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Abstract

This study presents detrital zircon U-Pb ages of the Upper Bhander Sandstones from the Bhopal
inlier, and the overlying Cretaceous sandstones from Jabalpur, Central India. These data are
combined with existing palaecobiological evidence to address the issue of lack of convergence
between geochronology and biochronology of the Upper Vindhyan succession in central India.
The age-spectra of Upper Bhander Sandstone show the dominance of detrital zircon population
between 1500-1900 Ma, a subordinate cluster of 2400-2600 Ma, and a single youngest zircon
grain of ~770 Ma. These detrital zircon ages correlate with the timing of granite magmatism in
Bundelkhand, Aravalli and Central Indian Tectonic Zone (CITZ), implying their derivation
from these terranes. The finding of a single zircon of 770 + 12 Ma, supports the premise that
Vindhyan deposition extended in to the late Tonian. Cretaceous sandstones of the Jabalpur and
Lameta Formations contain zircon grains of ~550 Ma and ~700-800 Ma age. Except for the
evidence from this youngest Vindhyan sedimentary sequence, no rocks of Late
Neoproterozoic-Early Cambrian age have so far been reported from Central India, which can
be correlated with these zircon ages. Comparable age-spectra of the Upper Bhander and the
Cretaceous sandstones indicates that the proximal Vindhyan sandstones could have supplied
detritus to these younger sandstones. These Cretaceous sandstones also constitute a window to
understand the geology of the pre-Cretaceous eroded terrain, and support the premise that the

Vindhyan sedimentation did not terminate at 1000 Ma.
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1. Introduction

Proterozoic supercontinent cycles played a pivotal role in shaping the Indian subcontinent and

largely controlled the development and evolution of the exceptionally well preserved ‘Purana’



basins (Meert et al., 2010; Meert and Pandit, 2015; Wang et al., 2021). Some of these ‘Purana’
basins of the Indian subcontinent are hosted by the Archean craton dominated landmass
composed of the Banded Gneissic Complex, Bundelkhand, Bastar, and Singhbhum cratons
separated by Aravalli Delhi Fold Belt (ADFB) and Central Indian Tectonic Zone (CITZ) (Fig.
1A-B; Basu and Bickford, 2015; Chakraborty et al., 2020; Kaur et al., 2022; Meert and Pandit,
2015; Wang et al., 2019). These Proterozoic sedimentary packages covering different parts of
peninsular India provide a window into the tectonic, biological and climatic evolution and near
surface processes of almost a billion years of Earth history during the Proterozoic (Chakraborty
et al., 2020). The Vindhyan basin, one of the largest Proterozoic basins in the world, evolved
in response to the breakup of Columbia and the amalgamation of Rodinia supercontinents (Fig.
1A-B; Basu and Bickford, 2015). It hosts the thickest Proterozoic sedimentary succession of
the Indian subcontinent, referred to as the ‘Vindhyan Supergroup’. The Lower Vindhyan
(Semri Group) and the Upper Vindhyan (Kaimur, Rewa and Bhander Groups) successions have
been extensively studied in terms of palaeobiology (Azmi, 1998, Azmi et al., 2008; Bengtson
et al., 2009; Bengtson et al., 2017; De 2003, 2006; Kumar and Pandey, 2008; Kumar and
Sharma, 2012; Kumar and Srivastava, 2003; Retallack et al., 2021; Seilacher et al., 1998;
Sharma, 2006; Sharma and Shukla, 2009a, 2009b; Srivastava, 2002, 2011, 2012) and
geochronology (Bickford et al., 2017; Colleps et al., 2021; George et al., 2018; Gilleaudeau et
al., 2018; Gopalan et al., 2013; Kumar et al., 2001; Kumar et al., 2002; Lan et al., 2020, 2021;
Malone et al., 2008; McKenzie et al., 2011; Mishra et al., 2018; Rasmussen et al., 2002; Ray
et al., 2002, 2003; Ray, 2006; Sarangi et al., 2004; Tripathy and Singh, 2015; Turner et al.,
2014) to constrain their depositional ages. Robust geochronological constraints based on zircon
ages of the tuffaceous unit of Semri Group (Fig. 2; Bickford et al., 2017; Rasmussen et al.,
2002; Mishra et al., 2018; Ray et al., 2002), and ages of the basal limestone bed (Kajrahat

limestone; 1729 + 110 Ma), and a limestone (Rohtas limestone; 1599 + 48 Ma) from the top of



the Semri Group (Sarangi et al., 2004) suggest an initiation age of 1750 Ma for the Vindhyan
Basin. Although the Lower Vindhyan (Semri Group) is geochronologically well constrained,
the Upper Vindhyan succession lacks robust age constraints due to the absence of volcanic
tuffaceous/pyroclastic materials (e.g., Tripathy and Singh, 2015). However, detrital zircon
geochronological data from the Upper Vindhyan sandstones are available and generally show
a lack of zircons younger than 1000 Ma, evidence that has served as a pointer to the closure of
the Vindhyan Basin at ~1000 Ma (Chakraborty et al, 2020; Malone et al., 2008; McKenzie et
al., 2011; Turner et al., 2014). Additionally, paleomagnetic evidence has also been used to
suggest the termination of Vindhyan sedimentation at the end of the Mesoproterozoic (Malone
etal., 2008; Meert et al., 2013; Turner et al., 2014; Venkateshwarlu and Rao; 2013). In contrast
to detrital zircon geochronology, other radiometric dates such as Pb-Pb and Sr-isotopic ages
suggest that the deposition of the Upper Vindhyan succession continued until at least ~800 Ma
(George et al., 2018; Gopalan et al., 2013; Ray et al., 2003; Srivastava and Rajagopalan, 1988).
Additionally, some of the palaeobiological evidence suggests an Ediacaran age for the
deposition of the Bhander Group, the youngest unit of the Upper Vindhyan Group (De, 2006;
Kumar and Pandey, 2008). In view of the lack of convergence between geochronology and
biochronology of the Upper Vindhyan succession, further investigations are required to resolve
the age of closure of the basin.

The recent mistaken identification of the Ediacaran fossil ‘Dickinsonia’ from the Upper
Bhander Sandstone at Bhimbetka near Bhopal, Madhya Pradesh (M.P.) by Retallack et al
(2021) and its recognition later as extant beehive impressions (Meert et al., 2023) together with
the occurrence of a single youngest ~548 Ma zircon grain from the Maihar Sandstone at Maihar
(M.P.) (Lan et al., 2020) has raised interest on the re-assessment of the closure age of the
Vindhyan basin. Recent work by Pandey et al (2023) have also convincingly shown that the

Dickonsonia reported by Retallack et al (2021) is related to extant fallen beehives, and should



therefore be placed in the category of a pseudofossil. Here, we present, for the first time, U-Pb
detrital zircon geochronology of the Upper Bhander Sandstone exposed in the Bhopal inlier.
Additionally, new detrital zircon U-Pb ages have also been presented for the stratigraphically
younger Cretaceous sandstones of the Jabalpur and Lameta Formations, exposed in Jabalpur
region of Central India. These younger clastic sedimentary rocks of the Cretaceous provide
insights into the pre-Cretaceous provenance, as well as additional data to explore the age
discrepancy of the Upper Vindhyan. We integrated zircon age data with our petrographic and
geochemical data along with the published paleocurrent data (e.g., Akhtar, 1978; Ansari, 1994;
Bhattacharya and Morad, 1993; 1996; Chanda and Bhattacharya, 1966; Raza and Casshyap) to
provide an improved understanding of the provenance for these Proterozoic and Cretaceous

sandstones.

2. Geological background

2.1.The Vindhyan basin

The Vindhyan basin is a large intracratonic basin filled with unmetamorphosed and mildly
deformed Proterozoic sedimentary rocks (Bose et al., 2001). It is an arcuate basin developed in
the central part of the Indian shield, bounded in the west by the ADFB and in the south and
southeast by CITZ (Fig. 1 A-B; Chakrabarti et al., 2007; Chakraborty, 2006; Ramakrishnan
and Vaidyanadhan, 2010). Low-grade metamorphic rocks of the Mahakoshal Group form the
eastern margin of the basin, whereas it is bordered by recent alluvium in the north, and covered
by Deccan lavas in the south (Fig. 1B; Chakrabarti et al., 2007; Chakraborty, 2006;
Ramakrishnan and Vaidyanadhan, 2010). The Bundelkhand massif divides the Vindhyan Basin
into the Son Valley sector and the Chambal Valley sector or the Rajasthan sector (Kumar, 2012;
Valdiya, 2016). It has been suggested that siliciclastic rocks exposed in both these sectors

received sediments from different sources (Chakrabarti et al., 2007). The rocks of the Vindhyan



Supergroup are stratigraphically divided into four Groups: Semri, Kaimur, Rewa and Bhander
(Fig. 1B, 2). The presence of a pronounced regional unconformity at the base of the Kaimur
Group divides the succession into the Lower Vindhyan and the Upper Vindhyan (Kale et al.,
2016; Kumar, 2012; Valdiya, 2016). The Semri Group forms the lower part of the Vindhyan
Supergroup, which comprises five formations in the Son Valley sector i.e., Deoland, Kajrahat,
Porcellanite (Deonar Formation), Kheinjua, and Rohtas, in order of superposition (Fig. 2A).
The Upper Vindhyan is constituted by the Kaimur, Rewa and Bhander groups in ascending
order (Fig. 2). The Vindhyan basin is characterised by ~5000m thick succession composed of
sandstone, shale, conglomerate and carbonate with subordinate felsic volcanics. The
depositional environment for the Vindhyan sediments ranges from continental (alluvial fan) to

marine shelf (tidal flat to storm dominated shelf) (Bose et al., 2001).

The Lower Vindhyan succession (Semri Group) is composed predominantly of carbonates and
shales with subordinate sandstone and volcaniclastic materials, and deposited mainly in shelf
and shallow marine environments (Bose et al., 2001). The Semri Group is up to 1.7 km thick
(Soni et al.,1987), and is unconformably deposited on a basement of 2492+10 Ma Bundelkhand
granites (Mondal et al., 2002) or 185447 Ma Hindoli Group (Deb et al., 2001). Occurrence of
carbonate sequences such as Kajrahat, Salkhan and Rohtas limestone as well as volcaniclastic
materials in the Porcellanite Formation, enables determination of absolute age of the Lower
Vindhyan succession. Based on several radiometric data such as U-Pb zircon ages of volcanic
tuffs and rhyolite (Rasmussen et al., 2002; Ray et al., 2002; Bickford et al., 2017) and Pb-Pb
ages of carbonates (Ray, 2006; Sarangi et al., 2004), the age of the lower Vindhyan succession

has been reliably constrained between ~1750-1500 Ma (Fig. 2).
2.2. Debate on the termination age of Upper Vindhyan sedimentation

Due to the absence of volcanic tuffaceous material in the Upper Vindhyan succession, detrital
zircon U-Pb geochronology has been applied to constrain its maximum depositional age. This,
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in turn, can provide critical constraints on the timing of closure of the Upper Vindhyan
succession. U-Pb concordia dates of the youngest detrital zircons within the Upper Bhander
Sandstone unit of the Upper Vindhyan, constrain its maximum depositional age to ~1020 Ma
(Malone et al., 2008). Several studies argue for a Late Mesoproterozoic to Early
Neoproterozoic age for the Upper Vindhyan based on palacomagnetic studies and the general
absence of zircon grains younger than ~1000 Ma in the Upper Vindhyan succession (Fig. 2;
Malone et al., 2008; McKenzie et al., 2011; Turner et al., 2014; Chakraborty et al., 2020).
However, Kumar et al. (2002) proposed a 700-570 Ma age range for the Bhander Group on the
basis of oxygen, carbon and strontium isotopic signatures. Based on Sr isotope stratigraphy of
carbonates from the Upper Vindhyan (Son Valley sector) a Mid-Neoproterozoic age (~750 Ma)
has also been suggested for the Bhander Group (Fig. 2; Ray, 2003). Strontium isotope
stratigraphy and §'°C shift in the Balwan limestone (Fig. 2) together with their Pb-Pb age (866
+ 90 Ma), present strong evidence for the continuation of Upper Vindhyan sedimentation
during the Tonian Period (Fig. 2; George et al., 2018; Gopalan et al., 2013). Recently, Lan et
al., (2020) reported a youngest detrital zircon of 548 Ma age from the Maihar Sandstone (Fig.
2); however, also see Bickford and Basu (2021) for different views. From these multiple data
sets, it is observed that there is no consistency in the stratigraphic ages proposed by different
authors. Notably, the geochronology also shows divergence from the ages proposed on the
basis of palaeobiologic evidence. The presence of Arumberia and other Ediacaran-like fossils
suggests an Ediacaran age as the upper limit of the Vindhyan sedimentation (Kumar and

Pandey, 2008, De 2006).

2.3. Upper Bhander Sandstone (equivalent to Maihar Sandstone) from Bhopal inlier

Sandstones exposed in the Bhopal inlier including Bhimbetka belong to the Upper Bhander
Sandstone (Bhander Group) of the Vindhyan Supergroup (Fig. 3A-C; Retallack et al., 2021).
The equivalent Maihar Sandstone in its type area, composed of sandstone, siltstone and
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subordinate shale, is considered to be the youngest stratigraphic horizon of the Bhander Group,
showing gradational contact with the underlying Sirbu Shale. The Upper Bhander Sandstones
in and around Bhopal occur as isolated outcrops forming the southwestern part of the Vindhyan
Basin (Fig. 3A; Mohammadi et al., 2014; Mohammadi, 2015). They are primarily red colored
sandstones that are interbedded with yellow/brown siltstone (Fig. 3D). These ferruginous and
non-calcareous sandstone beds dip northward at ~10 degrees. Planar bedding is the most
prominently developed sedimentary structure in the Bhimbetka Sandstone (Fig. 3D). Structures

such as ripple marks and trough cross bedding are also observed at some places.

2.4. Cretaceous sandstones from Jabalpur, Central India

Jabalpur and neighboring areas located in the CITZ have a stratigraphic record ranging from
Precambrian to the Mesozoic (Fig. 4A-B). In this region, the meta-sedimentary sequences of
the Mahakoshal Group are intruded by Madan Mahal Granites, and constitute the Precambrian
basement (Fig. 4B-C; Yadav et al., 2020). The Proterozoic Vindhyan sedimentary rocks occur
in this region with extensive development of the Bhander Group (Fig. 4C). Sedimentation of
the Early Cretaceous rocks of Jabalpur Formation (Upper Gondwana) and the Late Cretaceous
Lameta Formation commenced, following a pronounced hiatus after the deposition of the
Vindhyan sediments (Fig. 4B-C). The Lameta Formation is overlain by Deccan lava flows
(Tandon, 2002). As these Cretaceous rocks rest on the Precambrian basement in Jabalpur
region, the zircon population of these younger sediments should have preserved the geologic
imprints of the older eroded terrains (Mahakoshal and Vindhyan Supergroup) of the region.
These younger sedimentary sequences can therefore provide a window into the geology of the
pre-Cretaceous eroded terrain and allow a comparison of the sources for the Neoproterozoic

and Cretaceous sandstones.

2.4.1. Jabalpur (White) Sandstone from Early Cretaceous Jabalpur Formation



The rocks of the Jabalpur Formation constitute the topmost part of the Gondwana sequence
and unconformably overlie the Precambrian rocks in their type area (Fig. 4B-C). The Jabalpur
Formation derived its name from Jabalpur city where it has an exposed thickness of ~16 m in
a quarry (Chhui Hill section) near the railway station (Fig. 5A). It consists of white to brown
cross bedded sandstones alternating with white clays (Fig. 5A; Chanda and Bhattacharya, 1966;
Dogra et al., 1994). Sedimentation took place in fluvial conditions which is evident from the
fining upward sequence, palynofloral assemblage, and a lack of phytoplankton and coastal
vegetation (Dogra et al., 1994). Paleocurrent data from the cross-bedded sandstones indicates
its deposition by southerly to southwesterly flowing rivers (Fig. 5; Chanda and Bhattacharya,
1966). Systematic field investigation and stratigraphy, coupled with palynological evidence
indicates a Late Jurassic-Early Cretaceous (Tithonian-Neocomian) age for the Jabalpur

Formation (Dogra et al., 2010).

2.4.2. Green Sandstone and Upper Calcified Sandstone from Late Maastrichtian

Lameta Formation
The Lameta Formation is composed of arenaceous, argillaceous and calcareous facies, and is
overlain by Deccan basalts. This Formation occurs in discontinuous patches along the Narmada
Valley in central India due to the non-uniform erosion of overlying Deccan basalts as well as
their deposition in localized terrestrial settings (Tandon et al., 1995). Green Sandstone
constitutes the basal part of the Maastrichtian Lameta Formation (Fig. 5). It unconformably
overlies the Jabalpur clay in the Chhui Hill area, Jabalpur (Fig. SA). It consists of medium to
coarse grained sandstones which commonly show trough cross stratification (Fig. 5B). These
sandstones show a conspicuous green colour due to the presence of smectite group of clays and
celadonite (e.g., Tandon et al., 1995). Green Sandstone is deposited by southwest directed

shallow, braided and ephemeral channels (Fig. 5; Tandon et al., 1995).



The Upper Calcified Sandstone is the uppermost unit of the Lameta Formation with a uniform
thickness (<5 m), and is overlain by Deccan Basalts in the Jabalpur region (Fig. 5; Tandon et
al., 1995). It is a poorly to moderately sorted indurated sandstone which has been extensively
calcified (Fig. 5C; Tandon et al., 1995). It contains pebbles of jasper and chert along with
abundant green mud clasts. These are dominantly trough cross-bedded sandstones deposited

by northeast directed unchanneled sheetflows (Fig. 5; Tandon et al., 1995).

3. Sampling and analytical methods

A total of seven sandstone samples (3-5 kg each) were collected for detrital zircon U-Pb
analyses, out of which four samples are from the Upper Bhander Sandstone exposed in Bhopal
and Bhimbetka (Southeast of Bhopal) area (Fig. 3A-C) and the other three samples are of the
stratigraphically younger sandstones exposed in Jabalpur (Fig. 4A, C). These younger
sandstones exposed in between Bhimbetka and Maihar area are chosen to obtain insights into
the geological history of the older Precambrian eroded terrain (Fig. 4A, C).

The samples were powdered to ~200 mesh for whole rock geochemical analysis. Powdered
samples were weighed with a mixture of 1:1 lithium tetraborate and metaborate flux in a
platinum (Pt) crucible to make fused glass beads. Major element compositions of fused bead
samples were determined using ED-XRF at the Earth and Environmental Sciences laboratory
of IISER Bhopal. Certified Reference Materials (CRMs) from USGS such as BIR-1 (Icelandic
Basalt), BCR-2 (Basalt, Columbia River); RGM-2 (Rhyolite, Glass Mountain) and SGR-1b
(Green River Shale) were used for calibration and also run as unknown standards to check the
data quality. The analytical uncertainties were <10% for all the samples. Trace element analysis
of bulk samples was carried out using a Thermo iCAP-q quadrupole ICP-MS at Department of
Earth and Environmental Sciences, IISER Bhopal. For measurement of trace element

concentration of bulk sample, 25 mg of the samples were accurately weighed and digested
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following the closed vessel acid digestion method with a mixture of HF and HNO3, and heated
up to 120°C for 48 hours. The dried sample was acidified in HNO3 (2%) and diluted 4000
times. The standards and samples were spiked with 10 ppb internal standard (In, Cs, Re, and
Bi) for trace element measurements. USGS rock standards namely BCR-2 (Basalt, Columbia
River), BHVO-2 (Hawaiian Basalt), BIR-1 (Icelandic Basalt) AGV-2 (Guano Valley
Andesite), RGM-2 (Rhyolite, Glass Mountain), GSP-2 (Granodiorite, Silver Plume, Colorado),
and SGR-1b (Green River Shale) were used for calibration and also run as control standards to
check the accuracy. Procedural blanks were prepared and run for each batch of samples during
analyses. The analytical uncertainty was <5% for the trace elements and <2% for rare earth

elements.

Detrital zircons were separated from the bulk rock using conventional Wilfley table and Franz
LB1-magnetic barrier techniques at the thin section and sample preparation laboratory at
National Centre for Earth Science Studies (NCESS), Thiruvananthapuram. Individual zircon
grains were handpicked, and mounted on a 25 mm epoxy disc. The grains range in size between
50 to 300 microns. The epoxy discs are further ground and polished to expose the internal
structures of mounted grains. Back scattered electron (BSE) and cathodoluminescence (CL)
imaging of zircons were performed using CAMECA SX Five Tactics Electron Probe
Microanalyzer (EPMA) and TESCAN Vega 4 Scanning electron microscope (SEM) at
NCESS. Zircon U-Pb isotope and trace element analysis were carried out using Teledyne
CETAC, Nd:YAG (213nm) laser ablation system coupled with Agilent 7800 quadrupole
ICPMS, housed at the Isotope Geochemistry Facility (IGF), NCESS. The detailed analytical
protocol is according to Dev et al., 2021. Approximately 100 zircon grains from each sample
were analysed for U-Pb isotopes whereas trace element analysis on zircons was performed only
for the Upper Bhander Sandstone (Bhimbetka). Zircon grains were analysed at a spot size of

30 um at 10Hz repetition rate in Q-switch mode. The ‘91500 zircon’ (Wiedenbeck et al., 1995)
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was used as the primary reference material for U-Pb geochronology whereas PleSovice
(?°°Pb/**8U age of 337.13 + 0.37 Ma; Slama et al., 2008) and BB11 zircon standards (**°Pb/?*3U
age of 560 + 1.1 Ma; Santos et al., 2017) were analyzed as unknowns for quality control.
During the analytical session, PleSovice and BB-11 zircon standard yielded a weighted mean
206pp/238U age of 337.9 + 2.5 Ma and 571.1 + 3.1 Ma respectively, well within the reported
error limit. For zircon trace element analysis, NIST 610 (Pearce et al., 1997) was used as
primary reference standard whereas #Si (IS value=14.78) was used as the internal standard.
Data processing were carried out offline using the Iolite 4.4 (Paton et al., 2011) with the
integrated Visual Age Package (Petrus and Kamber, 2012). Concordia diagrams and
probability density plots with histograms were made using Isoplot (version 4.15, Ludwig,
2012). All errors on ratios and ages are reported at 26 confidence level. Grains with discordance
values of <10 % were chosen to plot probability density curves and concordia diagrams. The
choice of “best age” is as per the method outlined in Spencer et al. (2016), where 2’Pb/?°Pb
ages are reported for grains older than 1000 Ma while 2°°Pb/?*3U ages are reported for zircons

younger than 1000 Ma. All chondrite normalizations are according to Taylor and McLennan,

(1985).

4. Results

4.1. Petrographic study

4.1.1. Upper Bhander Sandstone from the Bhopal inlier

The sandstone is composed of quartz, subordinate feldspar, and lithic fragments with mica,
tourmaline and zircon as accessory minerals (Fig. 6A-C). Subangular to subrounded quartz
grains constitute the major portion (~90%) of the sandstone, and sometimes exhibit iron oxide
coatings. Monocrystalline quartz dominates over the polycrystalline quartz grains. Potassium
feldspar is the second major constituent of the rock and accounts for about 5% of the bulk

sample, followed by lithic fragments (quartzite, chert) which comprise nearly 3% of the sample
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(Fig. 6A-B). Grains are compacted showing concavo-convex boundaries. Petrographic
investigations reveal that the sandstone is medium to fine grained, moderate to well-sorted
quartz arenite, with a high degree of compositional and textural maturity (Fig. 6A-C). The
presence of polycrystalline and undulated quartz grains indicates metamorphic rocks as one of

the possible sources for these sandstones.

4.1.2. Cretaceous Sandstones of Jabalpur

4.1.2.1. Jabalpur (White) Sandstone from the Jabalpur Formation

The white sandstone is medium to fine grained, moderately sorted, with quartz, K-feldspar and
mica as primary framework constituents (Fig. 5SA). Quartz grains floating in a micaceous matrix
are angular to subangular in shape. The sandstone is texturally submature but it shows
mineralogical maturity with lesser proportions of feldspars as compared to quartz. Clayey
matrix and ferruginous cements are also present in traces.

4.1.2.2. Green Sandstone and Upper Calcified Sandstone from the Lameta Formation
Framework grains of the Green Sandstone are composed mainly of quartz, feldspar and
accessory minerals. The sandstone consists predominantly of quartz grains of variable shapes
ranging from subangular to subrounded (Fig. 5C). Wide variation in size of the grains from silt
to coarse sand size indicates poor sorting in the sandstone. Monocrystalline as well as
polycrystalline quartz grains are present, the latter being more predominant. Grain-to-grain
contact is absent and the interstitial spaces between the skeletal grains are filled with green
clays. Montmorillonite, celadonite and kaolinite constitute the clay fraction of the sandstone
(Tandon et al., 1995).

In Upper Calcified Sandstone, the framework grains are dominantly quartz with a minor
amount of feldspar and mica. Large variation in size and shape of quartz grains is observed
which indicates poor sorting and textural immaturity (Fig. 5D). Grain-to-grain contact is

completely lost, and the detrital grains are floating in a micritic groundmass. Presence of
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circum-granular cracks around the skeletal grains and clay coatings on the framework grains
have been noted (Fig. 5D).

4.2. Whole rock geochemistry

4.2.1. Major and trace element analyses of Upper Bhander sandstone of Bhopal inlier
These sandstones show high concentration of SiO2ranging from 73.9 to 88.2 wt. %. High SiO2
content accords well with the abundance of quartz in these sandstones. The samples exhibit
moderate amount of Al203 (4.3 to 7.4 wt. %) and Fe203 (2.4 to 9.1 wt. %), and very low amount
of TiO2, MnO, CaO, K20, Na20 and P20s. The K2O/NaxO ratio is greater than 1 indicating the
dominance of potash feldspar over plagioclase feldspar and is also consistent with the
petrographic observations. The Chondrite normalized REE pattern of these sandstones shows
LREE enrichment, with Lan/Smn ranging from 3.13 to 4.48 and flat HREE pattern with
Gdn/Ybn value in the range of 0.99-1.72 (Fig. 7A). All the samples show a prominent negative
Eu anomaly which ranges from 0.35 to 0.59 (Fig. 7A). The LREE enriched pattern with
negative Eu anomaly and very high La/Yb ratio (9.7 to 16.2) suggests the cratonic environment
and most likely a felsic source for these sandstones.

The discriminant diagram proposed by Roser and Korsch (1988) is used to discriminate among
felsic igneous, quartzose sedimentary, intermediate and mafic igneous provenances. All the
samples fall in the field of quartzose sedimentary provenance indicating recycled
granitic/gneissic or sedimentary source (Fig. 7C). Index of Compositional Variability (ICV;
Cox et al., 1995) was calculated for the samples to understand their compositional maturity.
ICV for Upper Bhander sandstones is close to 1 (0.9 tol.2; Fig. 7D), which suggests that these
sandstones are compositionally mature and possibly deposited in tectonically stable/cratonic
environments where sediment recycling was prominent. Recycling can also be confirmed by
Zr/Sc versus Th/Sc plot (McLennan et al., 1993) for these samples. First-cycle sediments

generally show good correlation between these ratios whereas recycled sediments are
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characterised by very high Zr/Sc as compared to Th/Sc ratio (Fig. 7E). The La/Sc versus Co/Th
plot shows that the samples fall in the common field of TTG of Bundelkhand Craton and the
rocks of Mahakoshal belt (Fig. 7F). It can be inferred that these sedimentary rocks may have
been derived from the older crust (TTG) and the metasedimentary and granitic rocks (e.g.,
Madan Mahal) of Mahakoshal belt exposed in the surrounding terrain (Fig. 7F).

4.2.2. Major and trace element analyses of Cretaceous sandstones of Jabalpur.

As the Upper Calcified Sandstone has been diagenetically modified through calcretization, the
fine-grained sandstones of the underlying Mottled Nodular Beds have been used for the bulk
chemical analysis. The major element data of these sandstones indicate higher SiO2 content
(74.3 to 80.9 wt. %), moderate Al203 (2.62 to 9.22 wt. %) and low to very low content of other
oxides like Fe203, TiO2, MnO, CaO, K20, Na20O and P20s. REE pattern of these sandstones
characterised by LREE enrichment (Lan/Smn = 3.98), nearly flat HREE pattern and negative
Eu anomaly (0.50 to 0.65) is indicative of a felsic source for these sediments (Fig. 7B).
Discrimination diagram proposed by Roser and Korsch (1988) suggests that all the samples lie
within the quartzose sedimentary provenance which indicates that these sandstones may have
been derived from mature polycyclic continental sedimentary source or from weathered granite

gneiss (Fig. 7C). All the samples have ICV value, ranging from 0.41 to 1.09 (Fig. 7D). Based

on the ICV, it can be inferred that these sandstones are compositionally mature as opposed to
the first cycle deposits, and probably deposited in tectonically stable/cratonic environments
through recycling (Cox et al., 1995). In Th/Sc versus Zr/Sc plot after McLennan et al. (1993),
samples plot along a trend suggesting enrichment in the Zr concentration due to recycling and
sorting (Fig. 7E). The La/Sc versus Co/Th plot indicates that the TTG of Bundelkhand Craton,
metasedimentary rocks of Mahakoshal belt and nearby Upper Vindhyan rocks can be the

possible sources for these younger sandstones (Fig. 7F).
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4.3.Detrital zircon geochronology and trace element analysis of zircons from the Upper
Bhander Sandstone of Bhopal and Bhimbetka, Central India

4.3.1. Detrital zircon geochronology

A total of 227 zircons were analyzed from the Upper Bhander sandstone at Bhimbetka, of
which 176 grains provided concordant ages (<10% discordance) and have been used for
provenance and age interpretation. Zircon grains of the Bhimbetka sandstone are subangular to
subrounded in shape and range in size from 50 to 200 pum. Cathodoluminescence (CL) images
show some oscillatory zoned zircon crystals. Representative CL images of grains with their
concordant ages are shown in Fig. 8D. Near-concordant ages have been plotted in the Wetherill
concordia diagram which shows several age clusters (Fig. 8A). Age distribution of the sample
is shown in a probability density plot (Fig. 8B). The sample has the most dominant population
of detrital zircons between the age interval of 1400 Ma to 1800 Ma, with a primary peak at
1740 Ma and a secondary peak at 1510 Ma. Another prominent peak at ~2470 Ma is also
recorded. One Paleo-archean zircon grain is present with a 2*’Pb/?%Pb age of 3340+47 Ma. A
small cluster of zircon grains occurs in the interval of 2150-2000 Ma with a subordinate peak
at 2044 Ma. A few grains reveal ages in the interval of 1000-1300 Ma, with a peak age at 1220
Ma. The youngest grain in the sample has the 2°°Pb/?*8U age of 770+12 Ma. This particular
grain exhibits a high degree of concordance (~95%)); therefore, the age can be considered to be
robust.

Additionally, a total of 179 zircons were analyzed from Upper Bhander sandstone exposed in
and around Bhopal city, of which 161 grains provided concordant ages (<10% discordance)
and have been used for provenance and age interpretation. Zircon grains of these sandstones
are also subangular to subrounded in shape and range in size from 50 to 200 pm. Near-
concordant ages have been plotted in the Wetherill concordia diagram which shows several age

clusters (Fig. 9A). Age distribution of the sample is shown in a probability density plot (Fig.
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9B). The sample has the most dominant population of detrital zircons between the age interval
of 1400 Ma to 1800 Ma, with a primary peak at 1730 Ma and a secondary peak at 1460 Ma.
Another subordinate peak at ~2046 Ma is also recorded from these sandstones. One relatively
older zircon grain is present with a 2’Pb/2%Pb age of 2490+116 Ma. A few grains reveal ages
in the interval of 1000-1300 Ma. Overall, the detrital zircon geochronology of the Upper
Bhander sandstone from the Bhopal inlier (Bhopal city and Bhimbetka collectively) suggests
that the grains cluster predominantly around ~1740 Ma, and ~1500 Ma.

4.3.2. Trace element analysis of zircons

The sample has U content ranging from 42 to 1021 ppm with Th/U ratios varying from 0.16 to
2.31 with an average of 0.81 (Fig. 8C). The CL images of the grains coupled with their Th/U
ratio suggests a magmatic origin for these detrital zircons. The total REE content of the zircon
grains varies from 69 ppm to 17,845 ppm with an average value of 2,066 ppm. Majority of the
grains exhibit a uniform Chondrite-normalised REE pattern showing LREE depletion and
HREE enrichment (LREE/HREE= 0.01-0.67) (Fig. 10A). The REE pattern of zircons show
negative Eu anomaly (0.01-0.90, average-0.43) and variably positive Ce anomaly (0.96-
187.44, average-14.56). This HREE enriched REE pattern with negative Eu and positive Ce
anomaly is typical for zircons occurring in granitoids (Fig. 10A) (Belousova et al., 2002). In
addition, the Y concentrations of zircons varying from 411 to 18,223 ppm falls within the range
of Y of zircons from granitoids (Belousova et al., 2002; Poller et al., 2001). The (Lu)n (where
N= value normalised to chondrite) values varying from 344 to 14,955, are comparable to
zircons from granitoids (500-20000 ppm; Hoskin and Ireland, 2000). A cross plot of Y (ppm)
versus U (ppm) and Y (ppm) versus Yb/Sm has been used for discriminating the origin of
zircon grains (Fig. 10B-C). The discrimination plots reflect that most of the samples fall in the
field of granitoids (Fig. 10B-C). Thus, the trace element concentration obtained from the

analyzed grains are typical for magmatic zircon.
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4.4. Detrital zircon geochronology of the Cretaceous sedimentary rocks of the Jabalpur area,
Central India

4.4.1. Jabalpur (White) Sandstone from the Jabalpur Formation

In total, 54 zircons were analyzed, of which 40 grains that provided concordant ages (<10%
discordance) were considered for provenance and age interpretation. Most of the zircon grains
are subhedral, subrounded, rarely rounded, while a few are subangular in shape, possibly
implying short distance transport (Fig. 11). Zircons are variable in their size ranging in length
from 60 to 215 pm (Fig. 11). The CL images reveal magmatic zoning in some grains whereas
others show absence of zoning. Representative CL images of grains with their concordant ages
are shown in Fig. 11. U-Pb Wetherill concordia plot and the age spectra obtained for these Late
Jurassic-Early Cretaceous sandstones are presented in Fig. 12A, 12D. The probability density
plot shows four age clusters between 2650-2450 Ma, 1800-1500 Ma, 1450-1300 Ma, and 1400-
900 Ma for the Jabalpur Sandstone (Fig. 12A). The sample yielded major peaks at ~2488 Ma,
1665 Ma, 1084 Ma and a small peak at 1392 Ma. It is pertinent to note that this sample contains
one grain of Neoproterozoic age (761+9 Ma) and a single youngest grain of 521+8 Ma. The
zircons have Th/U ratios ranging from 0.14 to 1.87 with an average of 0.73 (Fig. 12G),

indicating that the detrital zircons are predominantly of magmatic origin.

4.4.2. Green Sandstone and Upper Calcified Sandstone from the Lameta Formation

4.4.2.1. Green Sandstone

Eighty-one zircon grains were measured from the Green Sandstone sample, and 45 U-Pb ages
were obtained after excluding the ages with higher discordance i.e., >10%. Most of the zircons
range between 60 and 200 um in size, and consist of elongated subhedral crystals, which are
subangular to subrounded (Fig. 11). A few zircon grains show oscillatory zoning under SEM-
CL images, while most of the detrital zircons have a faint internal structure (Fig. 11). U-Pb

Concordia and Relative density probability plot of the sample shows age clusters between
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2650-2450 Ma, 1850-1450 Ma, and 1400-1000 Ma (Fig 12B, E). The age spectra show
prominent peaks at ~1118 Ma, 1514 Ma, 1699 Ma and 2580 Ma, along with the presence of
detrital zircon grains showing ages of 752 Ma (n=2, 74717 Ma, 75514 Ma) and 548 Ma
(n=2, 548+10 Ma, 548+9 Ma). U content in these zircons ranges in between 75 and 1775 ppm.
Th/U ratio varies from 0.15 to 2.39 with an average of 1.05 and indicates magmatic origin for

these zircon grains which is also consistent with their morphological characteristics.

4.4.2.2. Upper Calcified Sandstone

A total of 82 zircons were analyzed for their U-Pb ages, of which 58 concordant data points
were obtained. The zircon grains from this sample are 50 to 200 um in size and rounded to
subhedral in shape (Fig. 11). Majority of the large sized grains are elongated whereas small
grains are comparatively rounded in shape. SEM-CL analysis reveals that most zircons in the
sample show oscillatory zoning (Fig. 11). The Upper Calcified Sandstone yields age spectra
that are very similar to that of the Green Sandstone and Jabalpur Sandstone (Fig. 12C). Relative
probability density plot shows the age population with clusters in the intervals of 2700-2400
Ma, 1900-1500 Ma, 1400-1200 Ma, and 1150-900 Ma. The sample shows four prominent
peaks at ~2543 Ma, 1761 Ma, 1627 Ma, and 1066 Ma and a minor peak at 1379 Ma (Fig. 12C).
The sample yields two zircon grains between 700-800 Ma i.e., 703+42 Ma and 796+16 Ma
with one youngest grain of 541+11 Ma age. The U-Pb concordia plot shows multiple age
clusters (Fig. 12F). The zircon grains have U content in the range of 86 to 1769 ppm, and Th/U
ratio varies in between 0.07 to 2.40 with an average of 0.83, which is typical of magmatic

zircons (Fig. 121).

5. Discussion
5.1. Potential sources of detrital zircons of Upper Bhander Sandstone exposed in Bhopal and

Bhimbetka
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U-Pb detrital zircon geochronology of the Upper Bhander Sandstone at Bhopal and Bhimbetka
shows an overall age range of 2600 to 1000 Ma with a single youngest grain of 770 + 12Ma
age. The documentation of zircon grains of 2450-2560 Ma age is comparable with the ~2480-
2550 Ma age proposed for the emplacement of granitic suites in the Bundelkhand craton
(Mondal et al., 2002; Verma et al., 2016; Kaur et al., 2016). The ages of the gneisses and
granitoids of the Bundelkhand (3600-2400 Ma) basement rocks and the Aravalli BGC (3500-
2500 Ma) indicate that the Archean and Paleoproterozoic zircons of the Vindhyan sandstones
are largely derived from these terrains (Fig. 1A-B; Lan et al., 2020, 2021; Malone et al., 2008;
Turner et al., 2014).

The detrital zircon cluster in the interval of 1500-1900 Ma and a small cluster between 2000-
2100 Ma are more likely sourced from the Mahakoshal Supracrustal Belt (MSB) along the
Satpura Mobile Belt in CITZ (Fig. 1B). The MSB lying in the vicinity of these Upper Bhander
outcrops records magmatic rocks of 2300-1800 Ma age from its basal Chitrangi Formation
(Khanna et al., 2017) and the overlying Parsoi Formation (1894.3 + 9.4 Ma; Sharma et al.,
2022). Furthermore, granites of ~1880 Ma, ~1780 Ma, ~1750 Ma (Bora et al., 2013; Bora and
Kumar 2015), and ~1790 Ma (Yadav et al., 2020) ages have been reported from the MSB,
suggesting an age bracket of 1880-1750 Ma for a tectonothermal event (Fig. 1B; Yadav et al.,
2020) and this correlates well with the Upper Bhander zircon ages that clusters between 1900-
1700 Ma. Madan Mahal granite (1695 = 9Ma; Yadav et al., 2020) from the western part and
Sidhi granite (1640 + 9Ma; Yadav et a., 2020) from the eastern part of the MSB preserve
records of post-collisional events (Fig 1B). The ages of these magmatic rocks are comparable
with the age cluster between 1600-1700 Ma in the sample under discussion.

The samples show a significant distribution over a range of 1400-1600 Ma which is centered
at ~1500 Ma. Igneous and metamorphic rocks of this range are also known from the CITZ as

it records an orogenic event at ~1620-1540 Ma (Bhowmik et al., 2014; Chattopadhyay et al.,
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2020). The evidence of this orogenic event is preserved in the Sausar Mobile Belt (SMB) in
the southern part of the CITZ, where felsic plutonism affected the SMB between 1620-1530
Ma (Fig. 1B; Ahmad et al., 2009; Bhowmik et al., 2011; Bhowmik, 2019; Chattopadhyay et
al., 2020). The age of magmatism in the SMB is comparable with 1400-1600 Ma detrital zircon
ages. Apart from this, the source for ~1600 Ma zircons could also be reworked sediments of
the Porcellanite Formation and the Rampur Shale of Lower Vindhyans (Bickford et al., 2017;
Mishra et al., 2018; Rasmussen et al., 2002; Ray, 2006). Granite magmatism at 1700-1800 Ma
also affected the ADFB (Fig. 1B), making them a plausible source for these zircon grains.

A few grains of ~1000-1100 Ma age present in the samples are likely to be derived from the
CITZ which experienced an ~1000 Ma orogeny (Fig. 1B). Geochronological data records 940-
1060 Ma metamorphism in the SMB in response to collision of the North and South Indian
tectonic blocks (Bhowmik et al., 2012). Early Neoproterozoic (1050-950 Ma) granite
magmatism has also been reported from the Gavilgarh-Tan Shear Zone exposed in the CITZ
(Fig. 1B; Chattopadhyay et al., 2020). Moreover, granitic intrusions of ~1000-1100 Ma
reported from the Aravalli-BGC region and the Delhi Fold Belt can also be related with ~1000-
1100 Ma zircon grains of this study (Just et al., 2011; Pandit et al., 2003; Turner et al., 2014).

A youngest single concordant grain has been recorded in the sandstone with the 2°°Pb/?*8U age
of 770+12 Ma. No detrital zircon younger than ~900 Ma has been reported from the Upper
Vindhyan sequence till date except one grain of 548 Ma from the Maihar sandstone (Lan et al.,
2020). This age correlates with the Neoproterozoic magmatic events recorded from northwest
India. The Abu-Sirohi corridor which lies between the Delhi Fold Belt and Malani Igneous
Suite (MIS) terrane records granitic intrusions of Late Neoproterozoic (Fig. 1B and Table 1).
This tectonically active region experienced magmatic activity and resultant emplacement of
granites dated between 769-764 Ma (Fig. 1B; Ashwal et al., 2013). The rocks of the Eastern

Ghat Mobile Belts (EGMB) also record Neoproterozoic tectono-metamorphic events (870-690
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Ma; Chatterjee et al., 2017; Hippe et al., 2016) and Pan African thermal events (611-484 Ma;
Upadhyay, 2008). However, the Satpura highlands (CITZ) that act as a barrier between the
EGMB and the Vindhyan Basin, likely prevented the transport of the detritus from the EGMB
(Turner et al., 2014). Rocks of ~770 Ma age have so far not been reported from north and
central India. One possible source for the zircon of ~770 Ma age in the Upper Bhander
sandstone could be the granites of ~700-800 Ma from NW India (Possibly MIS and its
equivalent; Table 1).

The U-Pb detrital zircon geochronological data of the Upper Bhander Sandstone exposed in
Bhopal and Bhimbetka (Bhopal Inlier) reflects a mixed source, which is also supported by
petrographic observations and the whole rock geochemical study (Fig. 7A-F). A large variation
in the Nd-isotopic values of siliciclastic rocks of the Bhander Group (Son Valley) reported by
Chakrabarti et al. (2007) is also in agreement with the interpretation of a mixed provenance for
these rocks. Co-Th-La-Sc systematics used to understand the source rocks for these sandstones
suggest that the source for the Upper Bhander Sandstone (Bhopal inlier) includes both igneous
and metamorphic rock suites from the CITZ and the Bundelkhand massif (Fig. 7F). The
interpretation of modal data (Mohammadi et al., 2014; Banerjee and Banerjee, 2010), and the
whole rock geochemical attributes (Banerjee and Banerjee, 2010) of the Upper Bhander
Sandstone exposed in the vicinity of Bhopal indicates their derivation mainly from granitic
plutons, and high/low grade metamorphic rocks, with a minor contribution from recycled
sedimentary rocks (Banerjee and Banerjee, 2010; Mohammadi et al., 2014; Mohammadi et al.,
2015). Furthermore, it is believed that the underlying Kaimur Group of Son Valley has largely
received sediments from the Mahakoshal Belt (Mishra and Sen; 2012; Quasim et al., 2018).
Combining past studies and the present geochronological data, potential sources for these
zircons could be inferred as the Archean Bundelkhand Gneissic complex, gneissic and granitic

rocks of the CITZ (mainly Mahakoshal Belt) which are exposed close to the Vindhyan Basin,
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and the recycled sedimentary rocks/sandstones of the Rewa and Kaimur Groups. It is important
to note here that north, northwest and west directed paleocurrent patterns have been reported
for the Upper Vindhyan sediments (Akhtar, 1978; Ansari, 1994; Bhattacharya and Morad,
1993; Verma and Shukla, 2015), which indicate that the detritus is largely coming from the
south, southeast or east of the Vindhyan belt. Multiple lines of evidence including the north
and northwest (west) directed paleocurrent patterns (Akhtar, 1978; Ansari, 1994; Bhattacharya
and Morad, 1993; Raza and Casshyap, 1996; Verma and Shukla, 2015) and detrital zircon
geochronology suggest the Satpura-Mahakoshal/Bijawar highlands (CITZ) lying in the south
and southeast (east) of the basin as the dominant source of detritus for the Upper Vindhyan
sandstones exposed in and around Bhopal (Fig. 13; Chakraborty, 2006). However, rocks from

the ADFB may also constitute a secondary (distal) source for these sediments.

5.2. Potential sources of detrital zircons of the Cretaceous sandstones of Jabalpur

The synthesis of detrital zircon geochronology reveals that the age spectra of zircons from the
Cretaceous sandstones of Jabalpur area i.e., Jabalpur Sandstone, Green Sandstone and the
Upper Calcified Sandstone show a similar pattern (Fig. 12 A-C). This similarity suggests that
common sources have contributed sediments to these rocks and/or reworking of underlying
sedimentary rocks produced similar ages. The geochronology of these rocks clearly indicates
that the detritus predominantly contains a record of Paleoproterozoic and Mesoproterozoic
zircons exhibiting a major cluster between 1500-1800 Ma with peaks at either ~1600 Ma or
~1700 Ma (Fig. 13). These peaks correlate with the age of the Madan Mahal granites (1695 +
9 Ma; Yadav et al., 2020) that are well exposed in the Jabalpur region and located in the western
part of the MSB. The zircon ages clustered between 900 and 1100 Ma with a peak at 1000 Ma,
are correlated with the rocks of the CITZ (Fig. 1B, 13). It has been observed that detrital zircon
grains of 1500-1800 Ma and 900-1100 Ma age brackets are also present in the rocks of the
Vindhyan Supergroup (Fig 2B, 13). Despite the absence of rocks of 500-750 Ma age range in
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Central India, especially in the Narmada-Son Valley, the Cretaceous sandstones exhibit a few
detrital zircons of ~520-550 Ma and ~700-800 Ma age. The geochronological results of this
study indicate that these Cretaceous sediments contain a variety of age populations and this
spread of age could be due to multiple sources. The discrimination diagram, ICV value, and
trace element ratios (Fig. 7B-F) altogether point to a mixed source for these sediments ranging
from the granitic, metasedimentary rocks of MSB to the recycled sediments from the
Vindhyans.

Sediments belonging to the Jabalpur Formation were deposited by rivers flowing from the north
and northwest directions (Chanda and Bhattacharya, 1966; Tandon, 2002) (Fig. 4C, E). In
addition, Casshyap and Khan (2000) suggested that prior to the deposition of the Bagra
Formation underlying the Jabalpur Formation, the tectonic disturbance along the Narmada-Son
Lineament caused an upliftment of the Mahakoshal/Bijawar and Vindhyan cratonic blocks in
Central India. Similar to the Early Cretaceous Jabalpur Formation, southerly to southwesterly
flowing ephemeral streams deposited the Green Sandstone of Lameta Formation (Fig. 4C, E;
Chanda and Bhattacharya, 1966; Tandon, 2002). The paleoflow patterns of the Jabalpur
sandstone and the Green Sandstone indicate that the potential source rocks are likely distributed
to the northern or the northeastern side of these outcrops. The paleoslope and paleoflow
direction of channels, geochemical attributes (Co/Th and La/Sc ratio; Fig. 7B-F), and the
predominance of 1500-1800 Ma zircon age cluster, combined together suggest the Mahakoshal
Belt to be the major source terrains for these Cretaceous sandstones (Fig. 4C).

Considering the paleoslope (Casshyap and Khan, 2000) and present distribution of rocks of the
Vindhyan Supergroup in and around the Jabalpur area, especially to the north and northeast of
these Cretaceous sedimentary strata (Fig. 4C), it is likely that recycled detritus was supplied
from the Vindhyan Supergroup. The recycled nature is also interpreted through the whole rock

geochemistry of the Cretaceous sandstones (Fig. 7B-F). In order to ascertain that the Vindhyan
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Supergroup is one of the potential sources for these sandstones, the age spectra of the Vindhyan
sandstones have been compared with that of the Cretaceous sandstone samples (Fig. 13). The
detrital zircon spectra of the Vindhyan samples from the Son Valley are broadly similar to
those of the age clusters present in the Cretaceous sandstones (Fig. 13). The zircon U-Pb age
distributions of the Cretaceous sandstones show that a higher proportion of detrital zircons with
age groups of 1500-1900 Ma, 900-1300 Ma and 2400-3000 Ma correlate well with the zircon
age peaks present in the Vindhyan samples (Fig. 13). Furthermore, the zircon grains of ~550
Ma and ~770 Ma recorded in these stratigraphically younger sandstones are similarly present
Upper Bhander sandstone (Bhopal and Maihar) (Fig. 13). The similarity in the age distribution
and the geochemical composition also indicates that both the groups have possibly received
detritus from similar source terrains. As noted earlier, the analysis of stratigraphic data reveals
the absence of Late Neoproterozoic-Cambrian rocks in central India. Rocks of this age range
corresponding to the Malani Igneous events and Pan-African orogeny are distributed in the
Northwestern (e.g., Ashwal et al, 2013; Rathore et al., 1999; Sen et al., 2013; Wang et al., 2017,
2018), northern (e.g., Dhiman and Singh, 2021; Islam et al., 1999; Majumdar and Dutta, 2016;
Miller et al., 2001; Singh, 2020) and southern (e.g., Braun, 2006; Rajesh, 1996; Santosh et al.,
2003) parts of India (Fig. 14). The south-southwest directed local and ephemeral fluvial
channels (Fig. 4C, 5) that deposited the Cretaceous sediments (Casshyap and Khan, 2000;
Chanda and Bhattacharya, 1966; Tandon, 2002) indicate that it is unlikely for the detritus to
have been derived from these terrains.

Underlying Gondwana sediments could also provide younger zircons between 500-750 Ma.
The reported U-Pb zircon ages of the Gondwana sandstones show strong clustering between
500-1000 Ma ages with abundant 500-750 Ma zircon grains (Veevers and Saeed, 2009). In
contrast, the Cretaceous sediments of Jabalpur show only a few zircon grains of this age range

(2 grains from each sandstone). Late Jurassic and Early Cretaceous uplift of the Mahakoshal
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and Vindhyan terrane in the Satpura basin, reversal of paleoslope (north to south; Casshyap
and Khan, 2000), geochemical signature (Fig. 7A-F) and comparable detrital zircon age
distributions of the Upper Vindhyan and Cretaceous sandstones altogether suggest that the
young zircons in the Cretaceous sandstones of Jabalpur are most likely derived from the
Vindhyan sandstones. Another possibility is that the Late Neoproterozoic-Early Cambrian
rocks might have been exposed in the past in Central India, which have been later removed by

erosion or have remained buried underneath the Deccan traps.

5.3.Post-1000 Ma zircon grains: their bearing on the depositional age of Upper Vindhyan

succession

It is noteworthy that earlier paleontological findings (Table 3) have been used to assign an
Ediacaran age (<1000 Ma) for the Bhander Group in the Son Valley Sector. The Upper Bhander
Sandstone from Maihar and Bhopal region contains post-1000 Ma zircon grains of ~548 Ma
and ~770 Ma age respectively. Moreover, the detrital zircon ages from the Cretaceous
sandstone in Jabalpur reveal supply of detritus from a source that contains younger zircons
(~500-550 Ma and ~770 Ma). The zircon grains younger than ~1000 Ma in the Cretaceous
sediments are likely recycled from the Vindhyans as can be inferred from the paleoslope and

paleoflow direction.

The detrital zircon geochronology of the Upper Bhander Sandstone in the Rajasthan Sector
also suggests ~1000 Ma closure age for the sedimentation of Upper Vindhyan (Fig. 15B,;
Malone et al., 2008). In contrast, a Cryogenian (850-630 Ma) age marker microfossil
Trachyhystrichosphaera from the Sirbu Shale Formation of Bhander Group, Rajasthan
(Srivastava, 2009) and ~770 Ma age (on the basis of Sr isotope stratigraphy coupled with Pb-
Pb age) of Balwan Limestone (George et al., 2018, Gopalan et al., 2013), overlying the Upper

Bhander Sandstone suggest post 1000 Ma sedimentation in the Rajasthan sector of the
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Vindhyan Basin (Fig. 15B). The Proterozoic sedimentary packages of the Lesser Himalayan

sector and the Ganga Valley have been linked with the rocks of the Vindhyan Basin in the

cratonic area (McKenzie et al., 2011; Xiao et al., 2016). The siliciclastic rocks of the Blaini

Formation (Cryogenian) and Krol and Infra Krol (Ediacaran) successions of the Outer Lesser

Himalaya have the Neoproterozoic zircon populations (Fig. 15D; McKenzie et al., 2011;

Hofmann et al., 2011). Considering the two young zircon ages i.e., 548 Ma and 770 Ma (<1000

Ma) reported from the Upper Bhander Sandstone as robust data points, a ~1000 Ma age for the

termination of Upper Vindhyan sedimentation needs re-examination.

6. Conclusion

1.

Magmatic and metasedimentary rocks exposed in the Satpura Mobile Belt (CITZ), south
and east of the Vindhyan Basin, are considered as the major sources of the detritus for the
Upper Bhander Sandstone exposed in the Bhopal inlier. However, the underlying older
Vindhyan sedimentary rocks and those from the Bundelkhand craton and Aravalli-Delhi
Fold Belt likely also acted as provenance for the Upper Vindhyan sandstone.

The occurrence of zircon grains of ~548 Ma (Maihar) and ~770 Ma (Bhimbetka) taken
together with the previously published paleobiological evidences serve as a pointer that the
Vindhyan sedimentation could have extended into the Tonian and possibly into the
Ediacaran (?).

Cretaceous sandstones of the Upper Gondwana and Lameta successions show similar peaks
as those of the sandstones of the Vindhyan Supergroup including the presence of younger
grains of ~500-550 Ma and ~700-800 Ma age. Some of these ages may correspond to the
final stages of closure and inversion of the Vindhyan basin and the related generation of

recycled detritus from the basin’s marginal areas.
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Figure 1: (A) Map of India showing the extent of the Vindhyan Basin, associated Bundelkhand
Craton and the bounding Proterozoic mobile belts i.e., Aravalli-Delhi Fold Belt (ADFB) and
Central Indian Tectonic Zone (CITZ)-Satpura Belt. (B) Geological map showing distribution
of Precambrian and Phanerozoic rocks of Northwest and Central India with timing of granite
magmatism (Adapted from Banerjee et al., 2021; Bhowmik et al., 2012; Kaur et al., 2011; de
Wall et al., 2018). Numbers in white boxes represent the age of magmatic events especially the

time of granite magmatism in Ga and details related to the ages are provided in the Table 1.
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The dashed line shows the lineaments, fault and major shear zones. Abbreviations for the
structural features are as follows: WMF = Western Margin Fault; GBF = Great Boundary Fault;
SNNF = Son Narmada North Fault; SNNF = Son Narmada South Fault; GTSZ = Gavaligarh

Tan Shear Zone; CIS = Central Indian Shear

Figure 2: Stratigraphic log of Vindhyan Supergroup with the proposed age constraints on the
basis of geochronology and a compilation of reported zircon ages from the rocks of Vindhyan
Supergroup exposed in Son Valley sector (Colleps et al., 2021; Lan et al., 2021, 2020; Turner
et al., 2014) and Rajasthan sector (Malone et al., 2008; Turner et al., 2014). The superscripts
represent the references used in this compilation which are as follows: 1 — Gopalan et al., 2013;
2 — Malone et al., 2008; Turner et al., 2014; 3 — Ray et al., 2003; 4 — Srivastava and
Rajagopalan; 5 — Ray et al., 2011; 6 — Lan et al., 2020, 2021; 7 — Vinogradov et al., 1964; 8 —
Tripathy and Singh, 2015; 9 — Gregory et al., 2006; 10 — Sarangi et al., 2004; 11 — Rasmussen

et al., 2002; 12 — Ray et al., 2002; 13 — Bickford et al., 2017.

Figure 3: (A) Simplified Geological map of Proterozoic Vindhyan Basin showing the extent
of Semri, Kaimur, Rewa and Bhander groups in Rajasthan as well as in Son Valley sector. Stars
shows the location of the Ediacaran fossil bearing Upper Bhander sandstones. (B) Satellite
image (Google Earth image) of the Bhimbetka region showing the sampling locations
(22°56'40", 77°37'07"; 22°56'13.9", 77°36'42"). (C) Simplified geological map showing the
sampling locations (23°09'18.8", 77°22'26"; 23°18'06", 77°21'16.6") of the Upper Bhander
sandstone from Bhopal. The map is a part of Geological Quadrangle map number 56E (GSI,
1998; GQM 56E) (D) Field photograph of the stratigraphic horizon (Upper Bhander Sandstone)

at Bhimbetka, showing sandstone and interbedded siltstone facies.

Figure 4: (A) Map showing the location of Jabalpur region in CITZ and in between the Maihar

and Bhimbetka area. (B) Generalised stratigraphic chart of Jabalpur sub-region (GSI
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Quadrangle map no. 55M). (C) Simplified local geological map of the Jabalpur and adjoining
regions (part of Quadrangle map no. 55M) showing the sampling location (23°10'29.4",

79°57'48.5") and palaeocurrent direction of the younger sandstones.

Figure S: Detailed description of Cretaceous sandstones sampled from Jabalpur for analytical
studies based on new observations combined with earlier data from Tandon et al., (1995, 1998);

Tandon and Andrews, (2001).

Figure 6: (A) Photomicrograph of the Upper Bhander Sandstone area under yellow line
represent yellow colored siltstone lamination. (B) Variety of quartz grain constituting the
framework mineralogy and show compact grain to grain contact with sutured boundary. (C)

Polycrystalline quartz and overgrowth of monocrystalline quartz can be seen.

Figure 7: Chondrite-normalised REE patterns for (A) Upper Bhander Sanstone from Bhopal
inlier and (B) Cretaceous Sandstones from Jabalpur. (C) Discriminant diagram after Roser and
Korsch (1988) for the studied samples. (D) ICV (Cox et al., 1995) versus CIA (Nesbitt and
Young, 1982) plot for the samples. (E) Plots of Th/Sc vs. Zr/Sc for studied samples to
understand sediment recycling. (F) La/Sc versus Co/Th plot adopted from McLennan et al.
(1993). The data for the Upper Bhander Sandstone from Maihar is taken from Banerjee and
Banerjee (2010), TTG (Bundelkhand massif) from Mohan et al. (2012), Mahakoshal group of

rocks from this study and Wani et al. (2022) and Madan Mahal from Yadav et al. (2020).

Figure 8: (A) U-Pb concordia diagram (B) relative probability density diagram and (C) Th/U
ratio versus U-Pb ages plot for detrital zircons of Upper Bander Sandstone sample of
Bhimbetka region. (D) CL images of representative zircon grains from Bhimbetka sample with

their corresponding U-Pb ages (in white). Grain number is shown with yellow color.
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Figure 9: (A) U-Pb concordia diagram (B) relative probability density diagram and (C) Th/U
ratio versus U-Pb ages plot for detrital zircons of Upper Bander Sandstone sample from Bhopal
region. (D) Combined relative probability density diagram for all Upper Bhander sandstone

samples from the Bhopal inlier (Bhimbetka and around Bhopal city).

Figure 10: (A) Chondrite normalised REE patterns of detrital zircons from Bhimbetka
sandstone. Binary diagrams of trace element concentrations and ratios for detrital zircons of
Upper Bhander Sandstone at Bhimbetka (B) Y versus Yb/Sm (C) Y versus U (after Belousova
et al., 2002). Numbers in figure B and C represents different types of Granitoids (1- Aplites,

leucogranites; 2- granites; 3- granodiorites & tonalites).

Figure 11: Representative CL images of zircon grains from Cretaceous sandstone, with

respective spot number (red) and U-Pb ages (black).

Figure 12: Probability density diagram and histogram for Jabalpur Sandstone (A), Green
Sandstone (B) and Upper Calcified Sandstone (C) and their corresponding U-Pb Concordia
diagram (D, E, and F). Inset Th/U versus U-Pb ages for Cretaceous sandstone (G= Jabalpur

Sandstone, H= Green Sandstone, and I= Upper Calcified Sandstone)

Figure 13: Comparison of detrital zircon U-Pb ages of the Cretaceous sandstone and the Upper
Bhander Sandstone (Pre-Cretaceous) of Son Valley Sector (This study and compilation from
Lan et al., 2020, 2021, Mckenzie et al., 2011). The lower panel represents the Pb-Pb zircon
ages from the Satpura Mobile Belt (CITZ) (Adapted from Banerjee et al., 2021). The bars
correspond to the Assembly ages of Gondwana - G; Rodinia - R; Columbia - C and Stabilization

age of cratons - S.

Figure 14: Geological outcrop map of Indian Subcontinent adapted from Collins & Pisarevsky,

2005 and rotated into Cretaceous fit (Scotese, 2016) showing the Late Neoproterozoic-
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Cambrian tectonothermal events in India. The marked ages are based on the following studies:
Ashwal et al, 2013; Rathore et al., 1999; Sen et al., 2013; Dhiman & Singh, 2021; Islam et al.,
1999; Majumdar & Dutta, 2016; Miller et al., 2001; Singh, 2020; Braun, 2006; Rajesh, 1996;

Santosh et al., 2003; Upadhyay., 2008).

Figure 15: Palacocontinental map showing locations of the Upper Bhander Sandstone and
younger stratigraphic units of Rajasthan and Son Valley sector and their correlatable units in
Lesser Himalaya. Numbers represent the locations (1— Balwan; 2 — Bhimbetka; 3 — Maihar; 4
— Nainital; 5 — Mussoorie; 6 — Pachmunda); The shades of brown represent the land area with
different elevation and blue represents the shallow and deep sea. Locations are plotted on Map
88a, taken from PALAEOMAP PalaeoAtlas for GPlate (Scotese, 2016), using a rectangular
projection in Gplate (A). Comparison of detrital zircon geochronology and palaeobiology of
the Upper Bhander and younger sequences of Rajasthan sector (B), Son Valley sector (C) and

equivalent Neoproterozoic sequences of Outer Lesser Himalaya (D).
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Table 1. The compilation of the magmatic events (mainly the ages of gneisses and granitoids) from the Satpura Mobile Belt (CITZ), Aravalli-

BGC Craton, and Bundelkhand Craton. Numbers in bracket represent the numbers in superscripts inside the white boxes in Fig.1.

Noth West India (Aravalli-BGC, Aravalli

North Central India (Bundelkhand

SHRIMP ages

Age Centpi St L Delhi Fold Belt, Sirohi and Marwar Basin) Craton)
Location Age (Method) Reference Location Age (Method) | Reference Location 3\%2 thod) Reference
Secondary
thermal 515+ 6 Ma
. . Rathore et
disturbance in (Ar-Ar age) al.. 1999
~500-550 Ma Malani granite "
(Jalor granite)
Argon loss in
feslic volcanics Sen et al.,
of Sindreth 530-490Ma ) 543
Basin
948 + 4 Ma 945 Mirpur Granite | 7539 Ma | 30wy o
(Malani Igneous | (U —Pb
. Ma, (928 + 4 Ma . X al., 2018
Granodiorite . Suite) (14) Zircon TIMS)
from Sausar Post .tectonlc Chatopadhyay TR
Group (7) granite) etal., 2015 Mt. Abu 767 L4 M 2 U | Ashwal
P (U-Th-total Pb Batholith (Sirohi | /674 Ma (U} A 23?3)‘”
.t . - .
monazite ages) terrain) (12) TIMS
863 + 23 Ma
Neoproterozoic Erinpura Granite ((;l}\l/le(;rrlli;zﬁe Just et al.,
541-1000 Ma irohi :
( . 945+9 Ma (il dating; 800+ | 2011 Van
Granitoids of . Punagarh Lente et al.,
Gavaligarh- | (U-P zireon region) (13) | 224873531 5009
& and U-Th-total Chatopadhyay & Ma (U - Pb
Tan Shear . .
Pb monazite etal., 2017 Zircon TIMS)
Zone (Betul
ages) — . 1015 + 4, Ma,
Belt) (6) Sirohi terrain,
. 966 + 3 and
Western margin 808 + 3U—Pb Rao et al.,
of Delhi Fold Zircon 2013
Belt (11)




Table 1 (Continued)

Granitoids of

1227431 Ma
(U-PDb zircon

U-Pb and Pb-Pb
ages)

,?:Zaslllizrrh_ and U-Th-total | Chatopadhyay
Zonie ekl Pb monazite etal., 2017 Quartz reef in
Belt) (6) ages) Bundelkhand | 1480 + 35 to
Mesoproterozoic granitic massif | 1660 + 40 Ma Pati et al.,
(1000-1600 Ma) and associated | (K —Ar 1997
Tirodi Biotite | 1003%23 Ma? hydrothermal | geochronology)
. 1584+17 Ma; . A
Gneiss (Zircon U—Pb Bhowmik et
(Sausar Belt) . al., 2011
5) and monazite
ages)
Granitic Biiu
pluton from | 1.78 — 1.71 Ga J
. . . Shekhar
Alwar region | (Chemical dating et al
Madan 169549 Ma (Delhi Fold of zircon) 2003
Mahal . Belt) (8)
. Zircon U-Pb Yadav et al.,
Granite, aves 2020 Sakhun—
Mahakoshal & Ladera region
Belt (3) (BGC, North | 1721 £9 Ma (U- | Pandit et
Central Pb Zircon age) al., 2021
Aravalli Quartz reefin | 1790 + 40 to
Craton) (10) Bundelkhand | 1850 + 35 Ma;
Paleoproterozoic | Jhirgadandi 1.82-1.70 Ga (~ granitic massif | 1930 + 40 to Pati et al.,
(1600-2500 Ma) | granitoids. | (7"5oGR o | 5o o 1660 Ma- and associated | 2010+ 80 Ma | 1997
Mahakoshal ) d I& Biharipur, Dabla, | Kauret | hydrothermal | (K-Ar
Belt (1) Zgggllllronolo ) 3%1 5 B 1711 £ 0.5 Ma- al., activity geochronology)
& gy Granitoids of | Tehara Pluton); | 2007;
Khetri copper 1800£59 Ma, Kaur et
179617 Ma, bl (Deuﬂp 1821.70.4 Ma- | al,,
Sidhi 1645425 Ma Fold Belt) (9) Jasrapur pluton 2009;
Granite, (Zircon U-Pb Yadav et al., (Zircon and Sm- Kaur et
Mahakoshal | ages) 2020 Nd ages); 1732— | al,,
Belt (2) 1682 Ma (Zircon | 2011)




Table 1 (Continued)

Archean (2500-
4000 Ma)

Malanjkhand
Granitoids
(Sausar Belt)

“4)

2450-2500 Ma
2490+8Ma (Re—
Os ages)

Stein et al.,
2004

Granite-2531

Granites and =21 Wk,
Gnei;ses from Central 2516 + 38
3159 + 8Ma- , Bundelkhand | Ma, and
Pur-banera . D’Souza et Verma et
Gneiss, 2538 + greenstone 2514+ 13
Supracrustal . al., 2019 . . al., 2016
belt. Aravalli 11Ma Granite complex Ma; Gneiss-
Cra‘;on (15) 2669 + 7.4
Ma (U-Pb
Zircon ages)
3.3Ga& 2.7
. Ga (Gneiss);
Crotsesand |25l i
2538+ 5 Ma Mahoba, 2 it
. (Granite); Mondal
Granites (U-Pb Dey et al., Karera,
. 2517+7Ma etal.,
(Jahazpur) SHRIMP 2019 Babina, .
. . (Rhyolite) 2002
zircon ages) Kuraichaand 207p}y 206p,
Panchwara, .
Zircon lon
(15) X
microprobe
ages
Mewar Wiedenbeck | Gneiss from SIS0 Lk
. 3281 +3 Ma ) (U-Pb and
Gneiss, el o and Mau Ranipur, Lu-Hf Kaur et
Aravalli Iflicm r‘:)be) Goswami, Bundelkhand is‘; one ages | Al 2014)
Craton p 1994 (15) pe ag

of Zircon)




Table 2. Potential sources of detritus for the Upper Bhander Sandstone at Bhimbetka.

. Potential Source
Zircon
Population P];fl‘:l’ggl‘lil'lgfi"g‘rgt{g and Distal (Aravalli BGC)
~2.48-2.55 Ga granitoids of
5Ga Bundelkhand region, ~2.5 Ga ~2.5 Ga granitoids of Aravalli
’ Malanjkhand Granitoids of Sausar BGC (Table 1)
Belt (CITZ) (Table 1)
Magmatic rocks of 2.3-1.8 Ga from
i/({);)O-ZlOO Chitrangi Formation of Mahakoshal
Belt (CITZ) (Khanna et al., 2017)
~1.88 to 1.65 Ga granitic rocks
1650-1900 intruding the MSB (Table 1); ~1.8, 1.7-1.72 Ga magmatic
Ma Reworked sediments of ~1.6 Ga rocks of Aravalli Delhi Fold
Deonar Porcenallintes and Rampur | Belt (Table 1)
Shale
1603 to 1584 Ma magmatism in
Tirodi Biotite Gneiss in SMB, 1.62-
1.53 Ga felsic plutonism in SMB
(CITZ) (Bhowmik et al., 2014;
A 001099 Chattopadhyay et al., 2020); ~1534
Ma magmatic crystallization with a
thermal overprint at 1454 Ma in
Tirodi Gneiss (CITZ) (Ahmad et al.,
2009)
1.05-0.95 Ga granite from the Granitic intrusions of ~1.0-1.1
~1.0-1.1 Gavilgarh-Tan Shear Zone in the age from the Aravalli-BGC
Ga CITZ; 0.94-1.06 Ga metamorphic region and the Delhi Fold Belt
rocks of SMB (CITZ) (Table 1)
769 to 764 Ma granites from
Ca. 770 Ma Abu-Sirohi corridor (Table 1)




Table 3. Compilation of fossil records from Bhander Group, Son Valley sector suggesting Late

Neoproterozoic age.

Formation

Fossils

Age

Reference (s)

Ganurgarh Shale

Organic-walled
microfossils
(Vandalosphaeridium
reticulatum,
Obruchevella parva
and Obruchevella
valdaica)

Late Cryogenian-
Early Ediacaran (ca.
650-570 Ma)

Prasad et al., 2005

Nagod limestone

Organic-walled
microfossils
(Obruchevella
delicata,
Obruchevella parva,
Obruchevella
valdaica)

Early to Late
Ediacaran

Prasad et al., 2005

Sirbu Shale

Organic-walled
microfossils
(Obruchevella parva,
Obruchevella
delicata,
Cristalliniulll sp. and
Dictyotidium sp.)

Late Ediacaran (ca.
570-544 Ma).

Prasad et al., 2005

Bhander Limestone

Ediacara-like fossils

Ediacaran

De, 2003, 2006

Maihar Sandstone

Microbial mat
structures (Arumberia
banksi and Rameshia
rampurensis) and
Ediacaran body fossil
(Beltanelliformis
minuta) in Maihar
Sandstone

Late Ediacaran

Kumar and Pandey,
2008

Nagod limestone
and Sirbu Shale

Thalloid algae
(multicellular
metaphytes such as
Aggregatosphaera
miaoheensis,
Baculiphyca taeniata,
Enteromorphites
siniansis)

Cryogenian to Early
Ediacaran

Singh et al., 2009
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