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Abstract

The present thesis delves into sedimentalogical characteristics, both physical and
chemical, of some parts of the Mesoproterozoic Rohtas Formation and lower part of the
Kaimur Formation of the Vindhyan Supergroup in central India. Detailed state-of-art facies
analysis of the aforementioned formations creates the broad frame for the present
deliberation. A special emphasis has been laid on shallow water glauconitization in the
epeiric sea in which the said formations were deposited. The process of chertification of
the Rohtas Limestone and calculation of the then earth’s surface temperature are the other
two major issues that have been brought under focus. In the light of the latter a modified
model of the Precambrian paleoclimate has been presented. The Rohtas Limestone Member
of the Rohtas Formation is constituted by two distinct facies associations (I and II) and
detail sedimentological analysis infers a restricted (Association I) to open marine
(Association II) paleogeography for the limestone deposition. The basal ~12 m thick
sandstone of the Kaimur Formation overlies an unconformity present above the Rohtas
Limestone. The sandstone was also deposited in a tide dominated marine setting with
frequent storm intervention. The Lower Quartzite (LQ) above the unconformity is claimed earlier
to have been deposited in a localized area in the eastern sector of the basin. However, the present
investigation carried out over a 120 km strike-parallel stretch reveals that the formation maintains
the same lithological similarity refuting its local occurrences. Numerous soft-sediment
deformation features present within Rohtas limestone have been analysed for their
respective genesis. Adjudging their genetic implications in their respective facies
(depositional) background helped to unravel their respective triggering mechanisms and to

identify the triggering agents involved.

The discontinuous, but significant chert horizon present above the uppermost
portion of the Rohtas limestone, just beneath the unconformity, has been studied in depth
and its origin has been inferred. The then earth’s surface temperature has been calculated
with the help of recently developed triple oxygen isotopic studies. The present study
suggests that earth’s surface temperature during the Mesoproterozoic time was no different
from that of the modern times (around ~25°C). The result contradicts the existing claim for
considerably higher contemporary earth temperature and attributes to overestimation of
ancient ocean. In another way of mass balance calculation proposes a new window to
estimate the paleo-temperature in relation with chertification process and replacement

model during the present endeavour. Chert form by replacement of dolostone (Rohtas



Limestone) by mass change of (Tmass) of 2.12 at constant volume. Mass balance
calculation of studied chert infer that initially carbonate was deposited in a marine setting
at 10°C temperature in equilibrium of modern sea where chert form at 0.8 F/R (Fluid/Rock)
interaction. The triple oxygen isotope recorded within chert may be a transformation of

later diagenesis of 25°C to 300°C fluid at F/R of 1 to 0.

An integrated sedimentological, petrographical and geochemical investigation of
the LQ and the Lower Bhander Sandstone (LBS) of the Vindhyan Supergroup reveals a
shallow marine sub-oxic depositional setting for the glauconite formation. The
mineralogical and chemical analyses indicate enrichment of the glauconite in K20, MgO
and Al>O3, and depletion in Fe»Os(total), compared to the Phanerozoic variety. Detailed
sequence stratigraphic analysis suggests their association within transgressive systems tract
(TST) deposit, which is capped by the maximum flooding zone (MFZ). The occurrence of
glauconite within the LBS and LQ has been discussed at length to throw light on the
glauconitization process within the overall shallow epeiric marine depositional setting.
Intermittent subsidence and/or marine transgression of the depositional basin, associated
with an event of major marine flooding eventually created a condition conducive for

glauconitization of sediment.
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1.1. Introduction

The Proterozoic Rohtas Limestone (RLM), Lower Quartzite (LQ) and Lower
Bhander Sandstone (LBS) of the Vindhyan Supergroup in Central India is the mainstay of
this thesis. The purpose is to recheck and strengthen certain conclusions that have emerged
primarily from the studied sediment succession. The procedure also enhances the
observations of certain ancient geological signature (specifically during Proterozoic) of the
ancient earth- (a) enlighten the interpretation in sedimentation pattern and dynamics in
epeiric sea, (b) role of tectonic in epeiric sea sediment dynamics and paleogeographic shift,
(c) glauconitization in Precambrian time, role of sea water chemistry and basin dynamics
on glauconitization, (d) detect the paleoclimate in Proterozoic earth and understand the

chertification process by replacing earlier deposits.

The prime focus on the Vindhyan succession is prompted by rare application of
state-of art sedimentological and geochemical analysis. Even the basic need of process and
paleogeography related to facies analysis is rarely satisfied in parts of the Vindhyan
Supergroup (Bose et al., 2001; Sarkar and Banerjee, 2020). A number of study of course
has revealed the depositional environment and sequence building pattern of Vindhyan
succession (Bose and Choudhuri, 1990; Bose et al., 2001; Sarkar et al., 2002, Chakraborty,
2006; Kumar and Sharma, 2011; Bose et al., 2015; Singh and Chakraborty, 2020; Sarkar
and Banerjee, 2020) and interpreted a rift to sag basin transition with time. But, the change
of sediment dynamics below and above the unconformity is not well studied. Stratigraphy
is unnecessarily complex in absence of systematic regional study, without any effort given
to laterally traced stratigraphic bounding surfaces of various ranks. The general quality of
rock exposures and lateral facies variability over time and space create confusion, but
excellent observations by some authors of lateral facies variation deserve to mention (Bose
et al.,, 2001; Sarkar et al., 2002; Chakraborty, 2006; Singh and Chakraborty, 2020).
Although, the soft sediment deformation structures are not unusual over time and space
(Sarkar et al., 1995, 2014; Bose et al.,1997; Singh and Chakraborty, 2020) but, the record
of seismites in carbonate rock is relatively rare (Sarkar et al., 2014). The carbonate
succession (RLM) of the Vindhyan Supergroup provide a scope to escalate the view with
recognition of deformations of widely variable scale and origin. Seismic deformations are
separated from deformations related with casual sediment deposition. Geochemistry of

shale and carbonate of the entire Vindhyan Supergroup carried out (Banerjee and
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Jeevkumar, 2005; Banerjee et al., 2006, 2009; Chakrabarti et al., 2007; Singh et al., 2018;
Basu et al., 2019; Basu et al., 2021; Singh and Chakraborty, 2021) and the interpretation

regrading paleo-salinity, paleo-redox and paleo-environment has been put forward.

Besides the facies analysis, the studied Members of Vindhyan Supergroup
potentially preserve authigenic sediments-glauconite and chert (silica). Between them,
record of glauconite in the Proterozoic Vindhyan succession is very less recorded (Banerjee
et al., 2008; Mandal et al., 2020, 2022), and gives an exceptional opportunity to study them
during the present endeavor. The genesis of glauconite in Lower Quartzite and Lower
Bhander Sandstone not only help to understand different scenarios during Precambrian
time but also, the role of sea water, basin dynamics on different composition of glauconite
has been explored. However, most of the cases of glauconitization are common in
maximum flooding surface (MFS) but this study shows how sea level fluctuations and basin
tectonic can control glauconitization. The study of chert reveals the gap of knowledge on
origin of chert by replacing earlier carbonate rock by simple mixing of meteoric water/
ground water and sea water. This study suggests the role of source of silica, pH of silica
super-saturated fluid, temperature of fluid and precipitation. Triple oxygen isotope data sets
of this study and collection of data sets over geological time and space tried to explain the
evolution of hydrosphere since Archean to recent. Temperature dependent oxygen isotope

distribution also calculated the temperature during Mesoproterozoic.
1.2. Geological Background

The Vindhyan basin, the world's 2" largest Purana basin has widely distributed
along the NW-SE stretch of central India, with an average thickness of 4500 m (Ahmad,
1971). It is widely distributed in a different state of India like Bihar, Jharkhand, Uttar
Pradesh, Madhya Pradesh, and Rajasthan (Fig. 1.1). These exposures cover an area of about
1,00,000 km?, though it is not the actual exposure area, almost 70,000 km? has concealed
under Deccan traps (Auden, 1933; Krishnan and Swaminath, 1959). Along with these the
recent alluvium sediment of Yamuna, Ganga, and Son rivers has covered a considered huge

area of Vindhyan succession in central India.
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Fig. 1.1. Lithological map of Vindhyan basin (modified after Sarkar and Banerjee, 2020). Entire succession
has divided into three Sectors-Rajasthan sector (marked by blue dotted line), Bundelkhand sector (red
dotted line) and Son valley sector (black dotted line).

The Vindhyan sediment succession which covers a huge area of India has divided
into three sectors depending on the differential distribution of basement rocks, lithology
(Fig. 1.1). These are, the Rajasthan sector which is restricted in the Rajasthan and another
two Bundelkhand sector and Son valley sector distributed in central India (Fig. 1.1; Madhya
Pradesh, Uttar Pradesh, Bihar, Chhattisgarh).

Together the Son valley and Bundelkhand Vindhyan deposits look like a syncline
fold with E-W elongation and closure in the east (Fig. 1.2). The beds are dipping towards
the center of the syncline. The younger members are present at the core and older are in the
flanks. Exposures of the Lower/Semri Group are asymmetrical on the both limb of syncline.
In the Bundelkhand sector the stratigraphic units are discontinuous and in small patches,
whereas in the Son valley sector beds are more extensive in comparison. But in upper
Vindhyan the stratigraphic units are very extensive and uniformly distributed on both the
limb of syncline Vindhyan deposit. The dip of the younger beds (i.e. Upper Vindhyan) are
very gentle upto 4° whereas dip of the older beds i.e. Semri Group vary from 15° to 30°.
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Fig. 1.2. Structural map of Vindhyan succession (modified after Sarkar and Banerjee, 2020).
1.2.1. Vindhyan Stratigraphy and Age Constrain

Being a thick sedimentary basin (ca. 4.5 km) classification of the entire stratigraphic
succession to one scale is not so easy. Most of the workers put forwards their stratigraphic
classifications. However, there are several classifications of Vindhyan stratigraphy but the
initial one was proposed by Medlicott (1859). After Medlicott (1859) the stratigraphy of
the Vindhyan basin has evolved by Mallet (1869), Oldham et al. (1910), Vredenburg
(1910), Auden (1933), Banerjee (1974), Rao and Neelakantam (1978), Bhattacharyya
(1996), Chakraborty (20006), Chakraborty et al. (2010), Kumar and Sharma (2011) and
Sarkar and Banerjee (2020). The Vindhyan Supergroup is divided into two tire
classification on the presence an unconformity in-between lower and upper Vindhyan
Group which it laterally correlatable with a correlative conformity (Fig. 1.3; Chanda and
Bhattacharya, 1982; Chakraborty, 1996; Bose et al., 2001). The lower Vindhyan is also
known as Semri Group whereas the upper Vindhyan has no such formal name. Along with
this formal name difference, the lower and upper Vindhyan has a significant difference in
lithological distribution as well (Fig. 1.3). The lower Vindhyan has more carbonate and
dolomites deposits compare to the upper Vindhyan. Except the carbonate and dolomite
distribution, the volcanic are dominantly present in the lower Vindhyan, whereas in upper
Vindhyan has only one carbonate unit (Chakraborty et al., 1996; Chakraborty, 2006). On
the basis of the lithostratigraphic boundaries and the change of lithological distribution the
lower Vindhyan classified into five Formations viz. Deoland sandstone, Kajrahat

limestone, Denor Porcellanite, Kheinjua, and Rohtas in order to superposition (Fig. 1.3;
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Fig. 1.3. Graphical log of Vindhyan succession (modified after Sarkar and Banerjee, 2020). Note the

pronounced depositional age for this suitable sedimentary unit.

Table-1.1). The Deoland Formation is the basal deposit of Vindhyan succession which is
directly overlying on the basement Mahakosal Group of rocks. It is entirely made up of
sandy materials with some local patches of conglomerate (Prakas and Dalela, 1982). The

differential lithological distribution in Kajrahat Formation has sub-divided this Formation
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into two Members viz. Arangi Shale and Kajrahat Limestone. The Agrangi Shale consists
of dark-grey carbonaceous shale with patches of carbonate deposit. The Kajrahat
Limestone is immediately overlying on the Arangi Shale, consisting of limestone and
dolostones with different sets of stromatolites (Rao and Neelakantam, 1978). The
sedimentary succession consisting of silicified shale, pyroclastics, and volcanic tuffs is
named as Porcellanite Formation which is overlain on Kajrahat Limestone. This volcano-
clastic sediment deposit passes into shale, sandstone, limestone, and intraformational
conglomerate (Auden, 1933; Rao and Neelakantam, 1978; Prakash and Dalela, 1982). This
Formation is named as Kheinjua Formation and has been divided into two Members viz.
Koldaha Shale and Chorhat Sandstone. The Kheinjua Formation is covered by Rohtas
Formation with two Members. The Rampur Shale, the lower part of Rohtas Formation
consists of black shale with some grey shale and sandstone intercalation in the basal part.
The Rohtas limestone lies at the topmost part of lower Vindhyan overlying on Rampur

shale composed of limestone.

The deposition of upper Vindhyan starts just above the unconformity between the
lower and upper Vindhyan group. The upper Vindhyan Group consists of three Formation
viz. Kaimur, Rewa and Bhander Formation (Fig. 1.3; Table-1.1). The upper Vindhyan
Group is mainly consisting of shale and sandstone except one limestone deposit namely
Bhander Limestone. The Kaimur Formation consists of five Members viz. Lower
Quartzite/ Sasaram sandstone, Bhagwar Shale/ Silicified Shale, Upper Quartzite/ Markundi
Sandstone, Bijaigarh Shale, Mangesar Sandstone/ Scarp Sandstone and Dhandraul
Quartzite. Together the Lower Quartzite/ Sasaram Sandstone, Bhagwar Shale/ Silicified
shale, Upper Quartzite/ Markundi sandstone, Bijaigarh Shale is known as lower Kaimur
and Mangesar Sandstone/ Scarp Sandstone and Dhandraul Quartzite in together is known
as upper Kaimur. However, the lower Kaimur consists of four Member but each of the
stratigraphic unit is not traceable throughout the Son valley sector (Chakraborty, 2006).
The Rewa Formation is overlying on Kaimur Formation with thin persistent transgressive
lag (Bose et al., 2001). The Rewa Formation is composed of two members viz. Rewa Shale
and Rewa Sandstone mainly. The Bhander Formation overlies on Rewa Formation, which
consists of Ganurgarh Shale, Bhander Limestone, Lower Bhander Sandstone, Sirbu Shale

and Upper Bhander sandstone Members.
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al., 2019).

Table-1.1. Stratigraphy distribution of Vindhyan Supergroup (modified after Mandal et

Vindhyan
Supergroup

Group

Formation

Members

Upper Vindhyan
Group

Bhander

Upper Bhander
Sandstone

Sirbu Shale

Lower Bhander
Sandstone

Bhander Limestone

Ganurgarh Shale

Rewa

Rewa Sandstone

Rewa Sandstone

Kaimur

Dhandraul Quartzite

Mangesar Sandstone/
Scarp Sandstone

Bijaigarh Shale

Upper Quartzite/
Markundi Sandstone

Silicified Shale/
Bhagwar Shale

Lower Quartzite/
Sasaram sandstone

Unconformity

Lower Vindhyan
Group

Rohtas

Rohtas Limestone

Rampur Shale

Chorhat Sandstone

Koldaha Shale

Porcellanite

Khenjua

Kajrahat Limestone

Arangi Shale

Deoland Sandstone
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The age of the Vindhyan Supergroup has been a matter of debate for over the last
hundred years. Based on both radiometric dating and palacobiological evidences, The
Vindhyan Supergroup is considered to be of Meso- to Neoproterozoic age (Bose et al.,
2001). Stromatolites from the Lower Vindhyan and Upper Vindhyan represents a age range
from 1400-600 Ma (Prasad, 1980, 1984). Recent U-Pb, Pb-Pb geochronology from
magmatic and detrital zircon have proved that the Vindhyan basin perhaps opened before
~1700 Ma and sedimentation closed nearly ca 1000Ma (Ray et al., 2002;Rasmussen et al.,
2002; Sarangi et al., 2004; Chakrabarty et al., 2007; Malone et al., 2008; Bengston et al.,
2009; Meert et al., 2010; Pradhan et al., 2010; Turner et al., 2010; Davies et al., 2011; Bora
etal., 2013; Gopalan et al., 2013; Venkateswaralu and Rao, 2013; Basu and Bickford, 2014;
Bickford et al., 2017). These reliable radiometric ages have put forward with respect to the
age of Vindhyan Supergroup, particularly from the Lower Vindhyans (Table 1.2).
Although, the unconformity between lower and upper Vindhyan is well known but missing
of such reliable dating materials unable to ditect time period for no sedimentatioz. Recently
Tripathy and Singh (2015) detect the age of Bijaigarh shale by Re-Os method and proposed
that after lower Vindhyan sedimentation basin was exposed for 400 Ma (Fig. 1.3).

1.2.2. Lithological distribution and Paleogeography-Paleoclimate

Since from 1933 (Auden) there have been several attempts to visualize the
depositional environment and paleogeography of Vindhyan successions. The several
attempts have interpreted the different stratigraphic units as barrier bar, lagoon, tidal flat
and beach deposition (Banerjee, 1964; Rao and Neelakantam, 1978; Chanda and
Bhattacharya, 1982; Prakash and Dalela, 1982; Singh 1985; Soni et al., 1987; Prasad and
Verma, 1991; Akhtar, 1996; Bose et al., 1999, 2001; Sarkar et al., 2002a, b, 2004). Though
there are several depositional environments but a broad consensus suggests that the
Vindhyan Supergroup is of largely shallow marine i.e. epeiric sea (Singh, 1980, 1985;
Chanda and Bhattachrya, 1982; Bose et al., 1999, 2001; Sarkar et al., 1996) with some
terrestrial input in-between (Bose and Chakraborty, 1994; Sarkar et al., 1996, 2011; Bose
et al., 1999, 2001).

The Vindhyan Supergroup is mainly composed of sandstone, shale and carbonate
sediments. In earlier sections, we have discussed that the Vindhyan Supergroup has divided
into two Groups viz. lower and upper Vindhyan. Although volumetrically lower Vindhyan

has higher carbonate and volcano-clastic sediment deposits, but except these there is not
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much lithological difference between lower and upper Vindhyan Group, so we can’t expect

a huge difference in paleogeography in upper and lower Vindhyan.

As maintioned in earlier section the lower Vindhyan Group is consisting of
Deoland, Kajrahat, Porcellinite, Kheinjua and Rohtas Formation. The Deoland is entirely
composed of sandstone with some local patches of conglomerates. The Deoland sandstone
was inferred as a glacier deposit (Dubey and Chaudhury, 1952; Ahmad, 1955; 1958;
Mathur, 1954, 1960, 1981), while Singh (1973) inferred this deposit as high gradient coastal
rivers deposits and Banerjee (1974) inferred it as mainland beach. But the study of the
recent works infers this stratigraphic succession as shelf environment (Bose et al., 2001;
Banerjee et al., 2008) and this deposit gradationally pass into Arangi shale of Kajrahat
Formation. The overall fining upward sequence from Deoland Sandstone to Arangi Shale
has been interpreted as a transgressive system tract deposit (Banerjee et al., 2008). The
Arangi Shale is a shelf deposit (Bose et al., 2001), however lagoon and shallow marginal
lagoon has also been inferred (Singh, 1973; Banerjee, 1974). The Arangi Shale deposit has
pass into a limestone and dolomite succession which is known as Kajrahat Limestone. The
kajrahat Limestone is consisting of limestone, dolomites with various types of stromatolites
and this depositional environment is considered as tidal flat by Singh (1973), Banerjee
(1974), Bose et al. (2001), Sarkar and Banerjee (2020), whereas Banerjee (1997)
interpreted this deposit as a shallow marine product. The Kajrahat Limestone represents a
shallowing upward succession from it’s bottom to top. The volcanic tuff, pyroclastic surge
and flow deposits above Kajrahat Limestone make Porcellinite succession which has
interpreted as shallow marine deposition (Bose et al., 2001). Whereas Srivastava (1997),
Banerjee (1997) recognized frequent subaerial deposit within sub-aqueous deposition. This
volcano-clastic sediment succession gradationally passes into basal Member of Khenjua
Formation, Koldaha Shale. Few pyroclastic layers are also associated with the sand free
dark shale, grey shale with intercalation of sand, silt and thick texturally immature
sandstone. This Koldaha Shale has inferred as shelf deposit with some deltaic- fluvial input,
and the pyroclastic layers has been interpreted as reworked sediment of earlier deposit
(Bose et al., 2001; Banerjee and Jeevankumar, 2005). Even, the granular lag within it has
represented as a transgressive lag (Sarkar and Banerjee, 2020). The Koldaha Shale
gradationally pass into Chorhat Sandstone which has been deposited in four non-recurring
successions. The Chorhat sandstone consists of shale, intercalation of shale and fine sand,

siltstone and stone. The deposition of this sedimentary unit has been interpreted as a
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shallow marine deposit (Bose et al., 2001), whereas Sarkar et al. (2006, 2014) has
interpreted this deposition as subtidal to intertidal to supratidal. The Rampur Shale of
Rohtas Formation overlies on this tidal flat deposit. The Rampur shale is entirely composed
of black shale with sand-shale intercalation in basal and shale-limestone intercalation in
top. The deposition of Rampur Shale has interpreted as tidal flat environment (Singh, 1973;
Banerjee, 1974), while Bose et al. (2001) interpreted this deposition as shelf deposit (Sarkar
et al., 2002a). The Rampur shale gradationally pass into thick limestone deposit named as
Rohtas Limestone. The Rohtas Limestone deposit has interpreted as Shelf environments
whereas the flat pebble and edgewise conglomerate within it has been interpreted as gas

degradation and storm surge (Banerjee et al., 2009; Sarkar et al., 2018).

The Kaimur, Rewa and Bhander are the three Formations composed within upper Vindhyan
Group. The upper Vindhyan is well studied compare to the lower one. The upper Vindhyan
is mostly comprise of shale-sandstone intercalations. The lower Kaimur comprises of
Lower Quartzite/ Sasaram Sandstone, Bhagwar Shale/ Silicified shale, Upper Quartzite/
Markundind Upper Quartzite/ Markundi Sandstone Sandstone and Bijaigarh Shale. The
lower Kaimur has started its deposition with a granular lag and followed by sandstone,
shale repetitively. The Lower Quartzite consists of sandstone and shale which has been
interpreted as tidal bars (Chakraborty and Bose, 1990). This sandstone deposit passes into
Bhagwar shale/ Silicified Shale which is composed of volcano-clastic sediments in SW part
and Sandstone-shale intercalation in NE part and followed by upper Quartzite/ Murkundi
Sandstone and Bijaigah Shale which are mainly restricted in NE part mainly (Chakraborty,
1993, 1995,2006; Bose et al., 2001). The sand free organic rich and pyrite bearing Bijaigarh
Shale inferred as deep offshore product (Chakraborty, 1993, 1995; Banerjee et al., 2006;
Suretal., 2006; Schieber et al., 2007). The Bhagwar Shale has been interpreted as reworked
product of volcanic sediments (Sarkar and Banerjee, 2020; Choudhuri et al., 2020). The
lower part of upper Kaimur starts its deposition with a thick sandstone deposit, Scarp
sandstone which has been interpreted as shallow shelf deposition and it transits to a fluvial-
aeolian environment named as Dhandrual Quartzite (Chakraborty, 1993; Bose et al., 2001).
However, Quasim et al. (2019) interpreted the Scarp Sandstone and Dhandrual Quartzite
as tidal flat and tidally influenced fluvial channel deposit. The Rewa Formation starts its
deposition with a thin granular lag which has been inferred as initiation of a transgression
(i.e. transgressive lag) after deposition of Kaimur deposit (Bose et al., 2001). The

transgressive lag has cover by an alternative sandstone, shale deposit which has transit to
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shale with storm sandstone and this deposit is named as Rewa Shale (Chakraborty et al.,
1996; Chakraborty and Sarkar, 2005; Sarkar and Banerjee, 2020). The deposition of Rewa
Shale has inferred as storm dominated shelf (Chakraborty et al., 1996; Bose et al., 2001;
Sarkar and Banerjee, 2020). Along with these, Rewa formation has contained some
kimberlite pipes and some volcano-clastic conglomerate (Chakraborty et al., 1996; Bose et
al. 2001). The Coarsening upward Rewa Sandstone is overlying on the Rewa Shale which
has been interpreted as shallow marine-tidal flat deposit to fluvial-aeolian transition (Bose
and Chakraborty, 1994; Bose et al., 2001). The Bhander Formation, the youngest Formation
of upper Vindhyan comprises of Ganurgarh Shale, Bhander Limestone, Upper Bhander
Sandstone, Sirbu Shale and Lower Bhander Sandstone. The Ganurgarh Shale consists of
wave dominated reddish grey coloured alternative sandstone and shale and interpreted as
chenier environment (Bose et al., 2001, Chakraborty et al., 1998). Followed by shale-
limestone intercalation grading upward into Bhander Limestone. This Bhander limestone
has been inferred as shallow marine with partely developed lagoon in-between (Bose et al.,
2001; Sarkar et al., 1996, 2014). Here, the carbonate depositional setting has inferred as an
open ramp setting (Sarkar et al., 1996; Sarkar and Banerjee, 2020). The Lower Bhander
Sandstone overlies on Bhander Limestone, consists of red mudstone and fine-grained
sandstone and interpreted as coastal playa deposition (Bose and Chaudhuri, 1990;
Chakraborty et al., 1998; Bose et al., 2001; Sarkar and Banerjee, 2020). In the transition
from Lower Bhander Sandstone to Sirbu Shale a stromatolite patch, oolitic bars are present
and this is considered as the lower part of Sirbu Shale. The lagoonal environment has been
inferred as its depositional environment (Singh, 1973; Bose et al., 2001, Sarkar et al., 2002).
The upper part of Sirbu Shale consists of shale in some intercalation sandstone beds and
the number and thickness of sandstone increase upward. Gradationally this shale sandstone
intercalation passes into a thick sandstone deposit named Upper Bhander Sandstone. The
upper of Sirbu Shale has interpreted as a storm-dominating shelf (Bose et al., 2001; Sarkar
et al., 2002) and the Upper Bhander sandstone inferred as Fluvio-aeolian and marginal
marine i.e. terrestrial deposit (Bose et al., 2001; Sarkar et al., 2004, 2011; Sarkar and
Banerjee, 2020). Lithological distribution and their corresponding depositional

environment has represented in Table-1.3.
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1.2.3. Tectonic Setting and Sedimentation

As mentioned earlier the Vindhyan basin is one of the largest Purana basins in the
world and covered 100000 km? area. The Vindhyan sediments were distributed from
Rajasthan to Madhya Pradesh, Uttar Pradesh, Bihar, and Chhattisgarh (Fig. 1.1). This
sediment distribution is bounded by the Son-Narmada lineament in the southern margin
and Great Boundary Fault in the northern margin. The Son-Narmada lineament is
continuously present along 1200 km in the Indian sub-continent and separates the
boundaries of Aravalli-Bundelkhand and Dharwar Province (Mazumder et al., 2000;
Achyaryya, 2003). Along with a series of southerly dipping reverse faults (Kaila et al.,
1985), this lineament is directed along the NNE-SSW direction in central India and
periodically reactive during Precambrian (Choubey, 1971). The deep seismic study infers
that this lineament is extended up-to-the Moho discontinuity boundary in the inner earth
(West, 1962; Kaila et al., 1985, 1989; Archaryya, 2003). The western margin i.e. Rajasthan
sector the Great Boundary fault is dipping in NW direction along with the NE-SW trend
(Tewari, 1968; Naqvi and Rogers, 1987; Narain, 1987; Verma, 1991; Srivastava and Sahay,
2003). The Great Boundary Fault separates the Vindhyan basin from the folded
metasedimentary Aravalli Supergroup, the Delhi Supergroup, and Bhilwara Supergroup

(Fig. 1.4).

The Vindhyan basin was initiated its sedimentation with a wide range of basement
and that is Bundelkhand-Aravalli Province (Erriksson et al., 1999; Mazumder et al., 2000).
The variety of Precambrian basement rocks are Bundelkhand granite, Mahakoshal Group
of rocks, Bijawar Group of rock, Gwalior Group of rock, Banded Gneissic Complex (BGC)
and Chhotanagpur Granitic Complex (Fig. 1.4; CGC). The Bundelkhand Gneissic Granite
Complex present in the north western margin of the crescent shaped Vindhyan basin central
India and it separates the entire Vindhyan basin from Rajasthan area to central India
Vindhyan deposit (Fig. 1.4). The Bundelkhand Granite Gneiss Complex is dominated by
Tonalitic-Trondhjemite-Granodiorite and some K-rich granite emplacement within these
(Rogers, 1968; Bandhyopadhya et al., 1995; Eriksson et al., 1999; Mazumder et al., 2000).
The Mahakosal Group is present in the southern and eastern margin of crescent shaped
central India Vindhyan basin (Das et al., 1990; Roy and Bandyopadhyay, 1990; Nair et al.,
1995). Bijawar Group restricted on the northern and northeastern margin of the crescent

shaped Vindhyan, central India (Das et al., 1990; Roy and Bandyopadhyay, 1990). The
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Chottonagpur Gneissic Complex is at the basement of the Vindhyan in southeastern part
and it consists of gneisses, granite and granodiorite (Singh et al., 2001). The Banded
Gneissic complex and Gowalier Group are present as the basement of Rajasthan sector

Vindhyan.

Gangetic alluvium

Fig. 1.4. Structural map of Vindhyan Supergroup (modified after Sarkar and Banerjee, 2020).

There have been different ideas about the tectonic setting of Vindhyan basin (Table
1.4). The presence of the Aravalli, Delhi, Satpura orogenic belt at the boarder of the
Vindhyan basin infer that The Vindyan basin was formed as a periphetral foreland basin
related to southernly diping subduction before the collision of Bhandara and Bundelkhand
cratons (Auden, 1933; Chakraborty and Bhattacharyya, 1996; Raza and Casshyp, 1996;
Chakraborti et al., 2007). The concept of foreland basin was also supported by the Nd
isotope study of clastic and non-clastic sediment deposit within the basin (Chakraborti et
al., 2007). The sediment was verging either north (Charkroborti and Bhattacharyya, 1996)
or south (Chakraborti et al., 2007) direction. However, some workers have proposed this
basin as strike-slip fault basin (Crawford and Compston, 1970; Crawford, 1978). Except
these two concepts, a different view has suggested by most of the workers (Table-1.4)
where the Vindyan basin has been considered as intracratonic rift basin (Choubey, 1971;
Nagni and Rogers, 1987; Kaila et al., 1989; Verma and Banerjee, 1992; Sarkar et al., 1995;
Ram et al., 1996; Bose et al., 1997). Along with these, the observation of Bose et al. (1997,
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2001) i.e. the overall fine grain size and high textural and mineralogical maturity of

sandstone advocated that this basin is a transition of an intracratonic rift to sag basin.

Table-1.4. Tectonic models proposed by previous workers

Tectonic models Authors

Foreland basin Auden (1933); Chakraborty and Bhattacharyya (1996);
Raza and Casshyap (1996); Chakraborti et al. (2007)

Strike-slip basin Crawford (1978)

Syncline Chanda and Bhattacahrya (1991); Chaudhuri and Chanda
(1991); Prakash and Dalela (1982)

Rift basin Choubey (1971); Naqvi and rogers (1987); Kaila et al.
(1989); Verma and Banerjee (1992); Ram et al. (1996)

Intracontinental platform Valdiya (1982)

Rift to sag basin Bose et al. (2001)

The intracratonic Vindhyan sediments were deposited in E-W direction with
westernly opening basin (Chanda and Bhattacharyya, 1982; Chaudhuri and Chanda, 1991;
Sarkar et al., 2004; Chakraborty et al., 2012) have recorded the evolution of initial rift
during deposition of Lower Vindhyan and that converted to sag during Upper Vindhyan
deposition (Bose et al., 2001; 2015). The intracratonic north-south rifting with a dextral
shear at the initial and sag at subsequent stage has revealed after extensive studies of
multiple fronts (Bose et al., 1997, 2001; Sarkar et al., 2002b). However, NW-SE orientation
of several rides has identified in E-W elongated main Vindhyan basin but in upper

Vindhyan these segments was removed at sag stage (Bose et al., 2001).
1.2.4. Paleocurrent distributions

Since from the Auden (1933) many workers have collected the paleocurrent data
from the different part of Vindhyan basin (Banerjee, 1964, 1974; Misra and Awasthi, 1962
and many more). All the paleocurrent study convey that the average paleocurrent direction
is in north-west. The average paleo-slope was remained more or less constant throughout
the Vindhyan sedimentation. The paleocurrent in central and eastern part of the basin is
dominating in north-western direction. The same paleo-current direction i.e. NW is also

following in southern and northern boundary. However, the paleo-current direction of the
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basal sandstone and conglomerate in Deoland Formation is directed along southerly (Bose

etal., 1997).

Along the southern boundary of the basin noted north-easterly direction (Misra,
1969). For the western and northwestern part of the basin paleo-current data are too meagre
to yield a reasonable regional pattern. The paleo-current data obtained by Jafar et al. (1966)
from the Kaimur Group at Chunar and Bhander Group at the Fatehpur Sikri appear to be
extremely significant, as these two locations occur in the northern boundary of the basin.
A NW to NNW and E to ENE paleo-current directions at Chunar and Fatehpur Sikri
respectively indicates that the deeper parts of the basin should exist northwest of Chunar
and east or ENE of Fatepur Sikri. Furthermore, Jafar et al. (1966) suggested that the Lower
Vindhyan sea did not extend much beyond the present northern limit, but in the following

Kaimur time the sea extended far beyond submerging the Bundelkhand massif.

It appeared that the suggestions made by Jafar et al. (1966) and Banerjee (1964) are
more or less identical. Whereas Jafar et al. (1966) conceived of northward regression of the
southern shoreline, Banerjee (1974) on the basis on his paleo-current data coupled with
isopach data suggested that the zone of maximum accumulation of sediments in the eastern
part of the basin shifted towards the northern part with time. The regional paleo-slope was
north-westerly in the Son valley and Bundelkhand sector (Bose et al., 2001) and westerly

in Rajasthan sector.
1.2.5. Vindhyan biotas

The un-metamorphosed and mildly un-deformed Vindhyan basin deposit consists
of wide variety of ancient life forms. The fossils are mainly organo-sedimentary structures,
carbonaceous mega-fossils, micro-fossils, Ediacara fossils and several trace and body
fossils (Table-1.5, 1.6, 1.7). However, some of the fossils provide the age of the deposition
associated with fossils but some the ages conflict with the deposition of Vindhyan

Supergroup.
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Table 1.5. Stromatolite reported from the Vindhyan Supergroup and its age implication
Name of the | Stromatolites Authors Age
Members
Sirbu Shale | Colleniabiacalica, Prasad and Middle to upper
Colleniacolumnari, Ramaswamy Riphean
Colleniaburiatica, (1980);
Colleniabaicalica Prasad (1984)
Bhander Colleniasymmetrica, Rao et al. (1977); | Upper Riphean (900-
Limestone Baicaliabaicalica, Kumar (1967a); | 600 Ma)
Maihariamaiharensis, Sarkar (1974);
Colleniaundusa, Kumar (1982)
Tungussia, Boxonia
Rohtas Colleniakusiensis, Sharma (1996); | Middle Ripjean
Limestone Colleniacolumnaris, Singh and
Conophytoncylindricus, Banerjee (1980)
Colleniabaicalica
Koldaha Collenia cylindrical, Kumar (1976b) Lower Riphean
Shale Colonellacolumnaris,
Colleniaclappii
Kajrahat Conophytoncylindricus, Prasad (1980) Lower Riphean
limestone Colleniakusiensis, Prasad (1984)
Cryptozonoccidentale, Kumar (1982)
Colonnella sp., Kumar and
Colleniafrequence, Gupta (2002)
Conophytoninclinatum,
Kussiellakusiensis,
Kussiella, Colonnella

The organo-sedimentary structures represent Stromatolite and microbilites. The
Stromatolite and microbialites are the organo-sedimentary infer the interaction between
benthic microbial communities and detrital or chemical sediments. However, the
stromatolites and other organo-sedimentary structured has used as bio-stratigraphic profile
though some of them are time and space constrain (Raaben, 1969, 2005; Kumar, 1978,
1980; Raha and Sastri, 1982). The stratigraphic units of Vindhyan Supergroup contain
some specific species (Table-1.5). The Lower Vindhyan Group is constricted with
Conophyton, Colonnella and Kussiella species whereas Upper Vindhyan Group is

dominating with Baicalia and Tungussia. In comparison between Lower and Upper
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Vindhyan species the Conophyton was entirely absent in Upper Vindhyan. Based on the
age of species the Lower Vindhyan is restricted in Late to Middle Riphean age (1600-1400
Ma and 1400-1000 Ma) whereas workers proposed Middle to Upper Riphean age (1400-
1000 Ma and 1000-650 Ma) for the Upper Vindhyan Group (Kumar, 1984; Kumar et al.,
2005). However, some of the species are restricted in Precambrian but some of them are
still found in modemn sea like Conophyton is only found in Precambrian record but
Cryptozon also present in modern intertidal sea (Logan, 1961). Along with the age
specification, some of the species are used to identify the depositional environment. But
some of the workers has questioned on the bio-stratigraphic application based stromatolite

(Davaud et al., 1994; Altermann, 2002, 2004).

Along with the identification of wide varieties organo-sedimentary structures,
Stromatolite, carbonaceous mega-fossils a large number of microfossils also have been
reported from both argillaceous and carbonates deposit of Vindhyan Supergroup. However,
most of the microfossils are belong to cyanobacterial group but few eukaryotic acritarch is
also found in Vindhyan Supergroup. The microfossils reported from the Vindhyan
Supergroup infer that the Semri Group was deposited during Mesoproterozoic and the

Upper Vindhyan was deposited in Neoproterozoic.

With all of the fossils some Ediacara fossils has reported from the Vindhyan Supergroup
though there is confusion about its originality i.e. these may not true Ediacara. The
Ediacara fossils which are reported from Vindhyan Supergroup are Ediacara flindersi,
Cyclomedusa davidi, Medusinites, Medusinites asteroids, Dickinsonia and Beltanelliformis
brunsae. Kathal (2000) reported an Ediacara genus and compared with Spriggina
floundersi. However, Kumar (2001) suggested these are as weathering features. After that
fossils have reported as problematic Ediacara fossils by Schmidt (2003) and De (2003).
The recent radiometric dating has been questioned on all of these reported fossils and they
have compared with microbial mat related structures (Seilacher, 1997; Banerjee et al.,

2010; Sarkar et al., 2006, 2014, 2018; Sarkar and Banerjee, 2020; Choudhuri et al., 2020).
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Introduction

Chapter-1
Except these fossils some trace fossils have also been reported from Vindhyan
deposit (Kumar, 1978; Kulkari and Boarkar, 1996a). However, these trace fossils have
clarified as cracks, synerasics cracks on mat induced sandy beds (Banerjee, 1997; Seilacher
et al., 1998; Seilcher, 1997, 2004; Singh and Sinha, 2001; Sarkar et al., 2004). Like these
Seilacher (1997) infer gas escape structures and impression of algae and microbial mat
which was earlier reported as burrow by Kulkarni and Borkar (1996b). Diverse trace fossils
like things are reported by Sarkar et al. (1996) and Seilacher et al. (1998), and metazoan
life by Rasmussen et al. (2002, 2004) have questatied on Precambrian life and metazoan

evolution.
1.3. Scope of Works

The objective of the present thesis is to deal with the sedimentalogical and
geochemical aspects of some of the units across the boundary between Lower and upper
Vindhyan. The major focus of the thesis is the Rohtas Limestone, confined between the
unconformity and Rampur Shale. The Lower Quartzite/ Sasaram sandstone, basal deposit
of Lower Kaimur rest on the unconformity surface and not reported so far from this part of
the studied area has been discussed. Though these two members has been studied in detailed
but the author has also considered the Lower Bhander Sandstone member of the Upper
Vindhyan Group to theorize the formation of glauconite apparently in a shallow water
condition in epeiric sea. Detailed field works were carried out to understand sedimentation
dynamics and sequence building pattern within the studied Rohtas Limestone, Lower
Quartzite (Fig. 1. 5) and Lower Bhander Sandstone. Classification of different facies and
their associations has carried out on the basis of lithology, primary sedimentary structures,
body geometry and lateral and vertical continuity, their contacts with the surrounding
bodies. Depositional mechanism, paleogeography and the sequence building pattern have
emerged from all these primary studies. Pictorial representation of the paleocurrent data
and their interpretation strengthen the paleogeographic contention. The study of facies and
facies association of Lower Quartzite in lateral and vertical continuity revels similar
stratigraphy throughout Vindhyan for upper Vindhyan. The sedimentation on unconformity
infer reinitiating basin after a long hiatus. Dealing with the facies and soft sediment
deformation structures afforms a good opportunity to identify the actual triggering agents

which play a major role on the soft sediment deformation structures.
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Potential preservation of glauconite in Lower Quartzite and Lower Bhander
Sandstone not only documentation of abundance glauconite during Proterozoic, in
opposition of less abundance glauconite in Precambrian time also deal with the genesis of
glauconite. The origin of glauconite interprets about the sea water chemistry and paleo-
redox condition in Proterozoic time. The sub-oxide condition in favor of glauconitization
discuss how sea level fluctuation and basin subsidence, phenomena of epeiric sea play

important role on glauconite formation.

Extensive geochemical analysis XRF, ICP-MS of chert layer on top of Rohtas
Limestone deals with the chertification process. The present approach on chertification
pointed out the importance of silica source, pH of fluid and temperature of fluid where
earlier believe was sea water and meteoric water interaction can form chert. The newly
developed triple oxygen isotope study to estimate the paleotemperature and ancient
hydrosphere in studied chert suggest about paleotemperature as modern earth. Considering
an extensive literature survey a likely model of chertification process and paleotemperature

during the Mesoproterozoic time has been inferred in the present deliberation.
1.4. Materials and Methods

The fieldwork and geochemistry of the samples are the mainstay of this work. In
course to facilitate this field work the essential equipments are geological hammer (East
Wing, USA made, length 35 cm), chisel, magnet, hand lens, diagonal scale, permanent rock
marker, knife, measuring tape, clinometers, brunton compass, abney level, camera, GPS
(MAP76CSX with PC interface cable and accessories), rock cleaning brush, acid (for
carbonate testing) etc. Numerous rock samples were collected and packed within zipped
plastic satchel for petrographic study under microscope. From the collected rock samples,
thin sections preparations were also implemented in the sedimentology laboratory,
Department of Geological Sciences, Jadavpur University. Petrographic analysis including
modal proportions and grain-size analysis were performed in computerized transmitted
light petrographic microscope (Leica DM LP with 1.6X, 4X, 10X, 20X 50X & 100X
magnifications specially attached Leica DC 320 image analyzer and point counting system
with CVS PETROG software) placed in the Sedimentology Laboratory and facilitated the
work enormously. Vertical litho-logs, different types of maps, models, rose-diagrams,
figures and sketches and geochemical plots were erected. Computer software like Adobe

Photoshop CS4, CorelDraw X5, Open rose, Microsoft Office 2007, PCPDFWIN and
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Google Earth were used for these reconstructions and data processing. Systematically
collected and processed samples of rock specimens along with glauconites and chert (silica)
went through different types of geochemical analysis in different national and international
academic institutions and international professional laboratories. Samples were analyzed at
IISER Kolkata for XRF, IIT Bombay for major element oxide concentration (EPMA), IIT
Kanpur for REE and trace element concentration and chert chemistry (triple oxygen
isotope) study respectively. All the instruments specifications and analytical processes are

described below:
1.8.1. X-Ray Fluorescence analysis

Samples were analyzed using the Wavelength Dispersive X-ray Fluorescence
(WDXRF) S8 Tiger (4Kw) from Bruker-AXS, Germany at the Indian Institute of Science
Education and Research Kolkata and 4 grams of fine grained (less than -200 mesh size)
ground sample was measured and it was mixed with the help of mortar with binder Boric
acid in 4:1 ratio. This mixture was mixed thoroughly and then was carried within aluminum
cups to be pressed under 15-ton hydraulic pressure for 20seconds. Two standard reference
materials, MESS-3 (Certified Reference Material, CRM) certified by National Research
Council of Canada (NRC - CNRC) and USGS geochemical reference material SDC-1, were

analyzed with each batch of unknown samples to determine accuracy of analyses.
1.8.2. Electron Probe Micro Analyzer (EPMA)

Major element concentrations of glauconite were estimated in thin sections using a
Camera SX 5 Electron Probe Micro Analyzer at Department of Earth Sciences, Indian
Institute of Technology Bombay, with following specifications: accelerating voltage 15 kV,
specimen current of 40 nA and beam diameter of 1um (peak: 10-20s and background
counting: 5-10s) and analytical error less than 1%. Standards include both synthetic and
mineral phases. Glauconite pellets were separated from the lightly crushed rocks using
Zeiss Stemi 2000 stereo zoom microscope for geochemical and mineralogical analysis.
About 0.1 gm of glauconite pellets was powdered and ultrasonicated for the preparation of
smear mounts. These smear mounts were scanned from 1° to 70° (step size—0.026° 20),
using the nickel filter copper radiation at a scan speed of 96 secs/step in an Empyrean X-

Ray Diffractometer with Pixel 3D detector at Department of Earth Sciences, Indian Institute

27



Introduction
Chapter-1

of Technology Bombay. The Fe**/Fe™ ratio of glauconite pellets was measured by the
titration process (cf. Kelly and Webb, 1999).

1.8.3. Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS)

The trace element and REE concentration in each powdered samples were analyzed
by ICP-MS at Department of Earth Sciences Indian Institute of Technology, Kanpur.
Approximately 0.25 gm of powdered samples was digested in pre-cleaned Teflon beakers
at 130 + 5°C using a mixture of trace element grade HF (3 parts) and HNO3 (1 part) for 48
hours. Each digested samples were dried and re-dissolved in concentrated 2 ml of aqua
regia. Concentrated HNO3 was used for complete digestion of the residual organic matter.
Trace element concentrations were determined at ~200 ppm total dissolved solid solutions.
Three procedural blanks, Reference Materials SBC-1 and SCO-1 (shale), SRM-2704 (river
sediment), and SRM 2709a (soil) from US Geological Survey (USGS) and WGB-1
(Gabbro) rock standard from Canadian Certified Reference Material Project were also
digested following the same procedures. Multi elemental standard solution diluted to 7
appropriate concentrations was used to construct the calibration curve, and trace element
concentrations were determined based on the calibration curve. All the samples and
standards were spiked by ~5 ppb Rhodium solution, and rhodium was used as an internal
standard. The instrument (8900 Triple Quadrupole ICP-MS) was run both in standard and
He Kinetic Energy Discrimination mode to optimize the separation of measured isotopes
from interfering polyatomic interferences. The final concentrations were blank — corrected
using the average procedural blank concentrations and matrix effect was corrected by in
normalization. The measured trace element concentration of reference materials agrees well

with the USGS certified values.
1.8.4. Oxygen isotope analysis by Laser Fluorination

The oxygen isotope composition of chert samples was measured by laser
fluorination (Sharp, 1990) in combination with gas chromatography and gas source mass
spectrometry. Details regarding the current system were described in (Pack et al., 2016).
Samples were treated with 10% HCI in order to remove carbonates, which constitute a
major contaminant in some of the samples. San Carlos olivine (Pack et al., 2016; Sharp et

al., 2016; Wostbrock et al., 2020) and Gore Mountain garnet (UWG-2 (Valley et al., 1995))
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were used as standards. The uncertainty (obtained from the 1 S.D. external reproducibility

of the olivine and garnet standards) was 0.3 %o or better for 8'%0 and 0.01%o for A"'70O.
1.8.5. Isotope notation

In this study, we summarize the triple oxygen isotope notations as follow. Isotopic
abundance ratio is reported here in both standard and linear notations. The standard

denotation is defined as (McKinney et al., 1950):

()
oté sample

()
ole standard

8%0 = —1]*1000 equation 1.1

Where X is the heavier isotope (18 or 17). We calculate chert oxygen isotopes (5'%0 and
5'70) relative to the VSMOW and SLAP, two important standards created by International
Atomic Energy Agency, Vienna (IAEA) for reporting oxygen isotope ratios. The

equilibrium fractional (o) relation between 'O and 7O by (Sharp et al., 2016):

ol7 ol8
olé — (016 Osilica—Water cccecceeeee 1
silica—water — (asilica—water) equatlon 1.2

17 _ 18 :
ll’1(0(silica—water) = Ogilica—water * IN(Asilica—water)——-------- equation 1.3
where
18
018 (_O )sili
o6 ‘016 silica
O(silica—water 018
(W)water

The 0 is the isotope effect of '*O compared to '’O for a specific reaction. =0.5 for
equilibrium and kinetic reactions (Craig, 1957), and at this value the §'’0 vs. 830 plot
shows a nearly linear relationship (Clayton, 2003; Rumble et al., 2007). Recasting the
8'70 and 8'%0 variation express by (Miller, 2002):

X
§%0 = 1000 * In (= + 1) equation 1.4

where x is either 17 or 18 (as in 'O or '30). In linearized notation the equilibrium

fractionation equation between two phases (silica and water) is:
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1000 1n(o‘g(ilica—water) = 6™ Ogitica — 8 Owater——--- equation 1.5
We define 0 for triple oxygen isotope calculation as (Sharp et al., 2016):

117 117

e _ ) osilica“s Owater
silica—water —

8'1805;1ica—8'*®Owater

equation 1.6

The A’170 is denoted as (Sharp et al., 2016):

A0 =80 =gy 880 + equation 1.7

Where RL is the reference line, Arr is expression of reference line slope and vy is the y-
intercept. The we define small deviations from the reference line in form of A’'70, using

the data Ar1.=0.528 and y=0 (Sengupta et al., 2020; see details in Materials and Methods)

to.
sample 51705ample Slgosample .
A0y e =103 % 1In (M + 1) —0.528 x 103 x In (M + 1)——equat10n
= 1000 1000
1.8

The fractionation '*0/!°O between silica and water has summarized by equation 9 (Sharp

etal., 2016):

018
o016 4.28x10°%  3.5x10° .
* = —_
1000 * Inoc; -~ warer = T equation 1.9

Sharp et al. (2016) expressed the temperature dependence 6 to:

eequilibrium _ —(1.85%0.04)
silica—water —

+ 0.5305----------mmmmeee equation 1.10
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1.5. Organization

The organization of this dissertation follows the scope of works that have been
outlined above. The present chapter has introduced the geological information of the
Vindhyan Supergroup (i.e. tectonic setup, stratigraphy, age, paleogeography, paleoclimate,
paleocurrent, and biotas), goal of this thesis with scope of works and materials and
materials in more emphasis of the Rohtas Limestone, Lower Quartzite/ Sasaram Sandstone
and the unconformity between Upper and Lower Vindhyan. The entire work of this
dissertation has been discussed in three parts. In Part-1, I have discussed the detailed facies,
facies association and depositional environment including the previous work done by
earlier workers. In this part from Chapter-2 to Chapter-3, facies and facies associations
have emphasized in the following order Rohtas Limestone, and Lower Quartzite/ Sasaram
Sandstone. The special interests of the studied sedimentary units have detailed in the Part-
IT i.e. from chapter-4 to chapter-9. The summary and conclusion of this dissertation have

been discussed in Part-II1I, chapter-10.
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Facies analysis and Depositional environment in parts of

Rohtas limestone and Lower Quartzite
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Facies analysis and Depositional environment of Rohtas Limestone
2.1. Introduction

Rohtas Limestone Member, the top most stratigraphic unit of the Lower Vindhyan
is entirely composed of carbonate rocks. This stratigraphic unit overlies on the Rampur
Shale (basal member of Rohtas Formation) and underlies by an unconformity which
demarcate the boundary between the upper and lower Vindhyan. The U/Pb dating from the
Rohtas Limestone infer that the limestone was deposited during 1599+48 Ma (Rasmussen
et al., 2002; Ray et al., 2002, 2003; Sarangi et al., 2004; also see Table 1.2). The contact
between Rohtas Limestone and Rampur Shale is gradational (Bose et al., 2001; Banerjee
et al., 2005, 2006; Banerjee and kumar, 2007; Sarkar and Banerjee, 2020). The uppermost
Im. of the Rohtas Limestone is chertified followed by the unconformity (Chakraborty and
Bose, 1990; Bose et al., 2001; Chakraborty, 2007; Mandal et al., 2019, 2020; Sarkar and
Banerjee, 2020). Although, a number of studies has been carried out on the Rohtas
Limestone (Chakraborty et al., 1996; Bose et al., 2001; Banerjee et al., 2005, 2006;
Banerjee and kumar, 2007; Sarkar et al., 2018; Sarkar and Banerjee, 2020) but state-of art
facies analysis is still pending. Thus interpretation of depositional environment is a puzzle.
Chakraborty et al. (1996) interpreted the depositional of Rohtas limestone as deep marine
origin but shelf to inner shelf depositional environment has also been proposed (Bose et al.,
2001; Banerjee et al., 2005, 2006; Banerjee and Kumar, 2007). The oxygen and carbon
isotopic study from the Rohtas Limestone also support the shallow marine origin (Banerjee
et al., 2005). Keeping these views in mind a 57 km. stretch of Rohtas Limestone extending
from Bhadanpur to Bhagwar, M.P. has been chosen for the present study (Fig. 1.5 in the
locality of L3, L7, Lg and Lo). Both temporal and spatial variations have been considered to

get a better view regarding the depositional environment and related issues.
2.2. Facies and Facies association

The Rohtas Limestone is well exposed in the studied stretch between Bhadanpur
and Bhagwar (ca 57 km). Detailed state -of -art facies analysis considering the spatial and
temporal variations revel two dominating facies association in the studied stretch of Rohtas
limestone. Each of the facies association also consists of numbers of facies (Fig. 2.1).

Description and interpretation of each facies within facies association is as follows.
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Fig. 2.1. Lithological log of Rohtas limestone. Note the characteristic primary sedimentary structures
associated with facies association I (a) and IT (b).

2.2.1. Facies association I (Restricted shelf):

This facies association is constricted in the basal part (ca. lower 40m) of Rohtas
Limestone. Although, limestone starts to deposit with alternation of grey/black shale of the
underlying Rampur shale, we have not consider the black shale in the present study. This
facies association is constituting of the facies namely rhythmic alternation of dark and light
planar laminations, crinkly lamination, ripple laminations and edgewise conglomerate (Fig.

2.1a). Description and interpretation of each facies as follows.
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2.2.1.1. Alternating dark and light color planar laminated facies (FI1)

Rhythmic alternation of mm scale planar laminated dark and light layer is the major
characteristics of this facies with numerous pockets of breccia (Fig. 2.2a). This facies is
entirely composed of micrite. The thickness of the layers is generally uniform though closer
scrutiny reveals that there are minute variations. Some small scale scour marks are
observed occasionally at the base of light layers (Fig. 2.2b). Usually, planar lamination
dominates but occasionally small scale ripples are also observed within these light layers.
Sharp bases of the lighter strata often selectively bear minor irregularities in the form of
load features (Fig. 2.2¢). Internally, the lighter layers commonly bear sub-millimeter thick
planar and wavy laminae, but small-scale cross-laminae are also present locally. The dark
layers, in contrast, appear massive or crinkly laminated, both in field and under microscope.
Under the microscope, the dark layers appear micritic, while the lighter layers are made up
of microsparite. The contacts between dark and light layers are sharp but under microscope
it reveals that the upper contact of the lighter layer gradationally passes into the dark layers.
The domes like structures are common appearance at the top of the dark layers (Fig. 2.2d,
¢). Some cracks are also associated with this facies (Fig. 2.2, g). The cracks are varying in
length between 15 to 25 cm having their maximum depth ca. 2cm. They never cross cut
each other. Within the dark layers, abundant of cubic isotropic minerals have observed (Fig.
2.2h). The EDS data confirms the isotropic minerals are pyrites. Different types of
Microbial mat related structures (MRS or MISS) viz., wrinkle structure, elephant skin
structure, pustules, domes and Astropolithon, are associated with these dark layers (2.3a.
b, ¢, d). The Raman Spectroscopic data show high kerogen content within these dark layers

(see Sarkar et al., 2018).
Interpretation:

The rhythmic alternation of dark and light laminations infers very calm and quite
environment (Sarkar et al., 2014; 2018). The preservation of wavy crinkly laminations
suggests the microbial mat growth during this deposition, within photic zone and very low
sedimentation rate. The cubic pyrite grains in association of this also supports calm and
quite deposition and, suggest an anoxic condition generation in this environment. The sharp
and erosional scale scour at the boundary of lighter layer suggest higher energy flow
compare to darker one. The mound like structures on the bedding plane has compared to

gas dome structures (Bouougari et al., 2007; Bottjer and Hagadorn, 2007). These bulbous
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structures are compared to gas escape as microbial mat growth in dark layers generate this
gas due to degradation of microbial mat structures (Bouougari et al., 2007; Bottjer and
Hagadorn, 2007). The desiccation cracks on bedding surface infer exposure of the

depositional site. The non-cyclic alternation of dark and light layer discard tidal influence

during deposition.

Fig. 2.2. Rhythmic alternation of dark and light planar laminated facies (a, b; length of knife 8 cm and scale
length 15 cm; note the sharp boundary of light layer on top of dark layer), gas dome structure on bedding
surface of alternative dark and light layer (d, e; knife length 8 cm, bar length 10 cm), light layers consisting
of load structures on dark layer (c, length of marker cap 5 cm), desiccation cracks on bedding surface (f, g;
scale length 15 cm), cubic pyrite grains under microscope (h).
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Fig. 2.3. Crinkly lamination on the bedding surface of alternative dark and light layer (a, b; bar length 15 cm),
pustules on bedding surface and prized open surface as well (c, d; length of knife 8 cm), crinkly lamination
(e, knife length 8 cm), divergence and convergence pattern in crinkly lamination (f).

2.2.1.2. Crinkly laminated facies (FI2)

The crinkly lamination facies are grey to buff in coloured and tabular in geometry.
The Crinkly laminated fine-grained with occasional clusters of up-building are the next
dominating facies present in this association (Fig. 2.3¢). Maximum thickness of the facies
is 20 cm. This facies is characterized by mm thick crinkle laminations. Laminations are
dark in color composed of fine-grained carbonate mud. Both divergent and convergent
pattern of thin dark laminae is observed under microscope (Fig. 2.3f). Pyrite grains are
frequently observed in these facies as well. In a lateral continuity these facies has changed

into the intraclastic breccia facies (discussed later).
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Interpretation:

The crinkly lamination infers the intact microbial mat layers (Banerjee et al., 2007).
Microbial mat growth suggests the depth of deposition within photic zone. Very fine grain
deposition indicates suspension deposition in absence of any strong current. The presence

of pyrite grains suggests anoxic deposition and support lack of agitation.

2.2.1.3. Flake Conglomerate facies (FI3)

These intraclastic conglomerate beds have appeared in lenticular fashion, shows
flake like carbonate intraclasts (Fig. 2.4; Tucker, 1982; Sepkoski, 1982). The constituent
clasts are internally planar laminated, tabular in shape and generally have beveled edges.
The average maximum clast length is about 17 cm. The thinner beds are broadly lenticular,
whereas beds thicker than about 20 cm show strong lenticular geometry with flat bases and
irregular convex upward tops. Steeply inclined clasts, often stacked up in clusters, laterally
give way to gently inclined clast assemblages (Fig. 2.4a; Banerjee et al., 2005). They are
either clast or matrix-supported (Fig. 2.4). This facies is associated with alternating dark

and light planar lamination and crinkly laminated facies. In a lateral transition this facies

transit to their associated facies. The intraclasts are vertical to sub-vertical in orientation

(Fig. 2.5a, b, ¢, d, e, f; Sarkar et al., 2018).

Fig. 2.4. Flake conglomerate beds with wedge shaped geometry (a, bar length 15 cm; b, bar length 35 cm; c,
scale length 15 cm). Note the transition of conglomerate to alternative dark and light layer. Also note vertical
to bed parallel orientation of platy clasts.

A\
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Interpretation:

Highly angularity of the clasts and similar composition of clasts and matrix infer
they have not transported much. The miss-match boundaries of clasts support very less
transportation or its origin position. The association of FI; and FI, lateral transition to FI,
and FI and similar type of clasts as FI; infer that these beds have formed from either FI; or
Fl,. However, this sorts of clasts arrangement suggests fluid expulsion by storm
pounding/wave pounding, seismic jerks, slope failure and sea level fluctuations (Mount and
Kidder, 1993; Myrow et al., 2004; Chen et al., 2009, 2011; Van Loon et al., 2013). The
chaotic nature and vertical to sub-vertical orientation of the intraclasts suggest the collision
between intraclasts shearing, rotational movement (Mount and Kidder, 1993), but the
association of this facies deny to accept this processes. The formation of these beds may
generate because of the gas expulsion process (Sarkar et al., 2018) as the FI; and FI» facies
contain huge amount of microbial mat and due to degradation of the microbial (Bouougari
et al., 2007; Bottjer and Hagadorn, 2007). The orientation of vertical to sub-vertical can

also explained by gas expulsion path.

2.2.1.4. Ripple laminated facies (FI4)

This facies is characterized by asymmetric ripple laminations with preserved ripple
forms on bed surface (Fig. 2.5g, h). They are straight crested, broadly sinuous and locally
bifurcated. Few flat crested ripple has also identified. The thickness of the ripple
laminations varies. It is composed of calc-arenite. The average wavelength and amplitude
of ripple is ca. 3 cm and 5 mm. The basal part of the ripples is very irregular and some
small scours have also observed. Lateral discontinuity of these ripples have identified as

starved ripple (Fig. 2.5h).
Interpretation:

The different sets of ripple, bifurcating ripple crests and bimodal cross-stratification
infer wave influence in the depositional site. Flat crested ripples indicate strong shear action
within the flow and very shallow water deposition. This facies likely to be deposited in a
shallow water condition under the wave influence. Starved nature of ripples suggest limited

sediment supply.
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Fig. 2.5. Different shapes frme by clstering of clasts and note the shape, size of clasts (a, hammer length
35 cm; b, scale length 15 cm; ¢, marker length 15 cm; d, scale length 15 cm; e, marker length 15 cm; f, bar
length 15 cm), symmetric wave ripple (g, h, scale length 8§ cm).

2.2.2. Facies association II (Open shelf):

The facies association II lying above the Facies association I is entirely different
with respect to sediment characteristics and primary structures. However, in between Facies
association I and II there is a laterally continuous soft sediment deformation layer

(discussed later). The facies association is consist of the following facies:
2.2.2.1. Hummocky cross-stratification facies (FII1):

This facies is entirely composed of calc-arenite with hummocky cross-
stratifications (Fig. 2.6). The amplitude and wavelengths of the hummocks are, on average,

8.5 cm and 21 cm respectively. The bases of the calc-arenites are invariably sharp while
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their tops are less sharp or even gradational (Fig. 2.6a). These beds have concave/ flat base
and convex-upward top with erosional structures at the base (Fig. 2.6a, ¢). Sole of the beds
are characterized by small scale gutters, flute casts, prod marks (Fig. 2.7a). Occasionally
some clastic beds are present at the basal part of the facies (Fig. 2.6a, 2.7b). The average
thickness of this facies is ca. 50 cm. Hummocky cross stratifications are

overlying/underlying planar laminae and ripples at the top part also observed (Fig. 2.6b, d).

Interpretation:

Preservation of hummocky cross-stratifications indicates deposition under the
influence of oscillatory flow possibly during storm surges (Walker and Plint, 1992; Harms

et al., 1975). The basal scour, flute casts at base have formed when storm build up approach

the peak stage. Gradual transition from hummocky cross-stratification facies to ripple

~ g o it - e v v €]
Fig. 2.6. Field photographs of hummocky cross-stratified facies. Symmetric nature of hummocks and its
appearance on flat pebble conglomerate (a, hammer length 35 cm), appearance of hummock facies with sharp
and erosional base on planar laminated facies (b, hammer length 35 cm), cross-cutting of hummocky by
another (c, knife length 8 cm), asymmetric hummocky (d, hammer length 35 cm), amalgamated nature of
hummocks (e, hammer length 35 cm).
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2.2.2.2. Flat pebble conglomerate facies (FII2):

This facies forms isolated bodies restricted within some stratigraphic interval (Fig.
2.1). They are persistent compare to the flake conglomerate facies associated with facies
association I. The constituent clasts are internally planar laminated, tabular in shape and
generally have beveled edges (Fig. 2.7¢c, d, e, ). The clasts generally lie bed-parallel, with
few occasional imbrication (Fig. 2.7¢c, d). The beds generally have their bases planar and
sharp locally loaded and in some other cases erosional, concave upward. The
conglomerates are both clast and matrix-supported (Fig. 2.7c, d, e, f). Occasional normal
grading is noticed in some beds. The most striking aspect of the thick beds is edgewise clast
fabric in chaotic as well as fan shaped arrangement in some conglomerates (Fig. 2.7f). This
facies is graded to massive calc-arenite facies or hummocky cross-stratified facies (Fig.

2.6a, 2.7a).
Interpretation:

Compositional similarity between clasts and matrix infer that this conglomerate
beds formed by intrabasinal sediments. Sharp, erosional base of this bed suggest high
energy flow. Bed parallel orientation of high matrix strength within flow, whereas
imbrication of clasts corroborates strong flow. Matrix supported to clastic supported
conglomerates are the indication the flow transition. This facies grading to hummocky
cross-stratification and/ or massive beds infer storm pounding on earlier deposit and pick

up the clasts from se floor.
2.2.2.3. Massive calc-arenite facies (FII3):

Absence of any primary sedimentary structures, coarse grain has differentiated
these facies from the other facies present in this association (Fig. 2.7c, d, e, f). Basal part
of this facies is very irregular and sharp compare to its upper part. Gutters, bipolar prod
marks and flutes are present at the sole of this facies (Fig. 2.7g, 2.8a). The massive beds
often grade upward into planar laminated beds followed by -cross-stratifications.
Occasionally this facies grades into either hummocky cross-stratification or ripple
laminated facies. Conglomerate beds are common at the base of the massive beds as well

as along the cross stratifications The average thickness of the facies is ca 22cm.
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Fig. 2.7. Conglomerate bed at base of hummocky beds and transition to ripple (a, scale length 15 cm), flute
and tool marks at the sole of these beds (b, scale length 5 cm), flat pebble conglomerate at base and massive
beds on top with sharp and erosional base (c, d, hammer length 35 cm; e, hammer length 15 cm), protrusion
of clasts on massive bed (f, knife length 8 cm), numerous tool marks at the sole of massive bed (g, bar length
10 cm).

Interpretation:

Preservation of massive beds infer very rapid rate of sedimentation. Amalgamation
of these beds suggests the high-density flow The sharp erosional base and sole marks
indicates higher energy flow. All of these characteristics and the associated bed infer

episodic storm surge deposition.
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Fig. 2.8. Flute casts at the sole of massive bed (a, scale length 15 cm), small scale cross-stratification (b,
hammer length 35 cm), planar laminated facies (c, hammer length 35 cm), desiccation cracks on the bedding

surface of planar laminated beds (d, knife length 8 cm).

2.2.2.4. Ripple lamination facies (FII4):

This facies is composed calc-siliciclastic to micritic grain and cm scale cross-
stratification with preserved ripple form on the bed surfaces (Fig. 2.8b). The average height
and spacing of these ripples are 4cm and 12cm respectively. The ripples have their crests
straight or broadly sinuous and locally bifurcated. Basal part of ripples has preserved some
small erosional evidence. This facies is present at top part of hummocky cross-stratification

and massive calc-arenite facies.

Interpretation:

Bimodal distribution of cross-lamination and crest bifurcation infer that the
deposition took place in a wave dominated environment. Its appearance on top of

hummocky cross stratification or massive calc-arenite facies indicates winging of flow.

2.2.2.5. Planar laminated facies (FIIs)
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The facies is characterized by calc-arenite lithology and dominated by plane
laminations (Fig. 2.8b). The maximum thickness of the facies is ca. 1 m. This facies grades
from massive facies or hummocky cross-stratified or ripple laminated facies (Fig. 2.8c).

Bedding surface of this facies consists of numerous dissication cracks (Fig. 2.8d).
Interpretation:

This facies infer low energy suspension deposition. Dissication cracks on bedding
surfaces indicates frequent subaerial expose. Depositional of this facies on high energy

storm suggest that this planar lamination facies may have deposited as waning flow of flow.
2.3. Depositional environment and Paleogeography

Abundance of micrite deposition in this facies association infers that depositional
site was dominated by suspension load deposition in a tranquil environment. However,
minor scour at the basal part and small-scale ripple preservation within the light color
planar laminated limestone facies signify presence of traction current domination during
the deposition of the facies. The presence of flake conglomerate with edgewise arrangement
of the clasts suggests erosive storm-driven combined flow is the most likely agent to
produce the edgewise conglomerate beds in the marine Rohtas Limestone (Mount and
Kidder, 1993, Banerjee et al., 2005). The straight crested and bifurcated ripple laminations
present at the bed tops infer presence of wave within the depositional system. But the lateral
discontinuities of ripples infer the low rate of sediment supply in the depositional site. The
abundance of pyrite grains within the alternating dark and light planar laminated and
crinkly laminated facies infers that depositional site prevailed anoxic condition. The crinkly
laminations and kerogen content in dark laminas supports the microbial mat domination in
the depositional site (Sarkar et al., 2018). The cyclic deposition of organic rich dark laminae
in an alternation with light laminae infers cyclic change of depositional process. The
desiccation cracks on the bedding surface of alternate dark and light planar laminated facies
interpret subsequent exposer of depositional site. All the facies present in this association
indicate that they were plausibly deposited in a restricted shelf which exposed
intermittently and wave, however, feeble it is occasionally reworked the sediment within
this restricted shelf. Beside the depositional sites also interfered by storm currents

occasionally.

47



Facies &.... of RLM
Chapter-2

Most of the facies distributed in this Facies association indicate that the they are
likely to be deposited in an open marine wave agitated condition. Abundant distribution of
calc-arenite with cross stratification, and intraclastic beds convey deposition took place
both by traction and suspension load. The calc-arenitic carbonate deposits encased within
calc-micrite and calcisiltite seems to have been laid down by episodic storm originated
wave-cum-current combined flow (Dott and Bourgeois, 1982, Sarkar et al., 1996, Banerjee
et al., 2006), although determination of grain types is difficult at times due to pervasive
recrystallization. Bedding is characterized by planar lamination, hummocky cross-
stratification, wavy-bedding, and ripple and cross-bedding. Hummocks have wavelengths
of up to meter scale indicate deposition open marine setting, within storm wave base
(Dibenedetto and Grotzinger, 2005; Banerjee et al., 2005; Sarkar et al., 1996). The presence
of hummocky cross-stratification with erosional base and abundant sole structures indicates
substantial storm activity within the depositional basin. The flat pebble conglomerate facies
with erosional base below these facies also supports the conclusion. The presence of
massive beds in association of these two facies indicate high rate of sedimentation during
the high energy events. The plane laminated facies appear to be product of sheet flow under
high energy depositional regime. The ripple laminated facies present on top of hummocky
cross-stratification or massive beds respectively signify deposition from the wanning stages
of the storm events. The facies are composed of calc-arenite and micrite also support that
they are the product during waning stage of the storm flows. The edgewise conglomerates
have a striking similarity with those reported from high energy environment (Dionne,
1971). The clast-supported, platy, intra-clast grainstones and pack-stones occur as sheet-
like beds or as isolated lenses with flat bases and mounded tops, showing polygonal packing
of clasts. These features indicate deposition under oscillatory flow conditions preserving
the deceleration and changing of direction of the wave orbit (Mount and Kidder, 1993).
Considering all the facies distributed within this association it can be inferred that the

Facies association II likely to be deposited in a storm dominated open shelf.

48



Facies &.... of LQ
Chapter-3

CHAPTER 3

49



Facies &.... of LQ
Chapter-3

Facies analysis and Depositional environment of Lower Quartzite

3.1. Introduction

The Lower Quartzite (also named as Sasaram Sandstone in the part) is the basal
member of Kaimur Formation. It is bounded above and below by Bhagwar shale and the
unconformity respectively. The unconformity also demarcates the boundary between upper
and lower Vindhyan (Chakraborty and Bose, 1990; Bose et al., 2001, Mandal et al., 2019).
This sediment succession of the Lower Quartzite is composed of sandstone deposit with -
some silt layers in between. However, thickness of the sandstone deposit varies from place
to place but on an average the thickness of sandstone deposit is 12 m (Fig. 3.1). The
boundary between the Rohtas Limestone and the overlying Sandstone is sharp, erosional
and demarcated by a thin (~10 cm) sheet-like granular lag containing pebbles of chertified

limestone (av. clast size S5cm) at several places in the study area (Fig. 3.2a).
3.2. Facies and Facies association

This sheet-like pebble bearing unit is followed upward by a laterally persistent
sandstone unit (max thickness 12 meter) along ~ 150 Km East—West stretch of the study
area (Fig. 1.5). The overall grain size of this sandstone varies from coarse to fine sand.
Considering the primary sedimentary structures, sediment composition and bed geometry
the sandstone can be subdivided into two facies associations - (a) Facies Association I and
(b) Facies Association I (Fig. 3.1). The constituting facies of association I is in general of
fine to medium grained sandstone and also rich in mud compared to that of Facies
Association II. Following are the detailed description and interpretations for each Facies

Association of the sandstone.
3.2.1 Facies Association I

Facies Association | is distinctly different from the facies association II with respect
to grain size (varying from medium to fine sand) and mud content. This Facies Association

I is dominantly cross-stratified and consists of following four facies.
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Fig. 3.1. Distribution of facies association along with paleocurrent direction for two facies association in three
best exposed localities.
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Fig. 3.2. Transgressive lag at the basal part of Lower Quartzite (a, hammer length 35 cm), transgressive
surface defining by chert clasts (b, hammer length 35 cm), amalgamated alternative thick-thin cross-stratified
sandstone facies (¢, hammer length 35 cm), cycle in alternative thick-thin laminas (d), mud drape defining
the surfaces alternative thick-thin cross stratification facies (e, f, hammer length 35 cm, marker length 15 cm),
opposite direction of small scale cross-stratification with respect to large cross-stratification (marked by red
arrows, g, pen length 15 cm).

3.2.1.1. Alternation of thick and thin tabular cross-stratified sandstone facies (FI1)

This facies comprises medium to fine-grained sandstone exhibiting unidirectional
cross-stratification. It is present at the basal part of the sandstone and lies exactly on top of
the basal thin and sheet-like pebble bearing unit (Fig. 3.2a, b). The average thickness of the
facies is 15 cm. Internally the cross-stratifications are characterized by an alternation of
thick and thin planar tabular cross-strata (Fig. 3.2¢), the foresets bundles are separated by
mudstone partings (Fig. 3.2c). The thickness of the individual foresets varies between
0.5cm and 3.2 cm, whereas the mudstone laminae are sub-millimeter in thickness. The
thickness measurement of cross-set bundles reveals a nearly symmetrical pattern of

cyclicity (Fig. 3.2d, e). A maximum of 28 laminae occurs between two successive peaks of
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the thick laminae (Fig. 3.2d). Usually, foresets dip decreases from the highest peak to the
trough of the sinuous curve. The dips of cross-sets decrease down current from ca. 30° to
ca. 15° and laterally pass over into compound cross-stratification at times (Fig. 3.2f, g;
Rouse, 1961; Bose et al., 1997). Some of the foresets are defined by mud clasts. At places
thick mud drapes (up to 2 cm) occur within cross-lamina set (Fig. 3.2f). Small-scale cross-

lamina (ca 3 c¢m thick) dipping oppositely is occasionally present within the larger foresets

of the cross-bedding (Fig. 3.2g).

Fig. 3.3: Reactivation surface in alternative thick-thin cross-stratification facies (a, marked by yellow arrows,
bar length 15 cm), herring bone cross-stratification (b, marker length 15 cm, note the bipolar paleocurrent
direction within), mud clasts defining the herringbone cross-stratification (c, knife length 15 cm), double mud
drape (d, e, scale length 15 cm), small scale cross-stratification in ripple sandstone (f, pen length 15 cm).

3.2.1.2. Herringbone cross-stratified sandstone facies (FI2)

Two sets of oppositely dipping cross-strata separated by a gently inclined, planar
erosional surface constituting a herring-bone pattern is a characteristic feature of this
association (Fig. 3.3a, b). The average thickness of this facies is 30 cm. The orientation of
herringbone cross-strata shows distinct bi-polar and bi-modal palaeocurrent direction all
over the studied stretch (Fig. 3.3a). Double mud drape is a characteristic feature of the
foresets (Fig. 3.3¢, d). Mud clasts are present along the boundary between two differently

oriented sets of cross-stratification at places (Fig. 3.3b).
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3.2.1.3. Small-scale ripple laminated sandstone facies (FI3)

This facies is characterized by small-scale ripple laminated sandstone and is
commonly associated with the facies FI and Fl4 (Fig. 3.1). Mud is present at the trough of
some of the ripples. The maximum thickness of the ripple foresets is Scm. Thick mud
partings occur at the ripple set boundaries (Fig. 3.3¢, 3.4a). Ripple cross-lamina exhibit

sigmoidal pattern at places (Fig. 3.3¢).
3.2.1.4. Planar laminated sandstone facies (F14)

Parallel laminated sandstone with intermittent mud laminae defines Fl4 facies (Fig.
3.4b). The average thickness of the facies is 20 cm. The facies exhibits vertical variations
in lamina thickness (ca. 2 cm for sand lamina and 0.3 cm for mud lamina) (Fig. 3.4b).
However, limited exposure does not permit measurement of the thickness of sufficient

numbers of laminae.
3.2.2. Facies association II

This association occasionally interferes with the Facies Association 1. However,
Facies Association II, characteristically contains less mud compared to Facies Association
I. Facies Association II primarily consists of coarse to fine-grained sandstone. Five facies

comprising of the Facies Association II are discussed as follows:
3.2.2.1. Conglomerate facies (FII1)

This facies occurs locally and is characterized by a matrix-supported conglomerate
unit having wedge-shaped geometry with a maximum thickness of ~40 cm. The base of the
facies is invariably sharp and scoured (Fig. 3.4c). The compositions of clasts include
chertified limestone, vein quartz and sandstone (Fig. 3.4c, d, ¢). The maximum size of the
clasts is 11 cm. The interstitial spaces between the clasts of the conglomerate are filled up
by coarse-grained sandy matrix (Fig. 3.4c, d). This conglomerate facies often grades into

massive sandstone laterally and vertically (Fig. 3.4¢).
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Fig. 3.4. Alternation on alternative thick-thin cross-stratification and ripple lamination facies (a, bar length
15 cm), planar laminated sandstone (b, pen length 15 cm), abundance syneresis crack on bedding surface of
planar laminated sandstone bed (c, scale length 15 cm), conglomerate (d, clasts are defining by chert clasts,
marker length 15 cm), conglomerate (e, clasts are composed of mud, pen length 15 cm), conglomerate (f,
clasts are fragment of sandstone, bar length 15 cm).

3.2.2.2. Massive sandstone facies (FII2)

This facies is characterized by massive, coarse to medium-grained sandstone beds
(thickness of the facies is ~ 20cm) (Fig. 3.4f). The base of the facies is sharp than its top.
Gutters, bipolar prod marks and locally flutes are present at the sole of this facies. The
massive sandstone often grades upward into planar laminated beds followed by cross-
stratifications (Fig. 3.5a). Though massive in general but occasionally the grain size of the
facies decreases upward. Mud clasts are common at the base of the massive beds as well as
along the cross-stratifications. Style of cross-stratification within a set changes laterally but
non-cyclically. The brink point of the cross-stratifications maintains nearly the same
distance from the base (Fig. 3.5b). The top of the sandstone beds is invariably wave rippled
(Fig. 3.5¢).
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3.2.2.3. Tabular cross-stratified amalgamated sandstone facies (FII3)

This facies is characterized by amalgamated sandstone beds (Fig. 3.5d, ¢). The
maximum thickness of the individual bed is ca. 32cm but amalgamation may contribute a
thickness up to 1 m. Internal tabular cross-stratifications define the amalgamated sand beds
(Fig. 3.5d). Palaeco-current direction measured from this tabular cross-strata is directed
towards WSW direction (Fig. 3.1). It is commonly associated with massive to feebly graded
sandstone facies and hummocky cross-stratified sandstone facies (Fig. 3.1). The bases of
the facies are sharp while their tops are gradational with the occasional presence of wave-

ripple laminations.
3.2.2.4. Hummocky cross-stratified sandstone facies (FI14)

This facies is characteristically medium grained, moderately sorted sandstone with
broadly lenticular to tabular beds and convex-up tops (Fig. 3.5f). It is overlain by wave
ripple laminated facies (Fig. 3.1) with less sharp contact. Hummocks and swales are
frequently observed with maximum height and wavelength ca. 8§ cm and 35 cm
respectively. Bases of such beds generally replicate the underlying bed surface. Hence the
bases are sharp but non-erosional whereas the top of the beds is less sharp. This facies is
commonly associated with the top part of the Massive sandstone facies. Overall normal

gradation is observed within the facies.
3.2.2.5. Ripple laminated sandstone facies (F1Is)

This ripple laminated sandstone facies generally overlies the top of the preceding
facies (Fig. 3.52). Ripple crests are straight and show bifurcations on the bedding plane.
Syneresis cracks are abundantly present on the bed surfaces of these beds at different levels
(Fig. 3.5h). Overall orientations of these cracks are fairly consistent but vary widely

between beds (Pratt, 2002).
3.3. Paleogeography and Depositional environment

The presence of a thin lag between the Rohtas Limestone and the sandstone unit
possibly represents a transgressive lag (Catuneanu, 2006; Mandal et al., 2016). The
presence of the transgressive lag along the boundary of the Rohtas Limestone and this

sandstone indicate a fresh episode of sedimentation after the completion of lower Vindhyan
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Fig. 3.5. Massive bed (a, hammer length 35 cm), later transition of massive to cross-stratification (b, hammer
length 35 cm), bring pint shifting (c, scale length 15 cm), large scale cross-stratification bed (d, pen length
15 cm), amalgamation of cross-stratification beds (e, knife length 8 cm), mud clasts alignment along cross-
stratification (f, hammer length 35 cm), hummocky cross-stratified sandstone bed (g, scale length 15 cm),
ripple laminated facies (h, marker length 15 cm).

sedimentation. The internal structures of sandstone, cyclicity in laminae thickness and high
concentration of mud within all the constituting facies of the facies association I indicate
tide-dominated depositional setting. The bed load movement under the influence of
dominant unidirectional current during the tidal regime is inferred. The alternations
between thick-thin foresets strongly support tidal actions. Bipolar and bimodal
palaeocurrent direction of herring-bone patterned cross-stratified sandstone facies
corroborates tidal actions (DeBoer et al., 1989, Bose et al., 1997). Presences of double mud
drapes within this facies (Fig. 3.3c, d) indicate a subtidal environment (Bose et al., 1997,

Eriksson and Simpson, 2004, Kohseik and Terwindt, 1981). The larger cycle, measured
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from alternating thick-thin laminae (Fig. 3.2), is very much compatible with the lunar bi-
monthly (spring to spring) cycle. This can readily be attributed to semidiurnal tides. The
intra-set cyclic variations along with grain size indicate repeated waxing and waning of the
water flow. In contrast to the bidirectional palaeocurrent pattern, alternating thick-thin
tabular cross-stratified sandstone facies (FI;) is unidirectional (Fig. 3.1), indicating flow
reversal during abandoning phase of tidal sand-waves (Nio and Young, 1991; Bose et al.,
1997). In places mud laminae within the constituting facies are very thick (Fig. 3.2f). Such
thick mud drapes in between the sand layers rarely form at any stage of tidal cycle
(McCave, 1985; Chakraborty and Bose, 1990). However, thick mud can be introduced to
any tidal system from outside by a process which is able to disperse mud in suspension load
from the shoreline environments, possibly by a super-storm event (Allen, 1988;
Chakraborty and Bose, 1990). High suspended sediment concentration may lead to

deposition of thick mud layer during the neap period as well (Schieber, 1986).

The stacking pattern of beds within the facies of this association reveals occasional
interruptions by high energy events like storms within a tide-dominated environment. The
massive sandstone facies indicates rapid dumping of the sediments. Massive character
suggests deposition from short-lived, high-density flows. The high rate of sedimentation
prevents the sorting process to operate (Kneller and Branney, 1995; Magalhaes et al., 2015).
The vertical and lateral transition of conglomerate facies to massive sandstone indicates the
deposition of both the component from a single flow. The scoured base of the conglomerate
beds (Fig. 3.4c) at places indicates the presence of turbulence within the flow. The flow
must have enough capacity to pick-up chertified limestone clasts from the topmost part of
the Rohtas Limestone. The occurrence of amalgamated sandstone beds within Facies
Association II, juxtaposed one above other suggests rapid recurrence of event flow,
possibly storm surges, in a high flow regime (Sarkar et al., 2004). The individual sandstone
bed comprising amalgamated sandstone facies indicates the product of a single depositional
continuum over a relatively short time. Sharp irregular base with sole features also supports
the high energy events responsible for the deposition of the beds and supercritical nature
of the initial flow (Sarkar et al., 2012). The cross-stratification having the brink points at
the same height from base suggests the high rate of sand fall-out from suspension possibly
during the periods of a heavy storm. The steady upward decline in both grain-size and flow
regime suggests a gradual waning of the high energy events (Bose and Sarkar, 1991).

Preserved wave ripple forms on the bedding surface and hummocky cross-stratified
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sandstone facies reflect deposition under the influence of oscillatory flow possibly during
storm surges. Asymmetry in the ripple profiles indicates the simultaneous presence of a
tractive force within the flow. Deposition from the storm-generated combined, wave-cum-
current, flow is thus inferred. Syneresis cracks present on the bed-surfaces of wave ripple
laminated sandstone facies possibly originate through dewatering of the sandy beds due to
the rapid deposition of the overlying sediment (Kidder, 1990). Increased pore-water
pressure because of storm wave action (Cowan and James, 1992, Harazim et al., 2013;

McMahon et al., 2017) may be responsible for the generation of syneresis cracks.
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Depositional facies vis a vis triggering agents of soft sediment
deformation structures: a case study from Mesoproterozoic Rohtas
Limestone Member, Vindhyan Supergroup, central India

4. 1. Introduction

Soft-sediment deformation structures (SSDS) are formed by liquefaction and
concomitant fluidization processes within the unconsolidated sediments induced by both
exogenic and endogenic triggers (Owen and Moretti, 2011; Owen et al., 2011; Moretti and
Ronchi, 2011; Moretti and Van Loon, 2014; Sarkar et al., 2014; Shanmugam, 2016). The
analysis of liquefaction-induced SSDS comprises of two aspects viz. triggering mechanism
and triggering agents. The identification of the triggering agent is always difficult as
morphology of SSDS are independent of triggering agent i.e., similar types of SSDS are
formed by both exogenic and endogenic triggers (Owen and Moretti, 2011; Owen et al.,
2011; Moretti and Ronchi, 2011). Even the lateral persistency, vertical repetition and
change-over of SSDS through lateral continuity which are considered as diagnostic features
for exogenic triggers has failed to assure that these characters can’t be corrosponds to
endogenic triggers (Owen et al., 2011). However, identification of actual triggering agents
is very important because they are co-relatable with the basin evolution process. Keeping
this in view, a relatively new method has been adopted in this paper to identify the SSDS
and their respective triggering agents which ultimately helps to recognize the scenario of

the basin evolution.

To measure the accuracy of the newly adopted method we have examined the
Rohtas limestone succession of Vindhyan Supergroup, Son valley, central India over a
stretch of 57 km from Vadanpur to Mohania (Fig. 1.5; L3, L7, Ls and o) where SSDS are
abundantly present. The temporal and the spatial variation of the constituting facies and
their associations have broadened the scope of the study. Some of SSDS present within the
limestone are laterally persistent, vertically repetitive in nature. However, the preferential
occurrence of SSDS with distinctive facies association helps to identify the systematic
variation in triggering mechanism as well as the triggering agents. This also help to reveal

the basin evolution history of the Rohtas Limestone.

4.2. Geological setting
This study addresses ~110 m thick Rohtas Limestone Member (RLM) of the

Vindhyan Supergroup exposed along a transect from Vadanpur to Mohania in central India
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(Fig. 1.5). The RLM itself is considered as of marine origin (Bose et al., 2001; Banerjee et
al., 2009; Sarkar et al., 2019). It is underlain by Rampur Shale and overlain by a basin wide
unconformity (Mandal et al., 2019), which divides the Vindhyan Supergroup into two
Groups, the Lower Vindhyan/Semri and the Upper Vindhyan Group (Fig. 1.3). The Upper
Vindhyan Group above the unconformity starts with the Lower Quartzite representing a
hiatus of about 400 MY (Tripathy and Singh, 2015) and changes in depositional facies from
carbonate to siliciclastic. (Bose et al., 2001; Sarkar et al., 2002, 2004, 2005; Choudhuri et
al., 2020). The RLM is completely devoid of skeletal remains suggests that the SSDS have
no relation towards biogenic origin. The pyroclastic occurring at the basal part of the
Rampur Shale, the underlying member of the Rohtas limestone have been dated to 1599+8
Ma by the U/Pb SHRIMP technique (Fig. 1.3; Rasmussen et al., 2002; Ray et al., 2002,
2003). The RLM is dated 1599 + 48 Ma on the basis of Pb-Pb isotope ratio (Fig. 1.3;
Sarangi et al., 2004). The limestone was deposited in an intracratonic rift basin (Bose et al.,

1997).

4.3. Facies analysis of the studied stretch

The studied stretch of the RLM consists of two facies associations, with a four
stacked intensely deformed and laterally continuous zone in between. This zone is almost
devoid of primary structures and is not considered for facies analysis. The two facies
associations are present below and above these deformed zone having contrasting
characters, including the primary sedimentary structures present within them. The facies
analysis study was conducted with a goal to identify the depositional setting of the
sediments that underwent deformation. During the present study four detailed sections were
measured along 57 km stretch from Vadanpur to Bhagwar (Fig. 4.1). The facies

constituents of these two facies associations are described and interpreted below.

4.3.1. Facies association I (FA I)
Facies association I present below the intensely deformed layer (Fig. 4.1), is
composed of intra-clastic and muddy carbonate sediments and comprises of four facies.

See details of facies in section 2.2.1.
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Fig. 4.1. Facies succession in several vertical logs, with their characteristics. Note the different character of
the two facies associations (FA I- below the seismite; FA II- above the seismites). The SSDS in the seismite
interval are much larger than in the rest of the successions.

4.3.2. Facies association II (FA II)
Facies association II lays above the Facies association I with the deformed four
layers stacked zone in between. The average thickness of the association is ca. 30 m. This

association is entirely different from the previous association with respect to their lithology
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(mostly calc-arenite), primary sedimentary structures and the size of the constituting

bedform. Description and interpretation of facies is in section 2.2.2.

4.4. Soft sediment deformation structures (SSDS) present within the RLM

Both the facies associations described above contain various types of soft sediment
deformation structures (SSDS). Many of them are complicated in nature. Some of the SSDs
are present within a specific facies association and some of them are shared by both the
facies association. Noteworthy to mention that there is a 3 to 4 m thick zone in between FA
I'and FAII which comprises four stacked deformed layers. This four-stacked deformed zone
is 57 km laterally persistent. This deformation zone contains different varieties of SSDS
some of which are exclusive to this deformed zone while some of them are shared by
overlying FA II. As the prime objective of the present paper is to identify the triggering
mechanisms of the SSDs, the individual SSDS are grouped into three morphological
categories- brittle, contorted and intruded structures (Table-4.1; Fig. 4.2, 4.3, 4.4 4.5).

Their detailed descriptions and plausible mechanisms are provided in Table-4.1.

Fig. 4.2. SSDS in FA I: syn-sedimentary faults and folds (a; hammer length 35 cm), slide plane defined by
intraclastic bed (b; marker length 15 cm), vertical to sub-vertical orientation of intraclasts of breccia bed (c;
bar length 15 cm), folded clasts within breccia bed (c; marker length 15 cm; note folded clasts are marked by
white arrows).
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R 3

Fig. 4.3. SSDS in seismite: alternating load casts and flame structure bearing beds (a, b: hammer length 35
cm, bar length 15 cm), convolute lamination (c, d and e; marker length 15 cm, scale length 15 cm, hammer
length 15 cm; note symmetric and asymmetric natures), micro-folds (f; scale length 15 cm; note up-warped
laminas i.e. fluid escaping path), breccia with folded clasts (g; marker length 15 cm; note alternating antiform
and synform nature of folded clasts), conduits (h; knife length 8 cm; note conduits are massive nature).
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F1g 4.4. SSDS in FA 1I: multl loads (a; knife length 8 cm; note loads are marked by red arrows), intraclastic
breccia defining slide plane (b; scale length 15 cm; note planar laminated parent beds within bed), well define
slide plane in an angle of ~15° (c, d; hammer length 35 ¢m; note the thickness variation and its transition to
undeform planar laminated bed, marked by dotted lines), planar lamination as intraclasts (c; scale length 15
cm; marked by blue arrow), cm-scale ripple cross-stratification as intraclasts (d; Scale length 15 cm).

4.5. Discussion
4.5.1. Mechanism of SSDS formation

Faults and slide planes are attributed to brittle deformation and therefore points to
differential compaction (Rossetti, 1999). Differential compaction may have some role in

different rate of stress which in turn may influence the varying pore pressure within the
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- > = 2 —
Fig. 4.5. SSDS in FA II: large clasts about 1.5 m in length (a; hammer length 35 cm; clasts are marked by red
dotted line), thin planar laminated limestone beds on top of the clasts (b; scale length 15 cm; clast is marked
by red dotted line; note small clasts alignment at base of large clast), folded-bended clasts protruded within
matrix of breccia (c; marker length 15 cm), breccia bed (e; marker length 15 cm; note folded clasts at base
followed by massive bed transition).

sediment (Anand and Jain, 1987). Thickness variation of the strata along the faults point to
higher sediment deposition on the downthrown side of the fault in response to increase
subsidence as the faulted block moved progressively. Association with slide planes and
other contorted SSDs e.g. syn-sedimentary folds indicate that the faulting took place when
the sediment was still in an unconsolidated to semi-consolidated nature (Rossetti, 1999).
Laterally impersistent natureof the syn-sedimentary fault and slide planes indicate that
deformed laminae were frozen in an embryonic stage. It indicates that these brittle SSDs
were caused by instantaneous shocks. As the syn-sedimentary faults are restricted at a
particular stratigraphic interval without any repetition also corroborates their origin related
to instantaneous shock (Rossetti, 1999). Preferred clasts orientation of the breccias present
on the downthrown side of the slide planes in FAI indicates escape of pore fluids along the
slide planes. Lensoid nature of the breccias on the downthrown side of the slide planes

imply that origin of slide planes are also due to instantaneous shocks. On the other hand,
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the breccias associated with slide planes present within FAII indicate the shocks causing

slide planes generation were more persistent in nature than that of FA .

Contorted structures suggest reverse density loading might have been an important
deformation process. Convolute folds are extremely complex forms of load structures
produced when a high-density layer overlies a lower density layer (Anketell et al., 1970;
Mills, 1983; Rossetti, 1999). Thixotropic or liquefaction processes reduce the shear
strength and promote the gravitational collapse of higher density layers and the rise of less
dense layers. Presence of load structures and associated flame structures corroborate this
contention. Reverse density loading is mainly facilitated by rapid deposition of calcarenite
onto calcareous muds with high water content (Potter and Pettijohn, 1977; Scott and Price,
1988); partial liquefaction/ fluidisation can generate gravitational instability and density
contrast between more fluidized and less fluidized sediments, resulting into contorted
SSDS (Nichols et al., 1994; Owen, 1996). Convolute folds were probably formed when
less liquefied sediment sank down to replace the underlying more liquified sediment
moving upward due to fluidisation. As deformation became more intense, convolutes may
develop lobes — single or multiple. More chaotic and probably more intense deformation
results into asymmetric lobated convolute folds. For syn-sedimentary fold, micro-folds and
folded breccia, several other processes may act together rather playing isolated role during
deformation (Nichols, 1995). Subsidence of beds was probably accompanied by
simultaneous upward flow of sediment-water mixture. Syn-sedimentary folds, micro-folds

imply some degree of compression along with subsidence, fluidisation and liquefaction.

Dykes are widely interpreted to represent flow paths with fluidised sediments being
injected from surrounding strata as a result of increasing interstitial pore pressure (Rossetti,
1999). Series of conduits of vertical to sub-vertical nature in Rohtas Limestone indicate
fluid along with sediments escaped rapidly from multiple points and the structures freeze
at different points after rupture (Nichols et al., 1994). The concave-up nature of the
underlying laminae at the base of the conduits are attributed to sediment fluidization and

upward flow motion (Lowe, 1975, 1976; Rossetti, 1999).
4.5.2. Triggering agents- seismic or aseismic

Our field evidence shows that three types of SSDs- brittle, contorted and intruded,

were formed within the Rohtas Limestone mainly by liquefaction and/or fluidization
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processes within alternatingly deposited coarse-grained calc-arenite and fine-grained
calcareous mud. The liquefaction and fluidisation processes responsible for SSDs can be
related to several natural trigger mechanisms. However, differentiating the SSDs — which
one is seismic and which one is aseismic, often seems quite difficult because similar kinds
of SSDs can be generated by both seisimic and aseismic processes (Mills, 1983; Jones and
Omoto, 2000; Moretti and Sabato, 2007). Also, more than one process may operate
together, so identification of triggering mechanism is often difficult. Aseismic triggering
mechanisms include storm/wave pounding, sediment overloading, unequal loading related
to glacier, bioturbation causing deformations, slope failures, rapid sedimentation, different
degree of compaction resulting into pore fluid over pressuring (Moretti and Sabatto, 2007;
Sarkar et al., 2014, 2019; Choudhuri, 2020). The Mesoproterozoic Rohtas Limestone
devoid of any skeletal organisms omits the possibility of biota induced SSDs. Convolute
laminae and intruded structures, as noticed in the studied section (Table-4.1), may also be
formed due to unequal loading along the margin of an ice cover, but no other evidence of
the presence of glacier has been observed and thus glaciogenic triggering mechanisms can
be excluded. The laminae are in general flat lying in nature, and there is no substantial
evidence of slope failure (e.g. slump folds) in the study area which can be accounted for
three types of SSDs. The commonly used criteria to identify the seismic triggering agents
as proposed by Jones and Omoto (2000) are-(a) depositional setting, (b) the extent of the
deformation units; (c) absence of evidence relating to aseismic triggering agents; (d)
whether evidence of aseismic SSDs are present within the other stratigraphic sections
which are otherwise undeformed in nature. The present study reveals that importance of
determining paleoenvironment as it can help us to differentiate between the seismic and

aseismic triggering agents.

The sedimentary facies analysis of the studied Rohtas Limestone indicates that there
is a change of depositional setting. Initially the paleoenvironment was restricted and
tranquil in nature (Choudhuri, 2020; Sarkar et al., 2019) at the lower part (FA I) of the
studied section. Abundance of micrite deposition implies that suspension load was
dominant. Occasional storms disrupting the otherwise calm environment is recorded by the
presence of small-scale cross-laminae but their lateral discontinuity implies slow rate of
sediment supply. On the other hand, the upper part of the studied section (FA II), represents
an open marine wave agitated depositional condition. Hummocks (FIIa), massive beds

(FIIg), intraclastic beds (FIIc) supports the interpretation. The boundary between FA T and
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FA 1I is marked by the four-stacked intensely deformed zone which is 40...km laterally
traceable. This deformed zone in between FA I and FA II can be correlated with earthquake
shock which is responsible for the basin subsidence as well (Moretti and Van Loon, 2014).
It is confirmed that, at this level, strongly deformed four-stacked layers were developed by
an agent that had affected the sediments over an extensive area and the agent triggered at
least three deformation phases one after another in the form of aftershocks of an earthquake.
The four-stacked deformed zone containing several contorted type of SSDs (see Table-4.1)
are confined to a particular stratigraphic interval and laterally traceable upto 57 Km and
thus invokes to a seismogenic origin. The vertical transition from a restricted lagoon to an
open marine wave agitated depositional condition implies a rapid transgression of the sea
either due to rapid sea-level rise or due to rapid subsidence. No such features supporting
rapid sea-level rise have been found elsewhere as well. Thus rapid subsidence of the basin
is the only option to explain the sudden transition from a low-energy environment (FA 1)
to an open, wave-agitated shelf environment (FA II). This transition is not only reflected
by the ripple index observed in the two facies associations but also by presence of
hummocky cross-stratification (FIIa) massive beds (FIIg) and intraclastic conglomerates
(FIc). The combination of laterally extensive four-stacked deformed layers in between two
facies associations and the evidence of a sudden rise of sea-level can be explained only by
tectonic activity that started very intensely and ultimately led to rapid subsidence of the
depositional site (Sarkar et al., 2014). FA II had also experienced high rate of sediment

supply compared to FA 1.

The association of both brittle type and contorted type of SSDs in the study area
supports the seismic activity in the studied Rohtas Limestone as observed in several
Pleistocene and Quaternary deposits around the world (Anand and Jain, 1987; Mohindra
and Bagati, 1996; Demoulin, 1996). Syn-sedimentary faults and slide planes (see Table-
4.1) in which dip changes and becomes flat laterally also indicate seismic origin of the
SSDs (Seilacher, 1969). In addition, intruded type SSDs (vertical to sub-vertical dykes in
series) must be produced by instantaneous shocks contemporancous to sediment
deposition. They also indicate seismic activity at the transition between FA I and FA 11
(Tasgin et al., 2011). Several SSDs of contorted type (Table-4.1) however involves
liquefaction and fluidisation processes generated due to reverse density gradient. This can
be triggered due to rapid sedimentation (Owen, 2003). This can be of two reasons- either

due to seismic shock or due to cyclic build-up of pore pressure generated due to storm/wave

74



SSDS in RLM
Chapter-4

pounding (Owen, 2003; Tasgin et al., 2011). Load casts and flame structures present within
the four stacked seismite can therefore be correlated with the instantaneous shocks by
earthquake whereas those present within the open, wave agitated marine environment (FA
IT) were formed due to cyclic build-up of pore fluid pressure. Syn-sedimentary folds, micro
folds and folded breccia point to combination of several processes and points to pore fluid
overpressure generated due to differential compaction (Sarkar et al., 2019). Subsidence of
beds due to seismic activity was accompanied by simultaneous upward flow of sediment-
water mixture (Nichols, 1995). Also, some degree of compression along with subsidence

played some role to liquefaction and fluidization.

The SSDS associated in the Rohtas Limestone can be subdivided into four discreate
segments. The structure associated with the FA I may be of aseismic origin because they
are restricted and rare in occurrence. Pore-water pressure or even occasion storm
introduction within the overall clam and quiet depositional regime may generate these
structures as well. Micro-seismicity before the generation of the laterally persistent layers
over kilometres may be also responsible. However, restricted occurrences always inevitable
for the SSDs present within FA 1. The association of open marine storm deposits and the
SSDs present within them can be easily correlated with the storm pounding which is one
of major triggering mechanism for complete liquefaction. High instantaneous storm
sedimentation increase sedimentation rate can be responsible for this sort of liquefaction of
a water saturated soft-sediment substratum (Moretti and Ronchi, 2011). The four stacked
deformed zone (though facies analysis is not possible because of intense deformation) may
be top part of the FA I and affected by strong seismic shock, which not only deformed the
upper part to a large extent but was held responsible for basin subsidence as well. The four
stacked layers at the boundary between the two facies associations (FA I and FA 1II are
deformed over their entire lateral extent. Fluidisation and liquefaction played a major role
in their genesis, suggesting exposure to a shock wave. In combination with the size of the
deformations, which are much larger than those elsewhere in the succession, and in

combination with the sudden tectonic activity, these four layers are interpreted as seismites.

4.6. Conclusion
Considering the sediment dynamics and associated soft sediment deform structured
beds, we draw the following conclusion to identify the seismites from other exogenic

triggering agent.
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(a) Detail facies analysis suggest that the facies association I was deposited in a
restricted shelf whereas facies association II in an open shelf condition.

(b) The sharp change of the depositional milieu from facies association I to II is
likely to be the resultant of basin subsidence. The subsidence possibly because of some
seismic events which affected the top part of the underlying facies association I. The
seismites present at the top part bearing tell-tale evidence of seismicity.

(c) The SSDS in facies association I was under some sediment cover. Here, the
liquefaction and fluidization was formed by local scale subsidence. The SSDS in facies
association II has formed by storm pounding.

(d) The present study reveal that Facies analysis of sedimentary rock may be helpful

to recognize triggering agents.
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Triple oxygen isotope: evidence of low temperature earth surface during
Mesoproterozoic and its trend of high to low temperature earth over 4
billion years

5.1. Introduction

The high §'%0 record from Hadean Zircon have dated back the earth’s surface
ocean since ~4.4 Ga ago (Peck et al., 2001; Wilde et al., 2001), whereas oldest water-lain
sediment has recovered from Archean (~3.85 Ga; Nutman et al., 1997). Temperature
dependent oxygen isotope distribution in water lain chemical sediment hold the significant
paleoclimate-paleoenvironment conditions (Urey, 1947). Although there are numbers of
water-lain sediments (like carbonate, chert, phosphate) directly precipitate from water and
record oxygen isotope, but chert (silica) is the best substrate not only because of its
minimum diagenetic modification, also for its abundance since Archean (Knauth and
Epstein, 1976; Wostbrock and Sharp, 2021). Although the physico-chemical condition of
Phanerozoic ocean is well constrained, but knowledge is limited regarding earliest ocean
(Precambrian) and its evolution to modern ocean. Water on earth surface at the time of
“faint young sun” implies high concentration of greenhouse gas and warm climate (Kasting,
1987; Feulner, 2012; Georg, 2012), where rare evidence of ice before 3 Ga also this support.
Although, warming in influence of greenhouse effect prevent the early Earth from frozen,
but hot ocean temperature around ~200°C (Hardardottir, 2011; Zarkhov and Bidemann,
2019; Zakharov et al., 2021) estimated from triple oxygen (3-O) isotope of chert is too

much hot.

Oxygen isotope analysis (3'%0) unveils a gradual drop of temperature from 80°C to
20°C from Archean to present (Fig. 5.1; Robert and Chaussidon, 2006), but recently
scientists unfold error in temperatures estimates by analyzing §'30 alone, and propose to
consider both §'80 and §'0O for the purpose (Pack and Herwatz, 2014, 2015; Herwartz et
al., 2015; Sharp et al., 2016, 2018; Bindeman et al., 2018; Sengupta and Pack, 2018; Miller
and Pack, 2021). 3-O data sets recorded so far (Levin et al., 2014; Sengupta and Pack, 2018;
Hayles et al., 2019; Sengupta et al., 2020; Liljestrand et al., 2020; Lown et al., 2020;
Wostbrock and Sharp, 2021; Zakharov et al., 2021; McGunnigle et al., 2022) show that
oxygen isotope is gradually decreasing since Archean to recent. Compare to Phanerozoic,
Precambrian data sets have very low 3'®0 and high A"'70. Temperature calculation
manifest that Archean ocean temperature was around ~100°C (Zakharov and Bindeman,

2019; Liljestrand et al., 2020; Zakharov et al., 2021; McGunnigle et al., 2022). The low
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5!80-high temperature Archean ocean and its evolution to modern sea has modelled as- (a)
hot primitive ocean (Knauth and Lowe, 1978, 2003; Shemesh et al., 1983, 1988, 1992;
Karhu and Epstein, 1986; Jean-Bapstiste et al., 1997; Muehlenbachs, 1968; Robert and
Chaussidon, 2006; Sengupta and Pack, 2018; Lowe et al., 2020; McGunnigle et al., 2022);
(b) change in ocean composition over time (Jaffres et al., 2007); (c) isotopic exchange
between sea-water and meteoric water during diagenesis (Degens and Epstein, 1962;
Marin-Carbonne et al., 2013, 2014; Taylor, 1978, Sharp et al., 2016; Liljestrand et al., 2020;
Sengupta et al., 2020); (d) intense carbonization and silicification of oceanic crust at high
flux of CO; is the result of low §'%0 early ocean (Herwartz et al., 2021). But offset of 3-O
isotope data sets from silica-water equilibrium (8'%0=-1%o and A"'7O=0%o) can’t presume
how does the oxygen isotope composition of the ocean over Geological time vary.
Therefore, scientists proposed high temperature alternation (Fur), low temperature
alternation (FL1), continental weathering (Fcw), continental growth (Fcg) and mantle
recycling (Fmr) influence primary isotope modification/ evolution (Muehlenbachs, 1998;
Wallmann, 2001; Kasting et al., 2006; Pack and Herwartz, 2014; Sharp et al., 2016, 2018;
Sengupta and Pack, 2018; Hayles et al., 2019; Sengupta et al., 2020; Wostbrock and Sharp,
2021; Zakharov et al., 2021; McGunnigle et al., 2022), but still temperature, composition

of hydrosphere and its evolution over time is enigmatic.
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Fig. 5.1. Variation in chert §'%0
values with geological age. Error
bars correspond to 16 error on the
mean of three to five analyses per
sample. The solid line (referred to
in the text as 8'30kr (Knauth and
Lown, 1978)), shows the highest
380 value found in cherts at a
given age. Considering that the ice
caps were absent-that is, §'"¥Osea
water= -1% variation in §'® Okt with
time may reflect seawater
temperature variations between
about 70°C in the early Archaean
and about 30°C in the Ilate
Proterozoic ~ (modified  after
Robert and Chaussidon, 2006).

In the present study we expand 3-O isotope record of Precambrian by analyzing the

Mesoproterozoic chert of Vindhyan Supergroup, India. Triple oxygen data set of this

ancient chert equilibrate with silica-meteoric water system enlighten the earth surface
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temperature during Mesoproterozoic. The availability of published triple oxygen isotope
calibration (Levin et al., 2014; Liljestrand et al., 2020; Sengupta and pack, 2020; Lown et
al., 2020), offered an opportunity to take close look on the secular trend of §'30 and §'’0
over geological time, its relation with volume of oceanic and continental crust.
Consequentially combined data sets offer to calculate modification of triple oxygen data
sets by high and temperature fluid rock interaction. Integrated study of all of these allows
us to explain the necessity of some advanced explanation to estimate the evolution of

hydrosphere and temperature since Archean to recent.
5.2. Material and Methods
5.2.1. Sample suits

During the present study, we have collected chert samples from a 70 cm thick chert
layer. The chert layer is present along the unconformity of the Vindhyan Supergroup,
present in-between the upper and lower Vindhyan Group (Mandal et al., 2019, 2020). With
the thickness variation from 2 m to 50 cm, the chert layer is also laterally discontinuous
upto 2 km. The chert clasts are also present in the transgressive lag present at the base of

Upper Vindhyan present at places (see Mandal et al., 2019, 2020).

To estimate the change of oxygen isotope composition of chert over geological time
(since Archean to recent) to evaluate the evolution of hydrosphere and temperature, we
have reviewed a numbers of triple oxygen isotope paper published so and numbers of data
sets have collected. All of these data sets have plotted in different diagram of silica-water

system.
5.2.2. Physico-chemical analysis

Detailed field study was carried out on exposed succession along the unconformity
surface of lower and upper Vindhyan. Fresh samples of chert was collected. Petrographic
investigation was carried on Leica DM2700P polarizing microscope attached Leica

DFC550 camera in Department of Geological Sciences, Jadavpur University.

The 8'70 and §'30 of the SiO> samples were measured by laser fluorination (Sharp,
1990) at Georg-August-Universitdt in combination with gas chromatography and gas
source mass spectrometry (for details see Pack et al., 2016). In the preprocessing each
powdered samples were treated with 10% HCI in order to remove carbonates, which

constitute a major contaminant in some of the samples. The insoluble residual of SiO> has
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analyzed from triple oxygen isotope. San Carlos olivine (Pack et al., 2016; Sharp et al.,
2016; Wostbrock et al., 2020) and Gore Mountain garnet (UWG-2; Valley et al., 1995)

were used as standards. The error was 0.3% or better in 6'%0 and 0.01 for A"'70.
5.2.3. Isotope notation: See details in section 1.8.5.

5.3. Result
5.3.1. Petrography of present chert

The studied chert samples are consisting of grey, fine-grained microquartz (<20pum)
with modal percentage of microquartz ranges from 80 to 90 wt% (Fig. 5.2a, b). Individual
microquartz are commonly varies from 3 to 5 um with crenulated, irregular boundaries and
undulose extinction. Except these, some mesoquartz (>20 um; same texture as microquartz)
and megaquartz (>20 pm; more regular boundaries and no undulose extinction) are present
within vug (Fig. 5.2¢). Few chert samples are consisting of ooids, peloids and intraclasts
structures with distorted laminas (Fig. 5.2d). Both radiating and concentric rim of ooids

and, composite ooids are well preserved.

Table-5.1. Triple oxygen isotope value of chert samples in Rohtas Limestone

Ch8a | Ch8b | Ch8X | Ch9% | Chll Chl2 | Chl2a | Chl4a | Chl4b
870 13.999 | 13.881 | 13.840 | 13.949 | 13.683 | 13.297 | 13.568 | 13.462 | 13.625
380  ]26.891 | 26.660 | 26.579 |26.779 | 26.263 | 25.511 | 26.046 | 25.858 | 26.152
A0 [0.109 ]0.106 |0.105 |0.101 ]0.097 |0.092 |0.100 |0.107 |0.098

5.3.2. Triple oxygen isotope distribution of present chert

The triple oxygen isotope composition of the Rohtas Limestone chert is listed in
Table 5.1. The §'®0 and 8!’O range from 26.15 to 26.90%o (avg. 26.30%o) and 13.30 to
14.00%o (avg. 13.70%o0). The corresponding A"'7O varies from -0.098 to -0.109%o (avg. -

0.10). No such 3-O isotope values variation is observed laterally and vertically.

5.3.3. Distribution of triple oxygen isotope over geological time

To understand the change of oxygen isotope composition over geological time 3-O
isotope data sets have been plotted against geological time (5”180 vs. geological time and
8170 vs. geological time; Fig. 5.3). Although the exact nature of the change in §'*0 and
570 through time is debatable, progressive increase of 8'*0 and §'70 is clear. Trend

capture in 8'%0 vs. time and 8'70 vs. time also satisfy the equation 1.2.
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Fig. 5.2. Microscopic photographs of chert: microcrystalline quartz with few detrital quartz (a), partially
preserved laminations within microcrystalline quartz field (b), chalcedony and megaquartz growth (c),
ooids-peloids pseudomorphs (d).

5.3.4. Time barrier on triple oxygen isotope distribution

Although, our measurement in Fig. 5.3 capture increasing trend of §'%0 and 870
over time (since Archean to modern) but this diagram unable to capture whether there is
any converse field between geological Era. So, we have look through the triple oxygen
isotope distribution with geological Era as well Triple oxygen isotope is distributed as

follows:

Archean Era: §"'*0= 22. 25 to 13.24%o; 870~ 11.60 to 6.90%0 and A"'70=-0.15%o to -
0.03%o

Proterozoic Era: 8 %0~ 32.50 to 13.24%0; 8”170~ 17.01 to 6.89%0 and A"'70= -0.19 to -
0.06%o0

Phanerozoic Era: 8'80~34.08 to 29.94%o; 5" '70O~ 17.81 to 15.66%0 and A"'’O= 0.15 to
0.03%o
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Fig. 5.3. 8°!80 variation over geological time (a), 8’70 variation over geological time (b), Selected crustal
growth curves suggesting that 60-80% of the present volume of the continental crust had been generated by
3 Ga, compared with the present day proportions of juvenile continental crust (c; modified after Hawkesworth
et al., 2020). Note the glaciation and supercontinent have marked by blue and yellowish colour (modified

after Young, 2012).

Time barrier oxygen isotope composition show that both Archean and Proterozoic data sets

and Proterozoic and Phanerozoic data sets has convergence zone (Fig. 5.4).
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Fig. 5.4. Plotof A"170 vs. 8 130 over geological time. Red solid line represents silica-sea water equilibrium
curve (Sharp et al., 2016). Blue solid line represents silica-meteoric water (3'%0=-10%o0 and A’!70=0.03)

equilibrium curve. Note none of triple oxygen data sets are corresponds with SMOW as well as meteoric
water.

5.4. Discussion
5.4.1. Paleokarstified chertification and record of earth surface temperature

Studied chert consists of pseudomorphs of ooids (both radiating and concentric rim
preserved alternatively), peloids and intraclasts infer that this chert layer has formed by
replacement of carbonate (Kenney and Knauth, 1992). Chertification along the fracture
plane of ooids, peloids grains indicate the chertification took place after solidification of
rock. Restriction of this chert layer along unconformity surface also explain that chert has

formed as paleokarst by dissolution of carbonate (see details in Kenney and Knauth, 1992).

Analyzed triple oxygen data sets of studied chert show that none of these value is
equilibrium with silica-modern ocean (Fig. 5.5). Sharp etal. (2016, 2018) also demonstrates
silica can also precipitate in equilibrium from meteoric water. The studied chert samples
well fit with the silica-meteoric water (8'30=-10%o0 and A"'70=0.03; Fig. 5.5). The &80
and A"'70 trajectory in 8180 and A"'7O space diagram infer that silica was precipitated
around 25°C. The newly generated data set of our study extrapolates a low temperature

system chertification.
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Fig. 5.5. Plot of 