 219.7 219.9 125.6 180.1 177.7
Nb 8.4 12.9 9.2 14.6 16.8 12.4
Cs 1.5 2.4 2.0 5.7 6.7 3.7
Ba 627.9 761.0 810.7 426.3 152.0 555.6
La 16.6 229 21.7 35.7 353 26.4
Ce 339 48.8 49.8 58.9 64.1 51.1
Pr 39 5.1 5.2 7.6 7.5 5.8
Nd 13.7 17.8 18.0 279 26.4 20.8
Sm 2.6 3.1 32 5.5 5.0 39
Eu 0.6 0.7 0.7 1.1 1.0 0.8
Gd 22 2.5 2.4 49 42 33
Tb 0.4 0.5 0.4 0.8 0.8 0.6
Dy 1.9 2.5 2.2 4.3 4.1 3.0
Ho 0.4 0.5 0.5 0.9 0.9 0.7
Er 1.2 1.6 1.5 2.6 2.6 1.9
Tm 0.2 0.2 0.2 0.4 0.4 0.3
Yb 1.2 1.8 1.6 2.5 2.7 2.0
Lu 0.2 0.3 0.3 0.4 0.4 0.3
Hf 4.2 6.4 6.5 3.8 5.6 53
Ta 0.7 0.9 0.3 1.0 0.7 0.7
Pb 14.2 17.2 322 13.6 18.6 19.2
Th 9.2 11.6 13.6 12.7 15.6 12.5
U 13 2.0 23 1.7 2.0 1.9
La/Th 1.8 2.0 1.6 2.8 2.3 2.1
La/Sc 23 24 2.1 2.1 1.7 2.1

(continued)
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Table 5 (continued)

Elements KU1 KU2 KU3 KU4 KU5 Avg.
Th/Co 1.0 0.7 1.1 0.9 1.1 1.0
Th/Sc 13 1.2 1.3 0.8 0.8 1.1
>"REE 78.8 108.3 107.6 153.5 155.4 120.7
(Gdn/Ybn) 1.4 1.2 1.2 1.6 1.3 1.3
Eu/Eu* 1.3 2.1 1.8 2.8 33 2.3

Samples of Jhurio, Jhumara, Jhuran and Bhuj formations exhibit average PIA
values of 82%, 93%, 93% and 93% respectively. The samples exhibit average CIW
values of 86%, 94%, 94% and 95%, respectively.

The index of compositional variability (ICV) proposed by Cox et al. (1995) is
defined as follows.

ICV = (n(Fe;,03) + n(K,0) + n(Na,O) + n(CaOx)
4+ n(MgO) + n(MnO) + n(TiO,))/ n(Al,03).

Samples of Jhurio, Jhumara, Jhuran and Bhuj formations exhibit average ICV of
1.3, 0.7, 0.6 and 0.6, respectively.

Chemical weathering and alteration of source rocks influence geochemistry and
mineralogy of sedimentary rocks (Nesbitt and Young 1982; McLennan 1993; Fedo
etal. 1995). Diagenesis and low-grade metamorphism lead to changes in mineralogy.
However, the bulk chemical composition remains similar to that of source rock(s)
(Cox et al. 1995). CIA values indicate intermediate to strong weathering for Jhurio,
Jhumara, Jhuran and Bhuj formations (Fig. 9). However, a few samples of the Jhurio
Formation indicate weak weathering. PIA and CIW indicate a greater degree of
weathering at source than that estimated by CIA. However, all three indices show a
broadly similar trend of weathering. Thus, CIA, PIA and CIW data for the studied
samples indicate weak to intermediate weathering of source rocks for the Jhurio
Formation. The data also indicates intermediate to strong weathering of source rocks
for Jhumara, Jhuran and Bhuj formations.

Mature sediments with high clay content exhibit ICV values less than 1. It gener-
ally indicates a passive tectonic setting with recycling or intense chemical weathering
of first cycle sediments (cf. Cox et al. 1995). The ICV value exceeds 1 in case of
immature sediments containing a high amount of non-clay minerals. It generally
indicates the first cycle deposition sourced from tectonically active regions (Cox
et al. 1995; Cullers and Podkovyrov 2000; Ding et al. 2016). Therefore, the average
ICV values of samples of Jhumara, Jhuran and Bhuj formations suggest recycled
sediments or highly weathered first cycle sediments in a passive tectonic setting
(Fig. 10). However, the average ICV values of the Jhurio Formation suggest immature
sediments supplied from tectonically active sediments.
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Table 6 Trace element concentration in shale samples of the Jhumara Formation

Elements KM1 KM2 KM3 KM4 KM5 KM6 KM8 KM9
Sc 14.5 15.9 13.4 13.9 11.9 11.1 18.1 7.9
v 169.9 139.9 116.0 111.7 152.2 109.1 164.7 87.2
Cr 138.9 1325 108.9 97.3 107.3 130.0 121.3 93.8
Co 20.3 21.3 19.5 18.8 6.4 15.9 223 11.9
Ni 48.1 442 35.1 33.4 38.2 452 36.4 28.0
Cu 45.4 42.4 36.6 27.8 28.8 41.9 31.1 20.9
Zn 89.2 84.3 48.2 26.8 117.9 73.3 36.3 36.5
Ga 37.4 31.2 26.1 25.5 27.4 15.8 24.8 11.6
Rb 106.2 108.0 97.0 90.7 91.4 81.6 78.7 62.9
Sr 164.9 321.9 210.7 3159 181.4 200.7 125.8 129.2
Y 22.4 27.6 21.2 272 8.6 19.5 259 13.5
Zr 255.4 3124 272.7 233.4 188.0 384.5 272.2 246.2
Nb 29.3 27.8 24.5 232 242 18.6 26.5 15.7
Cs 8.7 6.4 5.0 5.0 73 3.8 74 29
Ba 303.4 4669 480.8 445.3 142.6 458.7 257.4 351.1
La 51.3 64.0 46.1 55.9 28.2 41.2 40.9 28.6
Ce 153.0 152.1 99.4 133.0 87.0 96.8 105.9 72.1
Pr 11.6 14.5 9.3 13.0 6.0 9.3 9.5 6.7
Nd 40.6 51.5 31.3 46.9 20.2 31.9 329 233
Sm 7.7 9.6 5.5 9.1 3.4 59 6.3 4.3
Eu 1.4 1.9 1.1 1.9 0.6 1.0 1.3 0.8
Gd 6.0 75 4.7 7.4 2.3 4.7 53 3.4
Tb 1.0 1.2 0.8 1.1 0.4 0.8 0.9 0.5
Dy 4.9 6.1 4.4 5.8 1.9 3.9 52 2.8
Ho 1.0 1.2 0.9 1.1 0.4 0.8 1.1 0.5
Er 2.7 34 2.6 3.0 1.2 2.3 32 1.6
Tm 0.4 0.5 0.4 0.4 0.2 0.3 0.5 0.2
Yb 2.8 3.5 2.8 3.0 1.5 2.5 3.6 1.7
Lu 0.5 0.6 0.5 0.5 0.3 0.4 0.6 0.3
Hf 6.0 72 6.2 5.5 4.4 8.8 6.4 5.8
Ta 23 2.2 1.9 2.0 1.8 1.6 2.1 1.2
Pb 21.4 19.1 16.2 15.1 10.6 15.9 16.7 10.8
Th 25.5 23.6 19.6 18.9 12.9 17.8 17.6 12.3
U 5.4 4.1 3.5 3.5 1.9 2.8 24 2.0
La/Th 2.0 2.7 2.4 3.0 2.2 2.3 23 2.3
La/Sc 35 4.0 3.4 4.0 2.4 3.7 2.3 3.6

(continued)
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Table 6 (continued)
Elements KM1 KM2 KM3 KM4 KM5 KM6 KM8 KM9
Th/Co 1.3 1.1 1.0 1.0 2.0 1.1 0.8 1.0
Th/Sc 1.8 1.5 1.5 1.4 1.1 1.6 1.0 1.6
>"REE 284.9 3174 209.7 282.2 153.7 201.9 217.1 146.9
(Gdn/YbN) 1.7 1.7 1.3 2.0 1.2 1.5 1.2 1.6
Eu/Eu* 0.6 0.7 0.7 0.7 0.7 0.6 0.7 0.6
Elements KM11 |KM12 |KMI13 |KMI14 |KMI15 |KMI16 |KMI17 |Avg.
Sc 19.5 21.9 24.0 19.6 20.6 21.2 15.1 16.6
v 170.6 196.9 209.3 189.8 177.5 198.8 134.5 155.2
Cr 127.3 131.2 140.9 130.7 133.1 139.4 108.6 122.8
Co 19.0 20.7 20.7 20.0 74 232 6.8 17.0
Ni 39.3 44.7 46.3 434 353 47.6 29.3 39.6
Cu 62.2 40.1 41.2 39.5 23.8 40.1 18.8 36.0
Zn 56.6 442 384 49.3 249 54.1 25.8 53.7
Ga 22.2 27.2 29.8 24.1 27.2 25.7 17.8 24.9
Rb 110.2 122.7 133.4 112.1 131.1 130.5 96.7 103.5
Sr 107.3 119.6 108.9 100.4 145.9 105.0 206.9 169.6
Y 22.6 20.1 24.6 20.9 18.1 19.6 139 20.4
Zr 267.4 229.1 249.2 229.7 210.2 206.2 172.4 248.6
Nb 22.6 23.7 26.8 23.1 242 229 16.9 233
Cs 7.1 8.8 9.4 7.7 9.7 8.8 6.4 7.0
Ba 307.2 276.7 286.2 264.3 264.5 264.4 215.0 319.0
La 35.7 38.2 424 34.8 38.1 339 24.7 40.3
Ce 69.5 84.0 84.9 74.0 70.8 66.6 47.0 93.1
Pr 7.3 8.4 8.8 7.3 7.1 6.9 49 8.7
Nd 24.5 28.9 29.9 25.0 22.6 23.3 16.2 29.9
Sm 4.5 5.2 5.6 4.5 3.8 4.2 2.9 5.5
Eu 0.8 1.0 1.1 0.9 0.7 0.8 0.6 1.1
Gd 3.8 4.1 4.7 3.7 3.1 3.6 24 4.5
Tb 0.7 0.7 0.8 0.7 0.6 0.7 0.4 0.8
Dy 4.1 4.1 4.7 3.9 32 37 2.5 4.1
Ho 0.9 0.9 1.1 0.9 0.8 0.8 0.6 0.9
Er 2.8 2.7 32 2.7 2.3 2.5 1.8 2.5
Tm 0.4 0.4 0.5 0.4 0.3 0.4 0.3 0.4
Yb 3.1 29 34 29 2.6 2.7 2.0 2.7
Lu 0.5 0.5 0.6 0.5 0.4 0.4 0.3 0.4
Hf 7.9 6.8 7.4 6.9 6.4 6.1 5.1 6.5

(continued)
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Table 6 (continued)

Elements KM11 |KM12 |KMI13 |KMI4 |KMI5 |KMI6 |KMI17 |Avg.
Ta 1.8 2.0 2.1 1.8 1.7 1.8 1.4 1.8
Pb 26.1 34.6 234 233 19.1 22.1 13.2 19.2
Th 17.8 17.9 19.9 18.4 16.0 18.1 12.3 17.9
U 23 22 2.5 23 2.3 2.2 1.6 2.7
La/Th 2.0 2.1 2.1 1.9 24 1.9 2.0 22
La/Sc 1.8 1.7 1.8 1.8 1.8 1.6 1.6 2.6
Th/Co 0.9 0.9 1.0 0.9 22 0.8 1.8 1.2
Th/Sc 0.9 0.8 0.8 0.9 0.8 0.9 0.8 1.1
> REE 158.6 182.1 191.5 162.2 156.6 150.7 106.7 194.8
(Gdn/Ybn) 1.0 1.2 1.1 1.0 1.0 1.1 1.0 1.3
Eu/Eu* 0.6 0.7 0.7 0.6 0.6 0.7 0.7 0.7

5.3 Tectonic Setting

In a cross plot of SiO; and K;O/Na,O of Roser and Korsch (1986), the analysed
shale samples plot in the passive continental margin field (Fig. 11). In a cross-plot of
Si0,/Al,03 and K,;O/Na,O of Maynard et al. (1982), the majority of the analysed
samples exhibit passive margin signatures (Fig. 12). However, many samples of
Jhurio, Jhumara and Bhuj formations plot at the margin of ACM (active continental
margin) and PM (passive margin) fields. In the cross-plot of La/Th versus Hf of
Floyd and Leveridge (1987), the majority of the samples Jhurio, Jhumara, Jhuran
and Bhuj formations indicate passive margin source, while a few samples of all the
formations occupy the field of acidic arc source (Fig. 13). Samples of Jhuran and
Bhuj formations exhibit a distinctly higher concentration of Hf in comparison to
those of Jhurio and Jhumara formations.

The concentration of major oxides and trace elements in samples of Jhurio,
Jhumara, Jhuran and Bhuj formations indicate the predominantly passive margin
setting (Figs. 11, 12 and 13). The offset of data points to the active continental
margin field (Fig. 12) corresponds to the higher abundance of Al,O3 in most of shale
samples.

5.4 Age of Source Rock

In a cross plot of Cr and Ni of Taylor and McLennan (1985), the majority of the
analysed shale samples of Jhurio, Jhumara, Jhuran and Bhuj formations cluster in
the field marked for post-Archean source rocks (Fig. 14). However, a few samples
of the Jhuran Formation plot in the Late Archean field. Further, most samples of all
the formations occupy the Post-Archean field in the Eu/Eu* versus (Gdn/Yby) plot
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Table 7 Trace element concentration in shale samples of the Jhuran Formation
Elements KNI |KN2 |KN3 |KN4 |KN5 |KN6 |KN7 |KN8 |KN9 |KNI10
Sc 150 | 16.1 | 104 | 173 | 162 | 163 | 189 | 18.6 | 103 | 19.7
v 132.8 | 109.9 | 90.1 | 87.2 |139.9 |1294 |123.5 | 1589 | 954 |1483
Cr 125.8 |105.0 | 77.9 | 91.9 |141.3 | 1309 |117.8 |136.0 | 91.9 |109.5
Co 207 | 235 | 174 | 27.8 | 204 | 212 | 23.0 | 246 | 11.1 | 150
Ni 473 | 473 | 385 | 57.1 | 658 | 635 | 51.8 | 49.1 | 355 | 50.7
Cu 60.5 | 48.7 | 47.0 | 60.0 |131.9 |124.7 | 541 | 63.5 | 43.1 | 90.7
Zn 1445 |113.6 | 94.6 | 1755 |155.7 |218.2 |972.8 | 95.0 |146.8 |170.0
Ga 28.0 | 329 | 238 | 362 | 266 | 239 | 339 | 28.6 | 251 | 243
Rb 113.6 |113.8 | 98.6 | 1052 |106.0 |102.3 |110.5 |103.1 |103.0 | 94.0
Sr 237.3 |212.4 |149.1 |307.7 |265.3 |[260.3 |336.6 |125.9 |189.8 |242.8
Y 28.8 | 324 | 27.7 | 473 | 292 | 328 | 383 | 31.6 | 30.6 | 45.6
Zr 191.6 |258.9 |269.3 |308.4 |227.9 [309.8 |233.9 |189.8 |204.2 |171.3
Nb 212 | 237 | 216 | 286 | 20.7 | 204 | 23.0 | 21.2 | 205 | 18.7
Cs 6.7 6.0 5.0 5.4 8.0 6.2 6.5 6.1 6.1 6.5
Ba 572.3 |617.6 |586.7 | 3982 |776.1 |768.3 |597.0 |461.1 |503.0 |534.6
La 72.1 | 642 | 720 | 61.2 | 99.7 | 888 | 71.5 | 53.3 | 584 | 61.1
Ce 138.2 | 116.5 |133.5 | 113.5 |195.6 |165.8 |137.3 | 98.8 |108.3 |116.9
Pr 194 | 16,6 | 174 | 156 | 275 | 227 | 195 | 135 | 143 | 172
Nd 699 | 598 | 60.8 | 672 | 97.8 | 822 | 72.6 | 47.6 | 51.1 | 648
Sm 11.4 94 | 10.1 | 11.8 | 155 | 146 | 12.0 8.3 88 | 125
Eu 2.0 1.8 1.5 25 3.0 2.6 2.4 1.7 1.7 2.7
Gd 10.8 8.0 89 | 122 | 144 | 13.0 | 104 7.7 83 | 115
Tb 1.4 1.2 12 1.7 1.9 1.8 1.6 1.2 1.2 2.0
Dy 7.3 6.9 6.5 7.8 | 104 9.8 8.4 7.0 6.6 | 11.6
Ho 1.3 1.2 1.2 1.3 1.8 1.8 1.5 1.3 1.3 23
Er 35 33 34 3.6 5.0 5.0 4.2 3.7 3.6 6.2
Tm 0.6 0.6 0.6 0.6 0.8 0.8 0.7 0.6 0.6 1.0
Yb 34 35 3.5 4.0 49 4.9 44 3.7 3.6 6.3
Lu 0.5 0.6 0.6 0.8 0.8 0.8 0.7 0.6 0.6 1.0
Hf 59 8.3 7.9 72 | 102 | 13.0 7.7 5.8 6.2 6.1
Ta 1.4 1.7 1.3 1.2 1.9 1.8 1.3 1.3 1.4 1.4
Pb 23.6 | 288 | 18.1 | 21.1 | 349 | 27.6 | 28.0 | 214 | 232 | 239
Th 254 | 242 | 340 | 22.6 | 33.1 | 399 | 238 | 228 | 234 | 250
U 35 35 4.3 2.6 4.7 5.6 39 34 35 3.6
La/Th 2.8 2.7 2.1 2.7 3.0 2.2 3.0 23 2.5 2.4
La/Sc 4.8 4.0 6.9 35 6.2 5.4 3.8 29 57 3.1

(continued)
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Table 7 (continued)

Elements KN1 |KN2 |KN3 |KN4 |KN5 |KN6 |KN7 |KN8 |KN9 |KNI10
Th/Co 1.2 1.0 2.0 0.8 1.6 1.9 1.0 0.9 2.1 1.7
Th/Sc 1.7 1.5 33 1.3 2.0 24 1.3 1.2 2.3 1.3
>"REE 341.8 [293.6 |321.2 |303.8 |479.1 [414.6 |347.2 |249.0 |268.4 |317.1
(Gdn/Ybn) 2.6 1.8 2.1 2.5 2.4 2.1 1.9 1.7 1.9 1.5

Eu/Eu* 0.6 0.6 0.5 0.6 0.6 0.6 0.7 0.7 0.6 0.7
Elements KNI1 |KNI12 |KNI5 |KNI16 |KNI17 |KNI18 |KNI9 |KN20
Sc 154 12.3 15.6 15.1 16.6 17.9 15.2 15.9
v 134.9 76.4 145.2 106.4 116.3 118.9 121.7 120.9
Cr 126.3 73.2 124.2 107.4 104.7 111.7 139.9 112.7
Co 19.9 15.1 17.3 24.1 24.5 20.3 26.0 23.5
Ni 43.0 34.6 48.0 60.1 52.4 46.1 40.8 45.9
Cu 56.0 34.4 62.0 51.1 4717 53.8 162.2 42.3
Zn 128.5 64.0 149.9 88.6 86.4 80.1 64.2 71.2
Ga 23.6 322 28.2 28.1 334 30.4 25.8 25.6
Rb 107.0 117.7 113.8 108.1 107.5 107.5 120.8 108.0
Sr 187.5 167.4 209.5 138.3 161.1 277.3 145.0 212.0
Y 26.3 40.2 27.8 38.1 45.1 40.7 28.9 30.8
Zr 205.7 287.8 156.3 234.3 223.5 244.5 312.8 285.6
Nb 20.3 24.1 19.8 21.9 233 21.5 22.5 222
Cs 55 6.5 8.4 5.7 6.3 5.6 5.6 4.6
Ba 544.0 590.7 397.1 550.5 515.2 620.6 687.0 637.5
La 56.8 60.3 61.2 56.4 61.9 65.3 43.8 55.1
Ce 106.5 106.6 112.2 108.0 116.8 126.0 91.8 122.1
Pr 14.7 154 15.9 16.1 17.0 18.0 9.7 12.6
Nd 52.1 56.8 544 61.5 63.8 68.7 34.1 44.3
Sm 8.5 10.1 8.0 11.4 11.7 12.6 7.0 8.6
Eu 1.6 2.1 1.6 23 24 2.5 1.6 1.8
Gd 7.9 8.8 8.4 10.0 9.7 11.6 6.5 73
Tb 1.1 1.5 1.1 1.6 1.7 1.8 1.1 1.2
Dy 6.1 8.4 6.5 8.6 9.4 9.1 6.0 6.5
Ho 1.1 1.5 1.2 1.5 1.6 1.6 1.2 1.3
Er 3.2 39 33 4.1 4.3 44 3.4 3.7
Tm 0.5 0.6 0.5 0.7 0.7 0.7 0.5 0.5
Yb 33 4.1 33 4.1 4.3 42 3.7 3.7
Lu 0.5 0.7 0.5 0.7 0.7 0.7 0.6 0.6
Hf 5.9 9.4 4.8 7.4 73 8.1 8.0 6.8

(continued)
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Table 7 (continued)

Elements KNII |KNI2 |KNIS |KN16 |KNI7 |KNI§8 |KNI19 |KN20
Ta 1.3 1.6 13 1.4 1.6 1.4 1.8 1.8
Pb 237 | 232 | 266 | 267 | 255 | 236 | 355 17.3
Th 24 | 264 | 222 | 238 | 265 | 274 | 183 18.3
U 3.1 3.6 3.1 33 3.4 37 35 34
La/Th 25 23 2.8 2.4 23 2.4 24 3.0
La/Sc 3.7 4.9 39 3.7 37 36 2.9 35
Th/Co 1.1 1.7 1.3 1.0 1.1 13 0.7 0.8
Th/Sc 1.5 2.1 1.4 1.6 1.6 1.5 12 12
S REE 2639 (2808 |278.1 |287.0 3060 [3272 |211.2 |269.3
(Gdn/YbN) 1.9 1.7 2.1 2.0 1.8 22 1.4 1.6
Eu/Eu* 0.6 0.7 0.6 0.7 0.7 0.6 0.7 0.7
Elements | KN21 |KN22 |KN23 |KN24 | KN25 | KN26 | KN27 | KN28 | KN29 | KN30
Sc 109 | 11.6 | 102 | 11.7 | 159 | 165 | 157 | 145 | 160 | 16.1
v 112.0 [1059 | 1157 | 992 |121.9 | 1282 |136.2 | 146.6 |137.6 | 1415
Cr 106.4 (1002 |108.1 |101.7 |118.2 | 105.8 |114.5 1292 |117.0 | 124.9
Co 174 | 232 | 200 | 184 | 225 | 165 | 269 | 189 | 213 | 114
Ni 347 | 634 | 370 | 334 | 467 | 457 | 57.1 | 472 | 486 | 39.0
Cu 317 | 523 | 320 | 245 | 383 | 622 | 597 | 62.8 | 47.7 | 473
Zn 523 | 547 | 418 | 420 | 599 |165.0 1289 | 979 | 634 | 772
Ga 236 | 226 | 248 | 212 | 251 | 36.7 | 367 | 30.8 | 378 | 314
Rb 849 | 827 | 81.1 | 825 1037 |102.5 | 97.3 | 87.0 | 912 | 932
St 174.6 2232 | 183.1 |181.9 |260.4 |115.8 |110.3 | 91.3 |126.2 | 109.9
Y 172 | 201 | 17.3 | 21.6 | 333 | 283 | 267 | 22.6 | 269 | 264
Zr 207.6 |224.9 [217.9 [392.0 3333 [220.1 [220.6 |211.0 2169 |237.1
Nb 207 | 197 | 208 | 233 | 264 | 255 | 257 | 264 | 28.1 | 259
Cs 45| 29| 49| 29| 45| 65| 64| 56 60| 58
Ba 340.1 |452.1 |314.0 |505.3 |694.7 |361.5 |367.6 3354 3824 |395.7
La 437 | 388 | 414 | 452 | 492 | 552 | 589 | 550 | 663 | 51.9
Ce 108.1 | 951 |114.6 |112.0 |109.6 |107.6 |111.0 | 101.8 |124.5 | 91.3
Pr 97 | 99 | 93| 108 | 11.1 | 150 | 148 | 137 | 148 | 11.7
Nd 332 | 366 | 319 | 384 | 398 | 574 | 525 | 472 | 532 | 407
Sm 59 72| 56| 69 80| 100 89 | 76| 100 | 7.1
Eu 1| 15| 11 14 19 21| 18| 15| 20| 14
Gd 47 | 59 | 45| 54| 74| 103 87| 73 89| 67
Tb 07 09| 07 09| 12| 13| 12| 10| 13| 10
Dy 39| 49| 38| 48| 66| 67 62| 56| 63| 57

(continued)
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Table 7 (continued)
Elements KN21 | KN22 | KN23 | KN24 | KN25 | KN26 | KN27 | KN28 | KN29 | KN30

Ho 0.8 1.0 0.7 1.0 1.3 1.2 1.1 1.0 1.1 1.1
Er 22 2.6 2.1 29 3.7 32 3.1 2.8 3.1 3.1
Tm 0.3 0.4 0.3 0.4 0.5 0.5 0.5 0.4 0.5 0.5
Yb 22 2.6 2.1 3.1 3.7 33 3.1 2.8 3.1 32
Lu 0.4 0.4 0.3 0.5 0.6 0.5 0.5 0.4 0.5 0.5
Hf 4.9 53 5.0 9.2 7.6 6.9 7.0 6.4 74 7.4
Ta 1.6 1.5 1.6 3.1 2.2 1.6 1.7 1.7 22 1.5
Pb 154 | 143 | 155 | 136 | 21.0 | 250 | 232 | 23.1 | 264 | 19.1
Th 166 | 14.1 | 168 | 159 | 183 | 23.6 | 248 | 23.7 | 27.0 | 22.7
U 2.8 2.8 29 3.4 3.4 33 3.8 3.5 42 35
La/Th 2.6 2.8 2.5 2.8 2.7 23 2.4 2.3 2.5 2.3
La/Sc 4.0 33 4.1 39 3.1 3.4 3.7 3.8 4.1 32
Th/Co 1.0 0.6 0.8 0.9 0.8 1.4 0.9 1.3 1.3 2.0
Th/Sc 1.5 1.2 1.6 1.4 1.1 1.4 1.6 1.6 1.7 1.4

> "REE 216.8 |207.8 |218.4 |233.8 |244.7 2742 (2722 |248.2 |295.8 |226.0
(Gdn/Ybn) 1.7 1.8 1.7 1.4 1.6 2.5 22 2.1 2.3 1.7

Eu/Eu* 0.7 0.7 0.7 0.7 0.7 0.6 0.6 0.6 0.7 0.6
Elements | KN31 | KN32 | KN33 | KN34 | KN35 | KN36 | KN37 | KN38 | KN39 | KN40
Sc 139 | 17.6 44 | 156 | 159 | 159 | 154 | 206 | 128 7.6
v 116.2 |146.6 |164.1 |155.1 |117.7 |116.2 |123.4 |171.4 |1159 |1255
Cr 109.1 |100.1 |131.1 |127.0 |105.5 |100.8 |109.6 |129.4 | 91.0 |100.7
Co 19.2 92 | 149 | 141 | 236 | 155 | 203 | 379 | 11.7 | 16.0
Ni 436 | 309 | 540 | 433 | 49.0 | 396 | 425 | 753 | 387 | 48.1
Cu 58.6 |149.6 | 81.7 | 684 | 46.1 | 565 | 455 | 67.7 | 51.8 | 40.2
Zn 113.9 | 71.7 |352.1 |1163 | 819 |120.7 | 63.2 |138.8 |104.3 |145.4
Ga 269 | 274 35| 366 | 347 | 358 | 36.1 | 285 | 295 | 205
Rb 915 | 788 | 902 | 928 | 952 | 97.1 | 89.0 | 87.0 | 88.0 | 69.9
Sr 974 |107.0 | 86.8 |110.2 |133.3 |111.9 | 1358 |125.4 |105.0 | 195.6
Y 21.1 | 323 | 234 | 255 | 233 | 293 | 298 | 47.6 | 289 | 12.7
Zr 238.0 |231.8 |176.6 |193.4 |236.6 |279.7 |239.5 |237.9 |223.3 |218.8
Nb 230 | 226 | 219 | 247 | 259 | 274 | 27.1 | 23.1 | 23.7 | 20.1
Cs 4.9 5.0 5.5 6.2 6.1 6.6 5.2 5.1 5.8 29
Ba 420.4 |450.2 |304.1 [339.5 |399.1 [396.0 |398.8 |388.3 |427.4 |220.2
La 558 | 60.1 | 454 | 562 | 522 | 60.6 | 640 | 57.8 | 60.8 | 245
Ce 100.6 |113.1 | 88.8 |107.2 | 90.2 |116.1 |118.5 |118.3 |113.7 | 58.5
Pr 13.1 | 156 | 125 | 144 | 112 | 155 | 141 | 167 | 154 6.2

(continued)
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Table 7 (continued)
Elements | KN31 | KN32 |KN33 | KN34 | KN35 | KN36 | KN37 | KN38 | KN39 | KN40
Nd 456 | 556 | 449 | 51.8 | 389 | 554 | 506 | 644 | 545 | 22.1
Sm 7.6 9.6 7.9 8.8 7.1 9.1 9.6 | 126 9.3 44
Eu 1.4 2.0 1.7 1.9 14 1.8 1.9 2.8 1.9 1.0
Gd 7.1 8.8 9.5 9.5 6.8 8.0 8.6 | 12.8 8.6 3.6
Tb 1.0 14 1.2 1.2 1.0 1.2 1.3 2.0 1.3 0.6
Dy 5.0 8.3 6.4 6.2 5.0 6.6 6.2 | 103 7.3 3.0
Ho 0.9 1.6 1.1 1.1 1.0 1.1 1.2 1.9 1.3 0.6
Er 25 4.3 32 3.0 2.7 3.1 32 5.0 3.7 1.7
Tm 04 0.7 0.5 0.5 0.5 0.5 0.5 0.7 0.6 0.3
Yb 2.5 4.5 32 3.0 2.9 3.1 32 4.5 3.7 1.8
Lu 0.4 0.7 0.5 0.5 0.5 0.5 0.5 0.7 0.6 0.3
Hf 7.2 83 0.6 6.0 7.8 8.9 8.0 6.7 7.6 5.1
Ta 1.5 1.5 0.3 14 1.9 1.8 2.1 1.4 1.6 1.5
Pb 20.0 | 20.0 | 19.2 | 237 | 254 | 244 | 228 | 21.0 | 23.0 | 215
Th 252 | 215 | 213 | 239 | 238 | 272 | 242 | 209 | 224 | 13.1
6] 3.8 3.6 35 3.7 3.8 4.0 42 3.8 3.6 2.6
La/Th 22 2.8 2.1 2.4 22 22 2.6 2.8 2.7 1.9
La/Sc 4.0 34 | 10.2 3.6 33 3.8 4.1 2.8 4.7 32
Th/Co 1.3 2.3 14 1.7 1.0 1.8 1.2 0.6 1.9 0.8
Th/Sc 1.8 1.2 4.8 1.5 1.5 1.7 1.6 1.0 1.7 1.7
>"REE 243.8 |286.4 |226.8 |265.0 |221.4 |282.7 |283.3 |310.4 |282.5 |128.6
(Gdn/YbN) 23 1.6 2.4 2.6 1.9 2.1 22 23 1.9 1.6
Eu/Eu* 0.6 0.7 0.6 0.6 0.6 0.6 0.6 0.7 0.7 0.7
Elements | KN41 | KN42 | KN43 | KN44 | KN45 | KN46 | KN47 | KN48 | KN49 | KN50
Sc 74 | 11.0 | 123 8.0 6.6 | 104 8.7 | 13.5 | 10.6 9.2
v 119.5 | 1254 |109.7 | 952 | 1009 |1183 |111.3 |137.6 |122.5 |155.0
Cr 1064 |113.6 | 969 | 858 | 86.4 |101.3 | 90.2 | 106.0 | 97.2 |121.7
Co 5.8 5.5 8.1 64 | 11.2 8.1 83 | 11.7 79 | 243
Ni 319 | 267 | 326 | 250 | 242 | 255 | 266 | 351 | 26.8 | 80.2
Cu 312 | 300 | 26.1 | 224 | 21.6 | 27.0 | 274 | 354 | 395 | 403
Zn 108.2 | 36.0 [100.0 | 63.2 | 39.6 | 399 | 535 | 393 | 56.6 | 61.3
Ga 209 | 246 | 238 | 192 | 19.6 | 235 | 215 | 249 | 23.6 | 282
Rb 83.7 | 91.6 | 84.6 | 682 | 70.1 | 96.6 | 585 | 90.0 | 79.0 | 57.0
Sr 107.8 |109.7 |206.5 | 85.8 | 851 |156.8 | 1157 | 1558 |117.2 | 86.8
Y 112 | 139 | 219 9.4 92 | 15.6 9.7 | 213 | 141 8.5
Zr 221.7 226.0 |199.5 |226.1 | 1742 |199.9 |188.8 |204.4 |187.2 |207.5

(continued)
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Table 7 (continued)

Elements |KN41 |KN42 | KN43 | KN44 | KN45 | KN46 | KN47 | KN48 | KN49 | KN50
Nb 223 | 257 | 222 | 21.0 | 206 | 23.1 | 228 | 229 | 23.0 | 237
Cs 39 44 5.4 2.7 2.7 7.5 39 6.7 43 6.4
Ba 181.7 |233.9 |289.3 |177.6 | 1653 |185.6 |159.0 |228.4 |201.8 |120.2
La 264 | 325 | 51.0 | 243 | 22.1 | 452 | 213 | 39.8 | 488 | 585
Ce 56.8 | 74.4 |102.6 | 535 | 499 | 935 | 64.8 | 93.1 |103.2 |119.1
Pr 6.6 7.7 | 11.8 6.2 56 | 10.7 5.0 89 | 11.1 | 134
Nd 232 | 2677 | 422 | 22.0 | 19.8 | 383 | 173 | 30.7 | 394 | 488
Sm 4.5 5.0 7.6 4.1 37 7.0 32 59 7.0 9.2
Eu 0.9 1.0 1.6 0.8 0.7 1.4 0.6 1.2 1.5 2.1
Gd 35 39 6.9 32 2.9 6.3 2.6 4.9 6.3 8.8
Tb 0.6 0.6 0.9 0.5 0.5 0.8 0.4 0.8 0.8 1.2
Dy 3.0 34 4.7 2.7 2.5 43 23 45 42 6.6
Ho 0.6 0.7 0.9 0.5 0.5 0.8 0.5 0.9 0.8 1.3
Er 1.6 1.9 2.5 1.5 14 2.5 1.3 2.5 23 4.7
Tm 0.2 0.3 0.4 0.2 0.2 0.4 0.2 0.4 0.3 0.5
Yb 1.6 2.1 24 1.6 1.5 2.4 1.5 2.7 23 33
Lu 0.3 0.3 0.3 0.3 0.2 0.3 0.2 04 0.3 0.5
Hf 52 5.4 4.8 53 4.2 4.9 4.6 4.8 4.5 4.9
Ta 1.6 2.1 1.7 1.6 1.6 1.7 1.8 1.7 1.9 1.8
Pb 158 | 160 | 140 | 144 | 132 | 129 | 139 | 162 | 154 | 17.1
Th 144 | 160 | 17.1 | 146 | 125 | 159 | 134 | 17.1 | 165 7.0
U 25 25 2.4 2.4 2.1 2.4 22 2.4 23 2.8
La/Th 1.8 2.0 3.0 1.7 1.8 2.8 1.6 23 3.0 8.4
La/Sc 3.6 3.0 4.1 3.0 34 4.4 2.5 29 4.6 6.3
Th/Co 25 29 2.1 2.3 1.1 2.0 1.6 1.5 2.1 0.3
Th/Sc 1.9 1.5 14 1.8 1.9 1.5 1.5 1.3 1.6 0.8
>"REE 129.6 |160.6 |235.7 |121.4 |111.5 |213.9 |121.3 |196.8 |2284 |2779
(Gdn/YbN) 1.7 1.5 1.6 1.6 1.6 1.5 1.4 1.5 1.6 1.5
Eu/Eu* 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.6
Elements KN51 KN52 KNS53 KN54 KNS5 Avg.

Sc 8.4 7.2 15.5 10.3 13.6 13.5

\% 149.0 159.2 141.0 122.2 129.7 125.5

Cr 126.2 128.5 117.6 106.6 109.7 1104

Co 14.9 12.4 11.3 11.6 16.9 17.3

Ni 42.5 439 335 30.5 31.5 43.6

Cu 42.8 27.3 29.8 26.8 30.3 53.1

(continued)
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Elements KN51 KN52 KN53 KN54 KNS5 Avg.

Zn 60.2 46.7 40.0 49.7 33.1 112.0
Ga 28.5 29.8 27.3 24.8 26.0 27.3
Rb 72.3 19.7 104.0 91.8 104.6 924
Sr 128.2 71.7 137.6 213.0 208.0 162.2
Y 14.4 10.1 25.0 16.2 22.3 25.6
Zr 257.4 226.9 230.0 262.8 234.3 232.4
Nb 24.6 25.5 22.8 21.9 22.7 23.1
Cs 6.0 5.7 5.5 4.7 5.4 5.5
Ba 253.0 75.2 514.7 346.1 470.5 412.3
La 332 58.7 54.7 40.0 44.0 53.0
Ce 130.0 114.3 115.1 114.9 85.2 107.3
Pr 7.5 13.1 13.0 9.5 9.9 13.2
Nd 26.5 47.3 47.6 33.7 35.1 47.6
Sm 4.9 8.6 8.9 6.4 6.3 8.4
Eu 0.9 1.9 1.9 1.3 1.4 1.7
Gd 4.1 8.1 8.3 49 5.8 7.7
Tb 0.6 1.0 1.1 0.8 0.7 1.1
Dy 32 5.8 5.7 39 42 6.1
Ho 0.6 1.1 1.1 0.8 0.8 1.1
Er 1.7 32 3.1 2.1 2.5 32
Tm 0.2 0.5 0.4 0.3 0.4 0.5
Yb 1.7 3.1 29 22 2.6 32
Lu 0.3 0.4 0.4 0.4 0.4 0.5
Hf 6.1 53 5.4 6.1 5.6 6.5
Ta 1.8 2.1 1.8 1.7 1.7 1.6
Pb 16.3 12.1 16.4 14.7 13.9 20.6
Th 16.4 12.1 21.3 17.4 19.0 21.1
U 32 3.0 3.2 3.2 3.1 33
La/Th 2.0 4.9 2.6 2.3 23 2.6
La/Sc 39 8.1 3.5 39 32 4.1
Th/Co 1.1 1.0 1.9 1.5 1.1 1.4
Th/Sc 2.0 1.7 1.4 1.7 1.4 1.6
> REE 215.6 267.1 264.2 221.0 199.3 254.6
(Gdn/Ybn) 1.9 1.3 1.7 1.8 1.3 1.9
Eu/Eu* 0.6 0.6 0.7 0.7 0.7 0.7
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Table 8 Trace element concentration in shale samples from Bhuj Formation

A. Chaudhuri et al.

Elements KB1 KB2 |KB3 KB4 |KBS KB6 |KB7 |KB8 |KB9

Sc 12.0 12.8 18.0 14.3 14.5 17.2 16.8 16.0 10.8
v 127.1 1285 |126.6 98.0 |101.0 |111.4 |1084 |108.8 57.2
Cr 1449 |1114 |116.0 |118.0 |102.7 |115.1 |114.1 |130.9 84.5
Co 16.1 13.7 26.6 16.4 229 21.3 20.5 16.5 16.1
Ni 322 30.6 44.6 49.6 41.1 422 383 429 359
Cu 29.5 28.7 348 30.4 339 39.0 35.1 84.9 20.4
Zn 47.1 54.1 64.1 53.1 |100.0 79.0 50.7 | 120.8 31.6
Ga 29.5 29.3 28.1 22.6 19.0 23.6 225 242 14.0
Rb 95.3 94.2 99.0 89.6 74.4 92.5 87.4 89.3 85.8
Sr 100.2 |101.8 |129.3 |130.4 59.1 67.9 67.3 76.2 76.4
Y 24.7 20.0 334 32.7 31.0 36.6 34.6 33.7 28.4
Zr 265.2 [233.0 [252.9 |431.4 |[2199 |261.5 |271.3 |3245 |466.6
Nb 243 25.0 23.1 23.6 19.3 23.0 22.6 22.8 19.2
Cs 6.8 7.1 6.6 3.9 3.8 4.8 4.4 4.1 2.0
Ba 2554 1822 |283.9 |4863 |388.2 4595 (4627 |5184 |686.9
La 57.9 472 63.2 69.1 45.6 60.0 559 63.8 44.6
Ce 143.5 |137.8 |146.8 |154.4 84.3 |1099 |102.1 |112.7 78.9
Pr 12.6 10.2 13.9 15.3 10.2 13.1 12.3 13.7 9.5
Nd 44.1 35.7 49.2 532 36.7 47.6 44.4 49.2 33.8
Sm 8.2 6.5 9.4 9.8 72 9.3 8.6 9.3 6.3
Eu 1.6 1.3 1.9 1.5 1.5 1.8 1.7 1.7 1.1
Gd 6.6 5.1 8.1 7.6 6.3 79 7.4 7.8 52
Tb 1.0 0.8 1.3 1.2 1.1 1.3 1.2 13 0.9
Dy 53 43 7.1 6.5 5.8 6.8 6.5 6.3 4.8
Ho 1.1 0.9 1.4 1.3 1.2 1.4 1.4 1.3 1.1
Er 29 24 39 4.0 34 4.0 39 3.7 3.1
Tm 0.4 0.3 0.5 0.6 0.5 0.5 0.5 0.5 0.4
Yb 2.8 2.4 39 4.5 33 3.8 3.8 3.5 3.1
Lu 0.5 0.4 0.6 0.8 0.5 0.6 0.6 0.6 0.5
Hf 6.2 5.7 6.2 10.1 6.2 7.6 7.8 9.4 13.2
Ta 1.9 22 1.9 1.8 1.2 1.7 1.7 1.8 1.3
Pb 12.4 14.1 17.1 14.9 354 22.3 17.9 27.4 14.6
Th 224 18.9 243 27.0 15.5 19.9 19.9 21.6 18.8
U 4.5 4.5 5.1 5.3 35 4.2 4.2 4.6 34
La/Th 2.6 2.5 2.6 2.6 2.9 3.0 2.8 3.0 24
La/Sc 4.8 3.7 35 4.8 32 35 33 4.0 4.1

(continued)
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Table 8 (continued)

Elements KB1 KB2 |KB3 |KB4 |KB5 |KB6 |KB7 |KB8 |KB9

Th/Co 1.4 1.4 0.9 1.6 0.7 0.9 1.0 1.3 1.2
Th/Sc 1.9 1.5 1.4 1.9 1.1 1.2 1.2 1.3 1.7
>"REE 288.5 2553 |311.3 |329.8 |207.6 |268.0 |2503 |2753 |1934
(Gdn/Ybn) 1.9 1.7 1.7 1.4 1.5 1.7 1.6 1.8 1.4
Eu/Eu* 0.7 0.7 0.7 0.5 0.7 0.6 0.6 0.6 0.6
Elements KB10 |KB11 |KB12 |KB14 |KB15 |KB16 |KB17 |KB18 |Avg.

Sc 9.3 8.8 14.5 11.4 13.0 17.7 12.7 17.5 13.9
v 51.0 547 |111.8 90.0 | 1143 |1159 93.0 954 | 99.6
Cr 61.0 69.5 |109.9 939 |108.3 |128.7 |122.0 157.1 |111.1
Co 10.6 9.1 3.4 60.3 9.6 13.8 14.6 4.1 17.4
Ni 24.6 239 19.2 52.6 31.8 42.1 41.5 315 | 36.7
Cu 17.0 16.7 18.2 23.1 30.7 38.5 23.4 252 | 311
Zn 39.8 43.1 31.9 52.1 40.3 44.5 772 30.8 | 56.5
Ga 13.6 11.3 21.3 20.8 24.5 28.3 18.0 267 | 222
Rb 89.3 70.8 82.5 1023 58.0 84.1 | 121.7 109.1 89.7
Sr 939 2354 779 |118.1 49.6 443 91.7 183.2 |100.2
Y 21.0 18.4 28.0 21.4 333 24.6 342 42.1 29.3
Zr 3432 4107 |277.5 |2155 |335.8 |217.6 |552.1 4814 |327.1
Nb 17.4 16.9 22.6 18.3 24.2 26.0 20.6 28.6 | 222
Cs 1.5 0.9 43 3.8 6.0 8.9 4.1 3.0 4.5
Ba 822.0 |7684 |4534 |801.3 |2624 |219.2 |847.1 |1063.3 |527.1
La 41.5 59.2 529 40.0 62.9 61.3 52.7 83.5 | 56.6
Ce 744 |107.0 99.0 915 |107.9 |114.7 96.8 148.1 | 112.3
Pr 9.0 12.9 11.3 9.2 12.7 11.9 11.5 17.8 12.2
Nd 322 453 40.3 33.8 44.6 41.1 41.8 623 | 432
Sm 59 7.8 7.7 6.6 79 7.4 7.8 11.5 8.1
Eu 1.0 0.9 1.4 1.5 1.2 1.3 1.4 2.1 1.5
Gd 4.8 5.7 6.3 59 6.7 59 7.1 9.5 6.7
Tb 0.7 0.8 1.0 0.9 1.1 1.0 1.2 1.6 1.1
Dy 3.8 35 5.5 4.7 59 5.0 6.1 7.8 5.6
Ho 0.8 0.7 1.2 0.9 1.2 1.0 1.3 1.6 1.2
Er 2.3 2.1 33 2.4 35 2.8 3.7 4.6 33
Tm 0.3 0.3 0.5 0.3 0.5 0.4 0.5 0.6 0.4
Yb 2.3 2.0 3.4 22 34 2.5 3.6 44 32
Lu 0.4 0.3 0.5 04 0.5 0.4 0.6 0.7 0.5
Hf 9.6 12.1 8.3 5.0 9.5 6.3 15.3 14.0 9.0

(continued)
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Table 8 (continued)

Elements KB10 |KB11 |KB12 |KB14 |KB15 |KB16 |KB17 |KBI18 Avg.
Ta 1.3 1.2 1.9 1.3 2.0 2.1 1.6 2.1 1.7
Pb 17.5 17.1 15.0 9.8 21.0 22.2 29.7 374 20.3
Th 19.2 28.0 23.2 13.7 20.4 24.2 22.2 30.2 21.7
U 29 3.7 4.9 4.5 4.3 4.5 5.1 6.5 4.4
La/Th 2.2 2.1 23 29 3.1 2.5 2.4 2.8 2.6
La/Sc 4.5 6.7 3.7 3.5 4.8 3.5 4.1 4.8 4.2
Th/Co 1.8 3.1 6.7 0.2 2.1 1.7 1.5 7.4 2.1
Th/Sc 2.1 3.2 1.6 1.2 1.6 1.4 1.7 1.7 1.6
> REE 1793 |248.6 |2343 2004 2599 |256.6 |236.0 356.3 2559
(Gdn/YDby) 1.7 2.3 1.5 2.1 1.6 1.9 1.6 1.7 1.7
Eu/Eu* 0.6 0.4 0.6 0.7 0.5 0.6 0.6 0.6 0.6
3.0
i [ Bhuj
2571 %'g,%‘ [ Jhuran
I e ] Jhumara
20 a‘.\\\e )
2 3@ | [ Jhurio
2 151 NS
o
T 101
0.5+
0.0 T S S S S
0 10 20 30 40

ALO, (Wt%)

Fig. 3 Source rock discrimination based on TiO; versus Al,O3 plot (McLennan et al. 1979) for
samples of Jhurio, Jhumara, Jhuran and Bhuj formations

of McLennan and Taylor (1991) (Fig. 15). However, a few samples of Jhuran and
Bhuj formations occupy the Archean field.

On the basis of detrital zircon and monazite geochronology, Chaudhuri et al.
(2020b) for the first time, report source rocks of Archean to Ordovician age (3300—
400 Ma) located in the north and north-east of the basin contributed to the Mesozoic
sedimentation in the Kutch Basin. While the majority of the age peaks indicate the
dominance of post-Archean source rocks for these sediments, younger Jhuran and
Bhuj formations exhibit additional older detrital zircon age peaks in the interval of
3300-2800 Ma. Chaudhuri et al. (2020c) report increasing mean T'py; in younger
formations. Chaudhuri et al. (2020a) report zircon addition in the younger formations.
The higher content of Hf in samples of Jhuran and Bhuj formations relates to the
relatively high abundance of older zircon (Fig. 13). This increase in abundance of
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Fig. 4 Source rock discrimination based on TiO, versus Zr (ppm) plot (Hayashi et al. 1997) for
samples of Jhurio, Jhumara, Jhuran and Bhuj formations
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Fig.5 Source rock discrimination based on Th versus Sc plot (Cullers 2002) for samples of Jhurio,
Jhumara, Jhuran and Bhuj formations

older zircon in progressively younger formations indicates the erosional unroofing
of older continental basement rocks at passive margins (Floyd and Leveridge 1987).
The relationship between Cr and Ni distinguishes Early Archean, Late Archean and
Post Archean source rocks (Taylor and McLennan 1985; Wronkiewicz and Condie
1987; McLennan et al. 1993; Etemad-Saeed et al. 2011; Wani and Mondal 2011).
Mesozoic samples of Kutch support the predominance of the post-Archean source.
Ratios of Eu/Eu* and (Gdn/Yby) distinguish Archean and Post-Archean source
rocks (McLennan and Taylor 1991; Armstrong-Altrin et al. 2004; Nagarajan et al.
2007; Singh 2010; Etemad-Saeed et al. 2011). The Mesozoic samples of Jhurio,
Jhumara, Jhuran and Bhuj formations corroborate the dominance of post-Archean
source rocks. The samples of Jhuran and Bhuj formations indicate sediments from
Late Archean (Fig. 14) and Archean (Fig. 15) source rocks.
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Fig. 6 Source rock discrimination based on Th/Co and La/Sc ratios (Cullers 2002) for samples of
Jhurio, Jhumara, Jhuran and Bhuj formations
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Therefore, the geochemical data broadly supports the data from detrital
geochronology. Petrographical evidence, heavy minerals, geochemical and
geochronological proxies, and the overwhelmingly south-westerly paleocurrent
patterns indicate that the potential source rocks existed northeast and north of the
Kutch Basin. These include Precambrian rocks of the Aravalli craton and Nagar
Parkar igneous complex (Chaudhuri et al. 2018, 2020a, b, c).

6 Conclusions

(a) The diversity of the heavy minerals suggests multiple source rocks with
evidence of a mixed clastic supply of first-cycle and recycled sandy parti-
cles. The ultra-stable rounded heavy detrital minerals could be an indicator
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«Fig. 8 Composite litholog of the Jhurio, Jhumara, Jhuran and Bhuj formations in the Kutch Main-
land (adapted from Biswas 2005; Fiirsich et al. 2005; Mandal et al. 2016) along with the chondrite
normalised REE patterns of samples of Jhurio, Jhumara, Jhuran and Bhuj formations (solid lines),
NASC, PAAS and MORB (dashed lines). Chondrite meteorite values from Boynton (1983). NASC,
PAAS and MORB values are from Haskin et al. (1968), Nance and Taylor (1976) and Sun and
McDonough (1989), respectively
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Fig. 10 CIA versus ICV indicating maturity and intensity of weathering (adapted from Long et al.
2012) for samples of Jhurio, Jhumara, Jhuran and Bhuj formations

of prolonged or intense transport other than indicators of the recycled detrital

input.

(b) Major oxides (SiO,/Al,03, Al,03/TiO,, K,O/Na,0) and trace elements (Zr,
Th, Sc, Th/Co, Th/Sc and La/Sc) suggest the dominance of felsic source rocks.
The LREE enriched chondrite-normalised REE pattern and the negative Eu
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Fig. 11 Tectonic setting discrimination based on KyO/Na;O versus SiO; plot (Roser and Korsch
1986) for samples of Jhurio, Jhumara, Jhuran and Bhuj formations (PCM = Passive Continental
Margin, ACM = Active Continental Margin, ARC = oceanic island arc margin)
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Fig. 12 Tectonic setting discrimination based on SiO,/Al, 03 versus log(K>O/NayO) plot (adapted
from Maynard et al. 1982) for samples of Jhurio, Jhumara, Jhuran and Bhuj formations (PM =
Passive continental Margin, ACM = Active Continental Margin, Al, A2 = oceanic island arc
margin)

anomaly corroborate the predominance of felsic source rocks. However, the
concentration of TiO,, Al,O3, Zr, Th, Sc, suggest a minor mafic input in all
samples. The concentrations of V and Ni highlight the presence of mafic input
in the older Jhurio and Jhumara formations.

(c) Chemical index of alteration (CIA), plagioclase index of alteration (PIA) and
chemical index of weathering (CIW) indicate intermediate to strong weath-
ering of sediments in Jhumara, Jhuran and Bhuj formations and a weak to
intermediate weathering for sediments in the Jhurio Formation. The Index of
compositional variability (ICV) suggests mature, recycled or highly weathered
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Fig. 13 Tectonic setting discrimination based on La/Th versus Hf plot (Floyd and Leveridge 1987)
for samples of Jhurio, Jhumara, Jhuran and Bhuj formations
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Fig. 14 Plot of Cr versus Ni (Taylor and McLennan 1985) for samples of Jhurio, Jhumara, Jhuran
and Bhuj formations

first-cycle sediments in Jhumara, Jhuran and Bhuj formations and immature
sediments in the Jhurio Formation.

(d) Major oxides, their ratios (SiO,, Si0,/Al;03 and K,;O/Na,O) and trace
elements (La, Th and Hf) indicate a passive continental margin setting for
the Mesozoic siliciclastic succession in Kutch Basin.

(e) The concentration of Hf in samples of Jhuran and Bhuj formations high-
lights the presence of older input in younger formations suggesting erosional
unroofing at the source.

(f) Concentrations of Cr and Ni and the relationship between Eu/Eu* and
(Gdn/Yby) indicate the dominance of post-Archean rocks at source area.



Provenance and Paleo-weathering of the Mesozoic Rocks ... 209

1.40

- [] Bhuj

£ ] Archean Post-Archean l:l Jhuran

1.00 [ Jhumara
% 0.80 3 Jhurio
w
5
w 0.60 4

—

0.40 4 Post-Archean Archean

0.20 4

0.00 e I BN E e e

0.00 050 1.00 150 200 250 3.00 350 4.00

Gd,/Yb,

Fig. 15 Plot of Eu/Eu* versus (Gdn/Yby) plot (McLennan and Taylor 1991) for samples of Jhurio,
Jhumara, Jhuran and Bhuj formations

However, they also reveal older Archean or late Archean sediment input
in younger Jhuran and Bhuj formations. The data corroborate the erosional
unroofing, as suggested by Hf concentration. This also supports the results
from detrital zircon and monazite geochronology and Nd isotopes in these
sediments.

(g) Heavy mineral and geochemical characteristics of Mesozoic sediments indicate
Precambrian rocks of the Aravalli craton and Nagar Parkar igneous complex
as sources of Mesozoic sediments in the Kutch Basin.
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1 Introduction

Oolitic ironstones are prominent sedimentary rocks within transgressive deposits
and condensed sections (Van Houten and Bhattacharyya 1982; Van Houten 1992;
Taylor et al. 2002, Rahiminejad and Hamed 2018; Rudmin et al. 2020). The ironstone
contains >15 wt% iron and >50% ferruginous ooids (Kimberley 1978; Young and
Taylor 1989; Petranek and Van Houten 1997; McGregor et al. 2010; Salama et al.
2013). The oolitic (or ooidal) ironstones comprise ooids made of iron silicates such
as berthierine and/or chamosite and primary/secondary goethite, hematite and/or
siderite (Young 1989; Macquaker et al. 1996; Taylor et al. 2002). Ooids form in both
continental and marine environments, by both biotic or abiotic processes (Young and
Taylor 1989; Salama et al. 2012). Oolitic ironstones occur throughout the Phanero-
zoic (Petranek and Van Houten 1997; Miicke and Farshad 2005) but they are more
abundant during Ordovician to Devonian and Jurassic to Palaeogene (Young 1992;
Petranek and Van Houten 1997; McGregor et al. 2010; Fliigel 2010; Rahiminejad
and Hamed 2018). Garzanti (1993) considered a link between the stratigraphic pref-
erence of ironstone deposits and major global transgressions. Although ooids have
been studied extensively, their environment of formation and origin needs further
investigation (Young and Taylor 1989; Chan 1992; Young 1992; Burkhalter 1995;
Heinkoop et al. 1996; Taylor et al. 2002; Fliigel 2010; Salama et al. 2013).

Oolitic ironstones of Jurassic period occur at two stratigraphic levels of the
Jhumara Formation; the older one is commonly known as golden oolites of Callovian
age (Biswas 1977; Prasad 1993) while the younger one is Dhosa Oolite member of
Oxfordian age (Ramkumar et al. 2013). While the origin and global correlation of
the oolitic ironstones in the Dhosa Oolite Member have been extensively studied
(Ramkumar et al. 2013) those in Callovian golden oolites are yet to be explored.
The present study focuses on the Callovian ferruginous or golden oolites of the
Jhumara Formation in Kutch basin and explores its stratigraphic implications. Inte-
grated petrographical, mineralogical, textural and geochemical studies were carried
out to (a) understand the origin of ferruginous ooids, (b) relate the ooid composi-
tion to prevailing physical and chemical conditions, and (c) correlate the origin of
ferruginous oolites to their Jurassic equivalents across the world.

2 Geological Background

Kutch basin is a fault-bounded rift basin at the western margin of Indian craton which
extends from 22°30’ to 24°30'N and 68° to 72°E (Biswas 2005; Fig. 1). The basin
is bounded by Nagar-Parakar ridge, Radhampur arch and Kathiawar uplift to north,
east and south respectively (Biswas 1987). The rifting initiated in the Late Triassic
(Biswas 1987; Chaudhuri et al. 2018). The Jurassic sequence of the Kutch Mainland
comprises Jhurio, Jhumara, Jhuran and Bhuj formations in ascending order (Biswas
1977; Aroraet al. 2015; Bansal et al. 2017). The ~275 m thick (Callovian-Oxfordian)
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Fig. 1 Geological map of Keera dome showing the study area

Jhumara Formation is exposed as inliers in Habo, Jhurio, Jhumara and Keera domes
in mainland Kutch (Biswas 1977). The Jhumara Formation is constituted by planar
laminated shale, ferruginous oolite, limestone and sandstone (Biswas 1977; Prasad
1993; Fig. 2). Ferruginous oolite (also known as golden oolite) occurs within lime-
stones and shales in both Jhurio and Jhumara formations in the Keera Dome (Biswas
1977). The present study focuses on the Callovian ferruginous/golden oolites of the
Jhumara Formation, exposed in the Keera Dome. The succession in Keera Dome
can be roughly sub-divided into two segments. While the lower segment consists
of shale, marl, calcareous ferruginous sandstone and golden oolite, the upper part
comprises of argillaceous limestone, siltstone and brown oolitic ironstone (Figs. 2
and 3a). The Jhumara Formation is capped by the Keera intrusive and is overlain
by the Jhuran Formation. The entire succession is highly fossiliferous consisting of
cephalopods, gastropods, bivalves, brachiopods, corals, bryozoans, crinoids, belem-
nites and ammonites (Biswas 1977). The golden oolites are highly bioturbated
containing abundant Ophiomorpha burrows (Fig. 3b). The ooidal ironstones show
cross-stratifications in many places (Fig. 3c). A shallow marine origin of the oolitic
deposits has been inferred by the previous workers (Biswas 1977; Prasad 1993).
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Fig.3 Field photographs of golden oolites showing a oolitic grainstone beds b bioturbated ironstone
and c trough cross-stratified nature (hammer length = 38 cm, coin diameter = 2.3 cm)

3 Samples and Methods

Six samples were collected from golden oolites of the Jhumara Formation at Keera
dome, located 50 km NW of Bhuj. Petrographic observations were carried out using
Leica DM 4500P polarizing microscope with 1.25x, 2.5x, 5x, 10x, 20x and 40x
objectives at Department of Earth Sciences, Indian Institute of Technology Bombay.
For the X-Ray diffraction (XRD) analysis, samples were powdered in agate mortar
and scanned from 4° to 70° with a step size of 0.0130° 26 and a scan speed of 96 s/step,
using nickel filter copper radiation in an Empyrean X-Ray Diffractometer with Pixel
3D detector at Department of Earth Sciences, Indian Institute of Technology Bombay.
Samples were scanned each time after removal of carbonate and separation of clays
under the same instrumental setting in air-dried mode, after ethylene glycol treatment
and after heating at 490 °C for 2 h. Ironstone chips for SEM-EDS study were platinum
coated by sputters coater and studied by a JSM-7600F Scanning Electron Microscope
at Sophisticated Analytical Instrumental Facility at Indian Institute of Technology
Bombay. The chemical composition was determined by using the Camera SX-100
electron microprobe at Department of Earth Sciences, Indian Institute of Technology
Bombay. Multiple points were analyzed with 1 nm beam diameter (peak: 10-20 s
and background counting: 5-10 s) with accelerating voltage 15 kV, specimen current
of 40 nA. All 62 data points were selected under reflected light along with the
back-scattered image control. Minerals, as well as synthetic phases, were used for
standards. For major oxide and trace element studies, selected six samples were
powdered, made into pellets and analyzed using X-Ray Fluorescence at National
Geophysical Research Institute, Hyderabad.
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4 Results

4.1 Petrography

Quartz, calcite, goethite and clay minerals (chamosite) dominate the oolitic to
bioclastic grainstones (Fig. 4a). Most ooids are round to ellipsoidal in shape with

Fig. 4 Photomicrographs of golden oolites showing a oolitic grainstone microfacies, b ellipsoidal
ooid with perfect concentric laminae of iron, ¢ fragmented ooid with alternate light and dark laminae
(marked by black arrow), d composite ooid composed of three ooids, e deformed ooid (marked by
red arrow) possibly related to compaction and f micro-boring within bioclast filled with ooid and
spar (marked by red and yellow arrows respectively)
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regular concentric laminae (Fig. 4a), and alternate light and dark bands of iron-rich
minerals (Fig. 4b). The size of the ooid ranges from 0.2 to 0.5 mm. A nucleus in
most ooids consists of carbonate intraclast, quartz, shells fragment, peloid or broken
ooid, while their cortex is composed of ferruginous phyllosilicates and/or iron
(hydro-)oxides. Although most ooids are intact, a few broken or fragmented ooids
are found (Fig. 4c). The broken ooid is re-coated by iron oxide with alternating light
and dark laminae (Fig. 4c). Occasionally, a composite ooid comprising of 2—3 ooids
may occur indicating its regrowth (Fig. 4d). Few ooids are completely deformed, and
their laminae are detached from their nuclei (Fig. 4e). Secondary spar cementation
is common around the ooids. Micro-borings commonly occur within the nuclei of
ooids and the bioclasts (Fig. 4f). Most bioclasts show micritic envelopes. The shells
are often completely replaced by either iron oxide or calcite. Interparticle porosity
is mostly occupied by calcite and iron oxide cements. Calcite is equant in nature
exhibiting syntaxial overgrowth. Many grains exhibit geopetal structures indicating
the depositional top.

4.2 Mineralogical and Textural Study

XRD of whole rock exhibits the characteristic peaks of goethite at 4.18, 2.69, 2.45,
and 1.72 A and calcite at 3.03 A (Fig. 5a). XRD of clay size-fraction of ooids in
air-dried mode exhibits the basal reflections (001) at 14.3 A, (002) at 7.18 A, (003)
at 4.74 A and (004) at 3.55 A (Fig. 5b). The peaks are sharp, intense and narrow.
Upon ethylene glycolation, the (001) reflection remains stationary, while the (002)
and (003) reflections exhibit negligible shifts from 7.15 A to 7.08 A and from 3.55 A
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Fig.5 X-Ray Diffractograms of a whole-rock powder and b clay size-fraction of ooids in air dried
mode, ¢ glycolated and d heated at 400 °C showing the predominance of chamosite (Ch), goethite
(G) and calcite (C)
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Fig.6 SEM images of golden oolites showing a arrangement of ooids, b an enlarged view of cortex
of an ooid (marked by red arrow in a) and ¢ an enlarged view of thin lamination of an ooid (marked
by red arrow in b)

to 3.53 A, respectively (Fig. 5¢). Peaks remain sharp and intense upon glycolation.
After heating at 400 °C the (001) peak shifts to 14.01 A, (002) peaks shifts to 7.10 A
and (004) shifts to 3.54 A (Fig. 5d). Peaks become less intense and broad-based after
heating. The systematic shift of (001) basal reflection from 14.3 A (air-dried) to 14.01
A (heating) and weak (002), (003) and (004) reflections indicates chamosite (Fe-rich
chlorite). Subsidiary peak at 4.16 A represent goethite (G). The oolitic grainstones,
therefore, include chamosite and goethite beside calcite.

SEM investigation further reflects the growth of chamosite and goethite as very
fine laminae over the ooid nuclei (Fig. 6a, b). Goethite exhibits radiating needle-like
crystals over the clay mineral (Fig. 6¢). EDS data of goethite exhibit the high content
of Fe, with minor Si, Al and Mg (Fig. 7a). Clay minerals exhibit high contents of Fe,
Si, AL, Mg and Ca, indicating chamosite (Fig. 7b). The high Ca content in the latter
relates to the bioclasts.

4.3 Geochemical Analysis

Table 1 presents the major oxide of six bulk rock samples using XRF. The major
oxide data of ooidal ironstones indicate their enrichment in Fe,O3 (total) ranging
from 36.72 to 61.37% and CaO varying from 24.53 to 40.64%. The SiO, content of
the ironstone ranges from 3.77 to 6.34%, while the Al,O3 content varies from 3.28 to
4.29%. The MgO content ranges from 1.0 to 1.2%. The slightly high SiO,, Al,O3, and
MgO contents relate to the presence of chamosite within the ooids. The studied ooidal
ironstone, therefore, belongs to chamosite-type (cf. Miicke and Farshad 2005). The
high P,05 content (av. 0.64%) relates to phosphatic shells (cf. Miicke and Farshad
2005).

The major oxide spot analysis of Fe-bearing phases reveals two varieties. One with
oxy-hydroxide phase that consists of Fe, O3 (total) (av. 70.41%) with minor amounts
of SiO; (av. 3.85%), Al,O3 (av. 5.27%) and MgO (av. 1.23%). The average Na,O,
K,0, P,0s, MnO and TiO, contents are insignificant (<1%) (Table 2). The other



Geochemistry of Callovian Ironstone in Kutch ... 223
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Fig.7 EDS spectra and element composition of a goethite revealing high Fe and minor Si, Al, Mg
and b chamosite reflecting high Fe, Si, Al, Mg and Ca

Table 1 Oxide weight percentage of golden oolites measured by XRF

Major oxides (%) | MgO | ALO3 |SiO; |P,0s |K,0 |CaO | TiO; |MnO | Fe,0; (total)
KGO-1 1.1 |43 |43 |06 |01 [245 01 |02 606
KGO-2 12 (42 |63 |03 |02 406 (0.1 0.1 [367
KGO-3 10 41 |41 (06 |01 [248 (0.1 |02 |614
KGO-4 1.1 (33 |38 |05 |01 [381 01 |02 442
KGO-5 12 (37 |46 |04 |01 343 (0.1 |02 |487
KGO-6 12 134 |44 (05 |01 (380 (0.1 |02 |442

Fe-bearing phase contains clay minerals consisting of Fe, O3 (total) (35.01%), SiO,
(22.55%), Al,03 (13.93%) and MgO (6.51%) (Table 2). The chemical composition
of each phase relates closely to goethite in former and chamosite in the latter. The
analysis reveals that the goethite phase dominates over the chamosite.

The Fe, 03 (total) content of ooids exhibits a significant negative correlation with
Al O3, Si0; and MgO (Fig. 8a—c). In all the plots, goethite and chamosite occupy the
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Table 2 Oxide weight percentage spot analysis of golden oolites measured by EPMA

U. Bansal et al.

Sample/Point | NaxO | MgO | ALOs | 810, | P20s | K,0 | Ca0 | Ti0, | MnO | Fe;05 (totan) | Total

Goethite

KGO-2 0.04 |1.14 | 5.64 | 3.74/0.67 |0.20 |0.29 | 0.16 |0.13 |73.37 85.38
171

2/1 0.0l |093 | 6.73 | 538044 |0.41 |0.22|0.26 |0.08 |70.69 85.15
3/1 0.09 |096 | 6.78 | 555|040 |0.43 |0.28 |0.20 |0.13 |69.02 83.83
4/1 0.14 |3.84 | 886 | 9.85/0.38 |0.52 |0.25|0.24 |0.03 |57.04 81.14
5/1 0.06 |0.86 | 4.74 1.61 1 0.64 [0.01 [0.27 |0.19 |0.03 |68.74 77.15
6/1 0.03 |0.66 | 3.35 1.65/041 [0.03 [0.31 | 0.20 |0.06 |63.63 70.33
771 0.04 |0.79 | 3.98 1.86 /0.58 |0.00 |0.68 | 0.24 | 0.07 |76.79 85.03
8/1 0.04 |095 | 3.07 | 278,091 |0.00 |0.55|0.09 |0.11 |77.46 85.93
12/1 0.08 |0.79 | 3.76 | 2.07|1.03 |0.03 |1.28 |0.16 |0.14 |71.54 80.87
13/1 0.13 |0.76 | 4.94 1.7910.59 [0.04 |0.35/0.20 |0.02 |69.29 78.10
14/1 0.13 |0.83 | 4.18 | 2.16/0.58 |0.02 [0.39 |0.17 |0.11 |68.82 77.38
15/1 0.05 |1.18 | 537 | 3.26/0.61 |0.14 |0.22|0.23 |0.03 |65.13 76.22
16/1 0.13 |1.12 | 4.77 | 2.06|0.87 |0.04 |0.90 |0.12 |0.17 |76.05 86.21
17/1 0.13 |1.15 | 4.67 | 2.17|1.14 |0.03 |0.73 |0.09 |0.09 |76.85 87.04
20/1 0.05 |091 | 520 | 3.51/0.64 |0.08 [0.35|0.12 |0.07 |69.42 80.34
21/1 0.05 |0.89 | 391 3.13/099 |0.08 0.33|0.12 |0.15 |78.36 88.00
KGO-3 022 |1.21 | 343 | 3.51/0.86 |0.06 |0.400.03 |0.16 |74.53 84.40
6/1

7/1 0.13 |1.02 | 430 | 3.61/092 |0.08 |0.28 | 0.04 |0.10 |74.45 84.92
8/1 0.08 |095 | 440 | 3.64/0.78 |0.10 |0.36 |0.12 |0.09 |73.97 84.50
9/1 0.05 |0.87 | 426 | 4.060.78 |0.13 |0.48 |0.15 |0.07 |74.50 85.34
10/1 0.53 090 | 5.79 | 3.07/0.82 |0.27 |0.76 | 0.18 |0.04 |71.59 83.96
11/1 0.03 |0.83 | 475 | 2.74/0.66 |0.05 |0.60 | 0.19 |0.05 |65.15 75.04
18/1 0.11 |145 | 592 | 3.76/0.82 |0.14 |1.37 | 0.13 |0.18 |69.92 83.78
20/1 0.02 |0.74 | 4.39 1.9110.65 [0.02 |0.34 |0.16 |0.10 |64.60 72.92
21/1 0.12 |0.84 | 4.65 | 243/0.75 |0.02 |0.55|0.08 |0.07 |66.89 76.40
27/1 0.17 |1.09 | 459 | 227|1.05 |0.04 |0.94|0.10 |0.14 |72.87 83.25
28/1 0.09 |1.18 | 5.89 | 248|1.11 |0.11 |1.37 |0.10 |0.08 |70.33 82.73
29/1 0.11 |3.31 | 9.76 | 1052|046 |0.60 |0.450.12 |0.04 |51.83 77.19
30/1 0.00 |1.04 | 531 2.280.64 |0.07 [0.36 | 0.21 |0.09 |60.69 70.69
31/1 0.06 |0.68 | 420 | 2.36/0.76 |0.02 |0.42|0.23 |0.14 |71.20 80.05
32/1 0.11 |0.32 | 2.05 1.60 1 0.97 [0.04 |0.75|0.10 |0.03 |67.55 73.51
38/1 0.09 |1.04 | 408 | 294 |1.12 |0.05 |0.47 | 0.08 |0.15 |73.32 83.33
39/1 0.19 |4.54 |12.05 |[15.00(0.32 |0.66 |0.89 |0.12 |0.04 |53.12 86.92
40/1 0.14 |1.00 | 3.72 | 2.61 097 |0.05 |0.33 |0.08 |0.17 |73.96 83.02
41/1 0.09 |1.19 | 7.78 8.10/0.36 |0.63 |0.20 |0.12 | 0.13 |65.67 84.27
42/1 0.10 |1.93 | 7.51 6.620.38 |0.36 [0.23 | 0.17 |0.25 |67.30 84.84

(continued)
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Table 2 (continued)

Sample/Point | NapO | MgO | Al,O3 | SiOy | P205 | K50 | CaO | TiO, | MnO | Fep O3 (total) | Total
43/1 0.05 |1.05 | 8.85 891|042 |0.63 |0.15]0.25 |0.13 |6597 86.40
44/1 0.15 |1.15 | 549 | 3.35/098 |0.13 |0.25|0.13 |0.09 |73.91 85.61
45/1 0.05 |1.00 | 6.14 | 3.65/0.31 |0.14 |0.17 |0.12 |0.15 |59.70 71.43
46/1 022 |1.10 | 3.16 1.87 | 1.18 [0.02 [0.27 | 0.00 |0.11 |75.75 83.69
47/1 0.18 |1.39 | 3.37 1.67 | 1.15 |0.00 |0.27 | 0.00 | 0.15 |75.32 83.49
KGO-4 0.10 |4.93 |12.83 |17.540.19 |0.34 |0.66 | 0.03 |0.08 |52.36 89.06
171

4/1 0.11 |2.27 | 9.07 | 9.88/0.31 |0.36 |0.63 |0.11 |0.13 |65.11 87.98
771 0.11 [0.84 | 391 2.2410.73 |0.03 |0.51 |0.21 |0.10 |74.88 83.55
KGO-5 0.07 |0.65 | 4.15 1.9410.62 [0.00 [0.350.15 |0.09 |75.84 76.35
5/1

6/1 0.09 |0.76 | 3.87 | 2.26|0.64 [0.02 [0.33|0.13 |0.12 |72.54 73.57
71 0.05 [0.73 | 4.99 1.21]047 |0.01 |0.68 | 0.26 | 0.05 |72.21 73.51
9/1 0.11 |1.13 | 435 | 245/0.80 [0.03 |0.83 |0.07 |0.20 |78.26 80.47
12/1 0.10 |1.19 | 698 | 4.780.63 |0.32 |0.70 | 0.23 |0.08 |74.14 81.80
15/1 0.17 |1.58 | 2.08 | 2.36/0.77 |0.01 |0.25|0.00 |0.08 |75.83 75.60
16/1 0.10 |1.39 | 2.54 | 229/0.74 |0.03 |0.25|0.03 |0.07 |76.77 76.60
17/1 0.10 |0.81 | 4.05 1.7410.52 [0.03 |0.21 |0.17 |0.06 |74.42 74.74
18/1 0.03 |0.68 | 4.09 | 227|0.65 |0.01 |0.35|0.14 |0.07 |75.39 76.22
22/1 0.04 |095 | 430 | 243|046 |0.00 [0.39 |0.11 |0.10 |73.73 75.20
24/1 0.02 [1.01 | 641 2451044 |0.09 [0.34 023 |0.04 |76.39 79.86
25/1 0.06 |0.94 | 6.31 2741047 |0.12 |0.60 | 0.18 |0.06 |77.54 81.34
27/1 0.03 |0.80 | 4.88 3.66/041 |0.19 058 |0.16 |0.11 |71.65 75.37
Chamosite (KGO 4-5)

171 0.15 |7.23 |16.11 |28.68|0.00 |0.75 |0.57 |0.00 |0.07 |38.16 87.94
2/1 0.12 |6.95 |13.84 |21.790.07 |0.31 |9.54 |0.00 |0.04 |30.60 83.26
16/1 0.11 |5.09 |11.89 |17.05]0.11 |0.31 [8.32|0.03 |0.04 |39.90 82.86
17/1 0.15 |6.78 |13.87 |22.710.02 |0.35 |8.30 | 0.04 |0.00 |31.39 83.61

two ends of the correlation line (Fig. 8a—c). The transition of chamosite to goethite,
therefore, involves the addition of Fe in latter with simultaneous removal of Si and Mg
(Fig. 8). EPMA back-scattered electron (BSE) image further depicts compositional
transition between chamosite and goethite layers (Fig. 9a). The X-ray mapping of
Fe reveals a progressive increase of Fe, O3 (total) from inner to outer layers of cortex
(Fig. 9b). The X-ray mapping of Ca exhibits high CaO in nuclei (Fig. 9¢) consisting
of calcium carbonate. The high average CaO content (6.68%) in chamosite, therefore,
relates to the presence of bioclasts.

The trace elements concentrations of V, Cr, Ce, Zr, As, Cu, Sr, Y, Zn and Pb
are normalized with Upper Continental Crust (UCC) (Taylor and Mclennan 1985)
(Table 3). The UCC-normalized trace element data reveal that an enrichment of V,
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w— 00 pm Caka 16KV

Fig. 8 EPMA (BSE) image (a), X-ray Fe mapping (b) and X-ray Ca mapping (c) of an ooid. Note
the change in composition of ooid from chamosite to goethite
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Fig. 9 Cross-plots of Fe;O3 (total) with (a) Al,O3, (b) SiO; and (¢) MgO

Table 3 Trace elements concentrations of golden oolites, measured by XRF

Trace elements (ppm) KGO-1 KGO-2 KGO-3 KGO-4 KGO-5 KGO-6
v 1240 1035 1261 900 1020 993
Cr 329 287 349 243 287 267
SO3 847 391 936 308 360 472
Zn 218 163 206 263 222 268
As 181 90 188 110 110 133
Sr 324 412 305 486 512 647
Y 57 82 64 75 59 66
Zr 122 97 122 84 94 85
Pb 164 82 97 102 115 121

Cr, Zn, As, Y, Pb and Th in golden oolites samples while Zr is highly depleted
(Fig. 10a). A cross-plot of trace elements Cr, Zn, Zr, As and Pb with Fe,0; (total)
reveals a significantly positive correlation (Fig. 10b). The depletion of detrital-derived
Zr suggests negligible terrestrial input during the formation of oolites. High contents
of V, Cr, Pb, Zn, As, Pb, Th indicates hydrothermal or volcanic origin (Baioumy
et al. 2014; Garnit and Bouhlel 2017).
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Fig. 10 UCC-normalized trace elements of samples of golden oolites (adapted from Taylor and
McLennan 1985) (a) and a cross-plot of trace elements with Fe,O3 (total) revealing positive
correlation (b)

5 Discussion

Oolitic ironstones are often related to the sea-level fluctuations, and therefore, are
significant stratigraphic markers (Curial and Dromart 1998; Van Houten and Arthur
1989; Jacquin et al. 1998; Taylor et al. 2002; Reolid et al. 2008). Young (1989) and
Garzanti (1993) proposed a link between the stratigraphic distribution of Phanero-
zoic oolitic ironstone deposits to periods of global oceanic anoxia and greenhouse
climate. Recently, Rudmin et al. (2019, 2020) demonstrated a close correspondence
between the occurrence of ironstones and warming events. They also found the depen-
dence of ironstone mineralogy on redox conditions and iron influx. Most Mesozoic
oolitic ironstones are chamosite-type and predominantly deposited in Early Jurassic
to Middle Cenozoic (e.g. Van Houten and Bhattacharyya 1982; Boggs 2009; Miicke
and Farshad 2005; Miicke 2006; Rahiminejad and Hamed 2018). The ironstones of
Kutch (Keera Dome) contain ooids, rich in Fe content (~70%), with an admixture
of Al,O3 and SiO, (Tables 1 and 2) and trace elements Th, Zr, Cr, P, V, As and Zn
(Table 3). These oolitic ironstones are very similar to chamosite-type ironstones of
Miicke and Farshad (2005).

A review of Jurassic oolitic ironstones (Table 4 and Fig. 11) suggests their deposi-
tion in a shallow marine environment, close to the palaco-shoreline. The oolitic grain-
stones in Jhumara Formation, showing cross-stratifications, represent very shallow-
marine depositional environment (Biswas 1977). The medium-size of ooids (0.2—
0.5 mm) and co-occurrence of complete and composite ooids (broken ooids acting
as nuclei for new ooids) further corroborate the littoral setting (Biswas 1977). The
highly bioturbated nature of the ironstone in Jhumara Formation indicate a low rate
of sediment supply. The concentric lamination and round to ellipsoidal shape of ooids
suggest the accretion of Fe, Si, Al and a minor quantity of other oxides on nuclei as
a result of direct precipitation from seawater (cf. Hemingway 1974; Baioumy et al.
2017; Garnit and Bouhlel 2017). The oxidizing condition of ooids corresponds well
with the conversion of chamosite to goethite (Porrenga 1965; Taylor et al. 2002; Tang
et al. 2018). The ooids, therefore, represent fluctuating redox conditions with initial
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