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CHAPTER 1
INTRODUCTION
1.1 GENERAL INTRODUCTION

Geologically, the paleogene-neogene succession of Mizoram is covered by a
thick mass of sedimentary rocks which is also considered as the northern extension
of the Bengal basin. The total thickness of the sedimentary succession is around 8000
meters or more and has been classified into the Barail (Oligocene), the Surma (early
to Middle Miocene), and the Tipam groups (late Miocene to early Pliocene), in order
of superposition. The Barail rock formation is found in the eastern part of the state,
comprising layers of sandstone and shale. The Surma group of rocks is subdivided
into Bhuban and Bokabil formations. The best-developed and well-exposed
formation covering almost the entire terrain is Bhuban rocks which account for a
thickness of about 5,000 meters. The Bhuban formation is divided into Lower,
Middle, and Upper units based on variations in the sand-shale ratio. Bhuban rock is
mainly composed of sandstone, shale, siltstone, and mudstone, and their
combinations in varying proportions. Bokabil formation which is the younger
formation of the Surma group is dominantly argillaceous with grey and brown
colored sandstone, siltstone, and shale, exposed in the western part of the state.
Tipam group of rocks which are composed of friable, loose, and medium-grained
sandstone are mainly uncovered in the northern and north-western regions of the
state. The Paleogene and Neogene age sedimentary succession of Mizoram consists
of repetitive alteration of arenaceous and argillaceous rock. Important rocks
commonly found in the entire area include siltstone, silty-sandstone, shale,
mudstone, silt with a few pockets of calcareous sandstone, shell limestone, and
intraformational conglomerate (Sarkar and Nandy, 1976). The Surma basin occupies
special significance in terms of its tectonic evolution and gains importance for its oil

and natural gas resources.

There are many publications regarding Bhuban sandstone in Mizoram but
publications made so far focus mainly on the northern part of the state. Detail

geological information based on sedimentological research which focuses on



understanding the formation of sedimentary rock and the processes occurring during
their initial development is still insufficient from the southern part of the state. In
addition, none of the previous workers carry out detailed petrographical and textural
analysis and geochemical characterization of the area. Therefore, the primary
objective of the present study included detail outcrop mapping, petrological analysis,
and whole-rock geochemistry. In the present study, the various methods and
techniques of sedimentary analyses like petrography and geochemistry are used to
decipher the mode of formation, provenance, depositional history, tectonic setting,
paleo climatic condition, and nature of weathering. Diagenesis is the method by
which sediments are produced by disintegration of pre-existing rocks consolidated or

lithified into sedimentary rock have also been attempted in the present study.
1.2 LOCATION AND ACCESSIBILITY OF THE STUDY AREA

Mizoram lies in the northeast of India. To the east and south lie the Chin Hills
and Arakan regions of Myanmar, while to the west are the Chittagong hill tracts of
Bangladesh and the state of Tripura, and the states of Assam and Manipur on the
north and northeast define its borders. The state of Mizoram has a total area of
approximately 21,087 square kilometers and falls in the coordinates of latitudes of
21°56’N to 24°31’N and longitudes of 92°16’ to 93°26’E.

The present study area covers the whole of Lunglei town and its surrounding
areas which is about 170 km from Aizawl, the capital city of Mizoram. Lunglei town
is connected by National Highway No — 54. According to the 2011 census, the total
population is 57,011 and it is the second-largest town in Mizoram. It is covered
within the Survey of India Topo sheet Nos. 84B/9 and 84B/13 and falls within the
coordinates of latitudes 22°45°0” N to 23°0°0” N and longitudes 92°20°30” E to
92°51°30” E. The map displaying the study area's location is depicted in Figure 1.1.
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Figure 1.1: Map displaying the study area's location, Lunglei town.
1.3 CLIMATE

Mizoram witnessed a moderate climate with temperatures ranging between 21 to
35°C during summer, 11 to 23°C during winter, and 18 to 25°C during the autumn
season. The area experiences humid weather with significant rainfall during an
extended summer and a short, dry winter season. Maximum rainfall occurs in the
state during the southwest monsoon season, with an average of roughly 250 cm each
year. The state experiences the driest months of the year in December and January,

while July and August are when it receives the most rainfall. (Rintluanga, 1994).

1.4 PHYSIOGRAPHY

The Lushai hills, also known as the Mizo hills, are a group of rough,
undulating mountain ranges in Mizoram that alternate between ridges and valleys
with an approximate N-S to NNE-SSW trend. Due to the immature nature of the
terrain some of the essential topographical characteristic features exhibit high relief

with parallel to sub-parallel hill ranges and narrow valleys with several parallel



hummocks. Significant geomorphic features, such as slopes, depressions, and
topographic highs, are sculpted linearly. Narrow “V’ shaped river valleys separate the
hill ranges that are arranged linearly and create features like kneels, cols, deep
gorges, and spurs due to intensive erosion during isostatic adjustment. The highly
dipping fault planes interrupted by faulting that ultimately produced many steep rock
scarps are found in many places. 'V' shaped, narrow valleys are interspersed with
highly divided, serrated top ridges and hogback pattern ridges in numerous locations.
Low linear ridges with gentle to moderate slopes formed due to gully erosion are
mostly found in the western part of the state.

From the mean sea level, the average elevation of the hill ranges is about
1000 meters. The lowest point is approximately 40 meters above sea level, while the
highest point reaches 2157 meters at Phawngpui, which is also known as Blue
Mountain located in Lawngtlai district. Some other important high mountain ranges
in the state include Lengteng (2141m), Surtlang (1967m), and Lurhtlang (1935m). In
general, the elevation drops from east to west. Thus, the eastern portion of the state is
home to the majority of the state's high mountain ranges. While older, more compact,
and resistant formations are typically revealed in the anticlinal crests of hill ranges,
younger, softer formations are typically exposed in the synclinal toughs. (Ganguly,
1975). The hilly terrains are intersected by transverse faults in many areas and are

marked by steep slopes and narrow valleys.

The different types of drainage patterns include parallel, angular, and
dendritic patterns. Since the trend of mountain ranges is N-S direction, most of the
important rivers are flowing northerly or southerly following the trend of mountain
ranges. Some of the important northerly flowing rivers include Tlawng (Dhaleswari),
Tuivawl, Tuirial (Sonai), Tut, Tuichawng, Teirei, Tuirini, and Serlui. The largest of
these is the river Tlawng (Dhaleswari) with a length of 185.15 km. The important
southerly flowing rivers include Chhimtuipui (Koladyne), and Khawthlangtuipui
(Karnafuli). Tuichang and Tiau. The biggest southerly flowing river in Mizoram is
Chhimtuipui (Koladyne) with a length of 138.46 km.



1.5 SCOPE OF PRESENT WORK

The Surma succession in Mizoram is well known for its geological
uniqueness. Tectonics, sedimentation patterns, development and source as well as
transportation patterns of the area are of much interest. The geological knowledge of
the southern section of Mizoram is far from complete. In addition, none of the
previous workers carry out detailed petrographical and textural analysis and
geochemical characterization of the area. No assessments have been made to deduce
the tectonic setting, depositional history, and provenance characteristics of the
neogene succession of the area. The hydrocarbon exploration program in different
parts of the area has been unsuccessful due to a lack of proper and detail information

on the structural as well as sedimentological characteristics.

Therefore, to unravel the geological history of the Surma succession within
the research area it is highly necessary and required to execute a detailed geological
investigation. For this purpose, during the past few decades, many sedimentologists
utilized petrographic studies of sandstone to work out the tectonic setting and
provenance of source areas (Pettijohn et al., 1972; Dickinson and Suczek, 1979;
Dickinson et al., 1983). In addition to petrographical studies, geochemical
classification has been employed to identify the specific nature of sedimentary rock
types. The present work is an integral approach that would provide a detailed
understanding of mineralogical, tectonic setting, depositional history, and source area
weathering as well as the provenance of neogene succession in the southern part of

Mizoram.
1.6 OBJECTIVES
The present research work objectives are listed below :

1. To prepare a geological map of Bhuban formation in and around Lunglei
town.

2. To establish petrochemical characteristics for sandstone, siltstone, and shale
belonging to Bhuban formation.

3. To explore provenance characteristics, depositional environment, and tectonic

setting of Bhuban rocks in the vicinity of Lunglei town.

5



CHAPTER 2
LITERATURE REVIEW

The regional geological framework of the Bengal basin including the Surma
basin was first reported by Evans (1932). Later on, a basic understanding of the
tectonic structure of the basin generation and sediment history was given by Evans
(1964), Sengupta (1966), and Raju (1968). The Bengal basin deposition commenced
during the period of the Cretaceous due to the clash between the Burma plate and the
Indian plate forming a remnant ocean basin (Mitchell and Reading, 1986; Curray,
1991; Raman et al.,, 2009). Bengal basin thus formed a large delta of thick
sedimentary succession which is mostly derived from Himalayan and IBR (Uddin
and Lundberg, 1999). As a result of the continuous collision between India and
Eurasia, the eastern part of the Bengal basin uplifted and turned into N-S trending
anticlinal hill ranges (Uddin and Lundberg, 1999). The litho unit and sedimentary
succession of the eastern Bengal basin include the Oligocene Barail group and

Miocene Surma group of deltaic origin (Raman et al., 2009).

Due to a lack of intense research work in the Surma basin of Mizoram, the
geological knowledge of the state is still highly incomplete. Geological information
and data have been increasing recently due to the activities of research workers
which is also still very slow. Limited geological pictures and geological information
of the state are carried out by a few workers. There are many publications regarding
geological investigation such as geochemical analysis, heavy mineral analysis,
petrographic analysis, textural analysis, and the paleontological aspects that are
carried out from the Cenozoic rocks from the northern part of Mizoram. In addition,
from the southern part of Mizoram especially Lunglei district detailed geological
investigation is still very less. From the different sedimentary basins of the country,
petrographical and geochemical studies have been carried out by many workers.
Geochemical discriminants in sandstone suits and their affinity to tectonic settings
have been explored and utilized by many previous workers. Middleton (1960) was
one of the first who recognize the tectonic significance of sandstone geochemistry,

and grouped sandstones into three families on a tectonic basis viz. eugeosynclinal,



taphrogeosynclinal, and exogeosynclinal. The basis of this grouping mainly depends
on K;0O/Na,O and alkali/Al,O3 ratios within the sandstone suites. Bhatia and Crook
(1986) analyzed the Rare Earth Element (REE) geochemistry of mudstone and
sandstone, they reported that the ratio increases from Light Rare Earth Element
(LREE) to High Rare Earth Element (HREE) and sandstone being more mature the
Eu anomaly decreases. Mc Lennan et al. (1993) after going through the usefulness of
geochemical studies to decipher provenance and tectonic setting, reported that the
advantage of geochemical studies is more useful than the petrographic methods.
Based on the isotope composition and whole rock geochemistry they reported five
terrain types. Therefore, to understand the tectonic history and provenance
characteristics the use of whole rock geochemistry and isotope composition are very
useful.

Wilde et al. (1995) employed Cerium anomaly to ascertain eustatic sea level
changes and reported that the lowering of sea level was indicated by the positive
anomaly of Cerium whereas the rise in sea level was indicated by a negative anomaly
of Cerium. Uddin and Lundberg (1998) set out the petrological and geochemical
approach of the Surma group of rocks from the Bokabil and Bhuban sandstones.
They have narrated that relative to the older sandstone the abundance of feldspars
and argillite and very low-grade metamorphic rock fragments inferred the erosional
unroofing and onset of uplift in the eastern Himalaya and the orogenic detritus
supplied to the Bengal basin are due to the development of streams. Tiwari and
Mehrotra (2000) studied paleontological characteristics of Tipam sandstone and
suggested that during the time of deposition, warm and humid climates
predominated. Mannan (2002) after studying mineralogical and geochemical details
of Neogene sediments of the Surma basin of Sylhet, Bangladesh, suggests that due to
the tectonic uplift of the Himalayas, the detrital input was intense during the
Neogene period. After integrating the petrographic techniques with major and trace
element analysis, he proposed that the detritus of the source area is composed of
granites which are the major constituents of Himalayan rocks. Uddin et al. (2003)
investigated the process of subsidence and sedimentation in Miocene sediments

within the Bengal Basin of Bangladesh, occurring during the collision of continents,



they reported that the southward thrusting of the Shillong plateau along the Dauki
fault had taken place during the post-Miocene subsidence.

Hossain et al. (2006) examined both major and trace elements within the
Sylhet basin of Bangladesh, they suggested that in the average composition of
sandstones and mudrocks of Tipam and Dupitila sandstones, strong depletion in the
levels of Na,O, CaO, and Sr, a lesser degree of depletion in the levels of Rb, Ba, Nb,
K,O, MgO and Al,O3, higher SiO, content in comparison to average upper
continental crust. The provenance characteristics of Tipam sandstone of Sylhet,
Bangladesh studied by Roy et al. (2006) concluded that igneous, metamorphic, and
pre-existing sedimentary rocks with quartzose recycled orogen are the source of
Tipam sandstone and the source rocks are formed under humid climatic conditions.
The geochemical constitution of Miocene sandstones of the Surma group of the
Bengal basin, Bangladesh was studied by Rahman and Suzuki (2007) who concluded
that the sandstones are composed primarily of quartzolithic with some feldspathic
and quartz arenitic sandstones. They also reported that the sandstones are composed
of plentiful low-grade metamorphic, sedimentary rock fragments, low volcanic
detritus, and low feldspars which indicates that they are derived from a quartzose
recycled orogen region. From the Surma group of sandstones when the geochemical
analysis was carried out the sandstones are reported to contain moderate to high SiO,
content and the plotted tectonic discrimination diagrams indicate an active

continental margin to passive margin.

To infer the provenance, weathering history, and tectonic settings of the
source rocks, Sandstones and Shales of Surma rocks from Bangladesh were
evaluated by Islam and Rahman (2009) by employing major elements of
geochemical analysis. They reported that sandstones in their study area possess a
high content of SiO, with quartzolithic composition, unsettled lithic grains, low
feldspar, a high quantity of metamorphic and sedimentary rock fragments, and a
fairly low quantity of volcanic rock fragments which suggest that the source rocks
are originated from a recycled orogen region (fold-thrust region /collision suture
zone) and the geochemical nature of the Surma rocks are indicative of active
continental margin to passive continental margin tectonic settings. They also suggest



that the Himalayan rocks and materials from Indo-Burma Ranges are mainly made
up of recycled materials which are the principal source of sediments and have
undergone low to moderate chemical weathering.

Benthic and planktonic foraminifera of the Miocene age were reported from
fossiliferous calcareous sandstone from the Upper Bhuban formation of Mizoram
(Lalmuankimi et al. 2010). The Surma basin from the north-eastern part of Bengal
basin, Bangladesh was studied by Rahman and McCann (2011) to explore the
diagenetic materials of Miocene age sandstones and concluded that Fe-carbonates,
quartz overgrowths, and authigenic clays are the dominant diagenetic cement and the
carbonate cement isotopic composition affirmed a narrow range of 6180 values (-
10.3%0 to -12.4%0) and a wide range of 813C value (+1.4%0 to -23.1%0 ). The
ichnofossil studies carried out by Tiwari et al. (2011) from Bhuban rocks of Aizawl
reported conditions of high energy in the foreshore zone to low energy in the
offshore zone. The geochemical approach carried out by Lalmuankimi et al. (2011)
from the Muthi sandstone of the upper Bhuban formation revealed that the average
chemical index of alteration (CIA) value was higher than the upper continental crust
which indicates that in the source area high intensity of chemical weathering
occurred with active continental margin tectonic setting. At the time of the formation
of the upper Bhuban rocks of Mizoram, tropical to subtropical and humid climatic
conditions and fresh water environment with tropical humid to subtropical climatic
conditions for Tipam sediments were reported by Singh et al. (2011) after studying
paleoecology of upper Bhuban and Tipam sediments of Mizoram.

Using grain size distribution as a parameter, Borgohain Pradip (2012) studied
the Tipam sandstone of the Tipong River (Assam) and suggested a fluviatile
environment of deposition. Complex provenance with high-grade metamorphic, as
well as sedimentary and igneous sources and comparative short sediment
transportation, was reported by Ralte (2012) after studying Tipam sandstone from the
northern district of Mizoram.

Derivation of upper Bhuban shale from highly depleted, intermediate to felsic
granitoid rocks was reported by Lalmuankimi (2013) after a tectonic setting and
provenance study of Upper Bhuban shale by using geochemical analysis. Tectonic
set up of transitional recycled orogen and derivation of Tipam sediment from middle
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and upper-rank metamorphic sources was confirmed by Sarma J.N. and Chutia
Ananya (2013) after obtaining petrographical data of subsurface Tipam sandstone of
Upper Assam. Lallianthanga and Laltanpuia (2013) reported that the middle Bhuban
and upper Bhuban formation of the Surma group of rocks exposed in and around
Lunglei town is represented by a repetitive succession of Neogene arenaceous and
argillaceous in varying proportions.

Classification of sandstone into litharenite and sublitharenite of an igneous
and metamorphic source which originated from sediments of the Indo-Burmese
Collision zone and Himalayan mountain ranges was reported by Lalnunmawia et al.
(2014) after studying Bhuban rocks exposed along Durtlang road section, Aizawl,
Mizoram. Nannofossil biostratigraphic study of Bhuban rocks of Mizoram carried
out by Rai et al. (2014) suggested that the age of Bhuban rocks of Mizoram is of
Burdigalian to late Messinian. The Ichnofacies study of Surma rocks (Bhuban
formation) of Mizoram carried out by Rajkonwar et al. (2014) suggested sandy
shifting substrate in the foreshore zone and high energy conditions of deposition for
the middle Bhuban rocks. A petrochemical characteristics study of middle Bhuban
rocks in and around Aizawl was carried out by Duhawma and Shiva Kumar (2014).
According to their findings, abundant argillaceous matrix, calcareous, and rock
fragments are the characteristic features of middle Bhuban sandstone with a
maximum variation of Na,O, K,0, and MgO.

The Jurassic sandstone of Jhuria formation from Kachchh Basin, Gujarat was
categorized into arkose, sublitheranite, wacke, and quartz arenite by Periasamy and
Venkatashwarlu (2017) after employing geochemical and petrographical analysis to
decipher provenance and tectonic setting. The elemental concentration and elemental
ratio obtained from the tectonic discrimination diagrams suggested the derivation of
Jhuria sandstone from collision setting and continental rift. By employing grain size
analysis, petrographic analysis, and heavy mineral analysis an integrated approach to
upper Bhuban formation to decipher provenance, tectonic setting, and paleoclimatic
conditions prevailed at the time of sediment deposition was made by Bharali et al.
(2017). They reported that the sandstones were derived from an active continental

margin to recycled orogen settings and belong to litharenite and wacke.
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Studies of paleogene-neogene sediments of Mizoram Foreland basin using
whole rock geochemistry were carried out by Hussain, M.F. and Bharali, B. (2019).
Their research revealed that the CIA and CIW values for both the Barail and Surma
rock formations indicated that they originated from source rocks that had undergone
moderate weathering. The shared characteristic features in the geochemistry of
neogene sediments in the Mizoram foreland basin and those in the Siwalik foreland
basin suggest they likely originated from the Himalayas, an area situated within an

active continental margin.

Chaudhuri et al. (2020) examined the compositional alteration in the
Mesozoic sedimentary record throughout the development of the pericratonic rift
basin of Kutch using petrographical and geochemical techniques. The analysis
successfully pinpointed the felsic source rocks by examining various features such as
the prevalence of arkosic sandstone, zircon concentration, trace element composition,
and ratios, as well as the enrichment of Light Rare Earth Elements (LREE) with a
negative Europium (Eu) anomaly. "Intermediate to intense weathering in the source
area with immature to mature sediments” was the hypothesis put out by the study.
According to the tectonic settings investigation, the Mesozoic Era passive margin

settings are where the Kutch Basin originated.
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CHAPTER 3
GEOLOGICAL FRAMEWORK
3.1 REGIONAL GEOLOGY

The collision of the Indian sub-continent with Eurasia and the Burmese plate
resulted in the formation of the present study area which is 2500 km long, 300 km
wide east-west Himalaya and from north-south it is 1500 km long and 230 km wide
fold belt of Indo-Burma ranges (IBR). The present study area is a part of the southern
extent of the Indo-Burma Range (IBR) with N-S trending anticline which is formed
due to the Indo-Burma oblique collision. Previous workers (Mitchell, 1993; Das
Gupta and Nandy, 1995) concluded possible trench deposits of the Indo-Burmese
ranges containing ophiolitic melanges that got scraped off the Indian plate. The main
contributors of geologic processes and features for the area of interest include the
Himalayan mountain ranges, the Bengal basin, the Surma basin, and the Indo-Burma

ranges.

There are four important longitudinal litho-tectonic units generally north
dipping thrust faults in the Himalayan fold belt region with constant lithologic and
tectonic characteristics over long distances along strike (Gansser, 1964). These are —
(i) the Tethyan Himalayan zone located in the northern extremity which consists of
the marine rock beds of Paleozoic and Mesozoic ages (ii) the Central zone of higher
Himalaya which is constituted of granitic plutons of neogene age (iii) Lesser
Himalayan zone which is affected by a series of thrust faults resulting reverse
stratigraphic succession and (iv) Foredeep folded or Siwalik range which lies in the
southern margin of the Himalaya characterized by low lying hills of Miocene-
Pliocene age. The southern boundary of this belt is marked by the main boundary

faults.

The thick sedimentary succession of about 22 km was deposited in the
Bengal basin mainly from the Himalayan fold belt and Indo-Myanmar mobile belt
due to the sediment influx of the Ganga-Bramahputra meghna delta covering more
than 200,000 km (Uddin and Lundberg, 1999). The sedimentary succession of the
Bengal basin can be broadly classified into three major lithostratigraphic units which
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are separated from one another by three major unconformities. These are — the
platform shelf exhibited by the western part of Bangladesh, the folded belt exhibited
by the eastern part of Bangladesh including Chittagong-Tripura, and the central
subsided part with two important depressions like Sylhet trough in the north and
Patuakhali depression in the south. Deltaic environment and shallow water
conditions existed due to the enormous influx of sediments from the surrounding
areas of the basin resulting in the subsidence of the fore-deep in the Bengal basin.
Throughout geological time the Bengal Basin sediment depocentre has been
changing (Uddin and Lundberg, 2004). According to them, the depocentre was on
the stable shelf during the Cretaceous period but shifted eastward to Assam during
the Eocene period. It shifted again towards the northeastern part (Sylhet trough)
during the period of the Miocene and then throughout the basin during the
Pleistocene and Pliocene. The depocentre is currently situated in the Bengal deep-sea
fan and Hatia trough (Alam, 2003; Uddin and Lundberg, 2004). The gradual closure
of the Bengal basin was due to the collision of plate and orogeny along the eastern
and northern margins which was formed as a result of rifting from the passive
continental margin (Rowley, 1996). The continuous India-Eurasia collision results
from N-S trending anticlinal hill ranges towards the basin’s eastern region forming
the Patkoi-Naga-Manipur-Chin Hills-Arakan Yoma region with an arcuate westward
convexity trending in NW-SE to its southern extremity and ENE-WSW trend to its
northern side. The extent of sedimentary succession of the Bengal basin includes the

Miocene Surma group of deltaic origin and the underlying Oligocene Barail group.

The Surma basin, which is also known as the northeastern extension of the
Bengal basin is surrounded by the Dauki fault, running east-west, and the Disang
thrust, oriented northeast-southwest, which is located to the north and northeast, the
Sylhet fault, running northeast-southwest and Barisal-Chandpur high in the west and
northwest, towards the south it extends upto the Arakan coastal area. The encounter
between the Indian and Burma plates resulted in the deposition of Surma sediments
in shallow marine to deltaic complexes at the close of the Oligocene epoch, and there

were recurrent occurrences of sandstone and claystone formations that experienced
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folding and faulting processes. There were fluviatile molasse deposits of the Tipam

formation at the basin's western edge.
3.2 GEOLOGY OF MIZORAM

Structurally, Mizoram is a part of the Indo-Myanmar fold belt (Sarkar and
Nandy, 1976). The Indian plate subducting eastward along the Arakan-Yoma suture
during the Eocene epoch resulted in the arcuate shape of the fold belt (Nandy, 1982).
The horizontal compression and vertical motion deformed the mobile belt into a
series of sub-parallel folds (Sarkar and Nandy, 1976). The southern extension of the
Surma basin exposed in Mizoram is geologically a part of the Tripura-Mizoram
depositional basin. This depositional basin came into existence after the spreading of
the Indian Ocean which caused plate behavioral movement in the subduction zone
west of Arakan-Yoma which ultimately led to the regional uplift of the Barail
succession (Evans, 1964). Crustal shortening and increase in vertical thickness of the
basin were due to compressive forces which are brought about by the subduction of
the Indian plate during the Eocene period which ultimately resulted in the formation
of the Indo-Burman orogenic belt. The N-S trending and E-W dipping anticlines and
synclines of the fold belt with slightly arcuate in shape with convexity towards the
west are due to continued convergence (Ganju, 1975; Ganguly, 1975; Srivastava et
al., 1979). The rock formations have been intersected by multiple transverse faults
running in parallel or sub-parallel directions, including NE-SW, ENE-WSW, and
NW-SE. Among the transverse faults, the most prominent one is ‘The Mat River
Fault” with a trend of NW-SE having dextral slip motion in between Aizawl and
Lunglei (Das Gupta, 1984; Banerjee et al., 1979). This basin was represented by a
repetitive succession of argillaceous and arenaceous rocks of Paleogene and Neogene
sediments. Important sedimentary rocks that are typically exposed in Mizoram
include 13 different types of sandstone, siltstone, mudstone, and shale. These rocks
can also be added in different amounts to isolated groups of calcareous sandstone,
shell limestone, and intraformational conglomerate. Neogene age thick pile of Surma
group of sedimentary rocks with a total thickness of about 8000 meters or more
covered the entire part of Mizoram. The Paleogene-Neogene rocks of Mizoram are

sequentially divided into four groups namely the Barail Group, Surma Group, Tipam
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Group, and the Alluvium based on lithostratigraphy. Table 3.1 displays the

generalized stratigraphic succession of Mizoram, which was determined by

Karunakaran (1974) and Ganju (1975) with minor modifications. The geological map

of Mizoram according to the Geological Survey of India is given in Figure 3.1.

Table 3.1: Stratigraphic Succession of Mizoram (after Karunakaran, 1974 and Ganju,

1975).
: : Generalized
Age Group | Formation Unit _Iithology
Recent Alluvium - - Silt, clay, and
gravel

Early Pliocene
to Late Miocene

TIPAM (+900m)

Friable sandstone
with occasional

clay bands
--------------------- ---Conformable and transitional contact--------------=-=-=------------
BOKABIL | - Shale, siltstone,
(+950m) and sandstone

Miocene to
Upper

Oligocene

SURMA

(+5950m)
BHUBAN

(+3000m)

Arenaceous
Upper Bhuban | predominating with
(+1100m) sandstone, shale,
and siltstone
-Conformable and transitional
contact-
Argillaceous
Middle Bhuban predominati_ng with
shale, siltstone-

shale alternations,
and shale

-Conformable
contact-

and transitional

Lower Bhuban

Arenaceous
predominating with

(+900m) sandstone and
silty-shale
--------------------------- Unconformity obliterated by faults------------------------------
Oligocene BARAIL i i Shale, siltstone,
(+3000m) and sandstone
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Figure 3.1: Geological Map of Mizoram according to the Geological Survey of India

3.2.1 Barail Group

In the Indo-Burmese range, arenaceous rocks of the Barail group
conformably overlie the Disang group of rocks. It comprises a thick sequence of
rocks of approximately 3000 m which consists of sandstone intercalated with thinly

laminated shales and ranges in age from Eocene to Oligocene. Due to weathering, the
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monotonous weathered shale which is interlaminated with siltstone exhibits greenish-
grey, pink, violet, and white colorations. The evidence of unconformity obliterated
by sub-parallel N-S trending and marginal-regional strike faults makes it difficult to
recognize the lower contact of the Barail group. It contains fewer sedimentary
structures when compared to the Bhuban Formation. The rocks exhibit an
approximate dip of about 30° to 150° and are folded into a broad anticline. In the

eastern region of Mizoram, the Barail group of rocks is exposed.
3.2.2 Surma Group

The most important and largest extant group of rocks in Mizoram is the
Surma group which is composed of alterations of sandstone, poorly fossiliferous
shale, siltstone, and mudstone in various proportions. The rocks of the Surma group
extend from the Upper Oligocene to the Miocene in age. It is characterized by rapid
lateral variation of facies and alternate ridge and valleys landscape. It can be divided

into an Upper Bokabil Formation and a Lower Bhuban Formation.

The rocks of the Bhuban formation are the most predominant group of rocks
and cover almost the whole part of Mizoram and show an alternate sequence of
arenaceous and argillaceous rocks. It exhibits many sedimentary features like
interference ripples, convolute laminations, slump structures, cross laminations, ridge
structures, and load casts. The sandstones of the Bhuban formation are normally
hard, poorly sorted, fine-grained, immature, and rich in mica. It exhibits small to
medium-scale cross-stratification and ripples with sharply defined top surfaces
whereas sole markings and graded bedding are less common. The Bhuban Formation
is categorized into lower, middle, and upper units based on the ratio of sand to shale

and the sequence of layers.

The Lower Bhuban unit has a thickness of roughly 900 meters and it is
predominantly of arenaceous. The rocks are normally fine-grained, hard, moderate to
poor sorted showing current bedding, grey coloration on fresh, and buff color on
weathered surface. Shales in the lower Bhuban unit are thinly laminated, dark grey,
and exhibit fissility in some places. Lower Bhuban rocks are normally exposed in the

anticlinal cores of high amplitude fold areas.
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The Middle Bhuban unit consists of about 3000 m thick succession of
argillaceous rocks. It is composed of shale, siltstone, and a few clayey sandstone
bands. The shales are usually laminated with ripple marks and are grey to dark grey.
The siltstone/mudstone of this unit is thinly bedded to massive, jointed, hard, and
exhibited grey with pale yellow color on weathering. Features such as cross-
stratification and mud cracks, which show the direction of the current flowing from
east to west, are secondary sedimentary features that define this region. Middle
Bhuban succession normally occupies the cores of low-amplitude anticlines and on
the limbs of folds.

The uppermost part of the Bhuban succession is the Upper Bhuban unit
which is composed of arenaceous rocks with a thickness of about 1100 m. This unit
is made up of thinly bedded and flaggy sandstone with alteration of dark grey shale
which is overlain by grey, jointed, massive medium-grained with moderately hard
sandstone. In the western part of Mizoram the Upper Bhuban rocks form anticlines
but in the central and eastern parts, it is found in the synclinal cores area.

The Upper Bhuban formation of the Surma group is conformably overlain by
the Bokabil formation. The thickness of Bokabil formation is about 950 m which is a
monotonous repetitive succession of arenaceous and argillaceous sequences. This
formation is characterized by soft, grey, laminated claystone with large-scale facies
variation from shale/claystone alteration to fine sandstone. It is mainly exposed in the
western and northwestern parts of Mizoram occupying the cores of the synclinal

area.
3.2.3 Tipam Group

The Tipam group of rocks which are formed as a result of stream deposition
unconformably overlies the Boikabil formation of the Surma group but has some
gradational contact with the underlying rocks. It consists of friable coarse
ferruginous sandstone with occasional clay bands. The thickness of the Tipam group
of rocks is approximately 900 m and originated during the period of Late Miocene to

Early Pliocene. It is mainly exposed in the extreme northwest region of Mizoram.
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The Recent Alluvium is composed of silt, clay, and gravel and is formed due

to the action of rivers.
3.3 GENERAL GEOLOGY OF THE STUDY AREA

The current research area falls within the boundaries outlined by the Survey
of India Toposheets Nos. 84B/9 and 84B/13 and fall within the coordinates of
latitudes 22°45°0” N to 23°0°0” N and longitudes 92°20°30” E to 92°51°30” E. The
area is composed of anticlines and synclines with a serial trend of NW-SE and
plunging in the N-S direction. High to moderately dipping eastern limb of anticlines
are overturned whereas due to the severe weathering and erosion of highly sheared
rock, sharp ridgelines, and vertical cliff faces are the characteristic features of the

western part.

Lallianthanga and Laltanpuia (2013) reported that the study area is
constituted by a repeated succession of Neogene arenaceous and argillaceous in
various proportions belonging to the Middle Bhuban and Upper Bhuban formation of
the Surma group. With gradational and transitional contact the upper Bhuban
formation is underlain by the middle Bhuban formation. Shale and siltstone are
important rocks whereas sandstone occurs in thin layers in the middle Bhuban
formation. The dominant rock type of the upper Bhuban formation is sandstone.
Sandstones exposed in the study area vary from fine grey, fine to medium brown
color alternated with various proportions of clay and silt size particles of shales. The
southern part of the town and its adjoining areas are dominated by argillaceous rocks
of the Middle Bhuban formation which is characterized by occasional sandstone beds
with thick shale beds. Most of the shales are grey, olive green to yellowish brown,
and exhibit spheroidal pattern and fissility. Frequent occurrences of silty shale beds
and silty sandstone beds with thin lamination of sandstone beds are encountered

throughout the middle Bhuban formation.

The Upper Bhuban formation is mainly encountered in the upper part of the
main anticline and the northern part of the town. It is dominated by a thick
succession of sandstone sequences that conformably overlie the middle Bhuban

formation. The sandstone beds are alternated with shale beds, range in thickness
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from massive bed to thin bed, and are mostly brown, grey to dark grey. Rocks
exposed in the upper Bhuban formation gently plunge towards the north and run
parallel to the fold axial line. Trace fossil remains and bioturbated shales indicate a
high rate of deposition in this area. Stratified brown to grey sandstones with various
thicknesses inferred that the sediment is supplied from a mixed source with a
frequently fluctuated environment and shallow depositional environment. Localities
like Zotlang, some parts of Pukpui, Zohnuai, Serkawn, and Ramzotlang are situated
along the anticlinal crest of the town and are characterized by fragile, coarse grain,
highly porous and weakly cemented buff sandstone representing the youngest
formation in the study area. The main town area is characterized dominantly by a
sandstone sequence dipping moderately towards the east and the western side is
marked by a ridgeline with a steep cut slope. The lithologically transitioned rocks
which are considered to be middle Bhuban formations are exposed in the main town
area and western part of the town and its adjoining areas. The lithological succession
is more argillaceous with grey and olive green splintery shales. This area is
characterized by a massive bedded formation of sandstone and occasional alternation
of sandstone bed with shale bed. Trace fossils which are indicative of changes in
paleo-environmental condition at the time of deposition are found in many places. In
certain sandstone strata, bioturbated preservations in the form of burrows have been
found. These findings suggest and bolster the hypothesis of a shallow deposition area
that offers both oxidizing conditions and a conducive environment for life, where
sunlight penetration is possible. Sandstones are generally massive, but their
sedimentary structures like ball and pillow structures, ripple marks, load casts,
burrows, raindrop structures, cross laminations, lenses, etc. are extraordinarily well
preserved (Figures 3.3 — 3.14). In the extreme southern part of the town area i.e.
Hrangchalkawn-Zobawk; a grey color, very fine to fine-grained massive sandstone
bed with occasional alternation with shale beds is encountered along the roadside
section. Figure 3.2 illustrates the geological map of the area under examination.
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Figure 3.2: Geological map of the study area, Lunglei town.
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Figure 3.3: Crumpled siltstone bed overlain by fine-grained sandstone
exposed along the road section at Rahsiveng, Lunglei.

Figure 3.4: Massive sandstone bed at Lungpuizawl in the southern part of
Lunglei Town.

Figure 3.5: Disturbed thick shale bed at Zobawk, Lunglei. Reactivation
surface and unconformity is also seen.

22



b -t

LY PR

Figure 3.6: Thinly bedded intercalation of sandstone and shale exposed
along Sazaikawn to Luangmual Road, Lunglei.

Figure 3.7: Interbedded shale, siltstone, and sandstone outcrop at
Lungmual, Lunglei.

Figure 3.8: Fine-grained sandstone bed overlain by shale and siltstone at
Pukpui, Lunglei.
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Figure 3.9: Intercalation of shale and silty sandstone outcrop at Farm
veng, Lunglei Town.

Figure 3.10: Massive sandstone bed at Zohnuai quarry.

Figure 3.11: Sandstone bed at VVenghlun, Lunglei Town. The sandstone
bed is gradually thinning upwards with an increase in shale content.
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Figure 3.12: Medium-grained sandstone bed exposed along the flanks of
Lunglei anticline (Melte Quarry).

Figure 3.13: Ball structure in sandstone bed at VVanhne in the north
western part of Lunglei Town.

Figure 3.14: Burrow marks preserved in grey sandstone bed at Ramthar
Quarry.
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CHAPTER 4
METHODOLOGY
4.1 INTRODUCTION

In the present sedimentological research, the different methodologies
employed can be broadly categorized into three categories such as — Literature

Survey, Geological Field Work, and Laboratory Analysis.
4.2 LITERATURE REVIEW

Previous literature on the area is very important because it provides
information about the various outlooks of geology and research activities carried out
in the study area. It is very helpful to find out the strengths and weaknesses of the
previous works. The collected literature survey was mainly obtained from Research
papers, Journals, scientific reports, theses, and the Internet. After carefully studying
and reviewing, the collected literature is used for the current research to make

conclusions and for interpretation of generated data.
4.3 GEOLOGICAL FIELDWORK

For the present research, detailed geological fieldwork was carried out in the
study area for the recognition of sedimentary structures, lithology, and facies
variation. The main task of fieldwork is the preparation of a geological map and
collection of representative un-weathered fresh samples. The samples collected in the
study area are documented by measuring dip and strike with the help of Brunton
Compass and their latitude and longitude with the help of GPS. The different
outcrops of sedimentary strata and other structures encountered during the fieldwork
are also authenticated in the form of field photographs. After a detailed field
investigation, 37 fresh and un-weathered representative sandstone samples and 15
shale samples are collected for detailed analytical studies in the laboratory. The fresh
sandstone and shale samples collected were accurately marked and labelled for
studies in the laboratory.
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4.4 LABORATORY ANALYSIS
Laboratory analysis includes the following:

a) Petrological Analysis

b) Geochemical analysis

Thin section analysis was done in the Department of Geology, Mizoram
University, and Geochemical analysis was done at Wadia Institute of Himalayan
Geology, Dedradun, Uttarakhand. The observed laboratory data integrated with field
observations are used to explore provenance characteristics, paleoclimatic
conditions, depositional environment, and tectonic setting of Bhuban rocks in the

study area.
4.4.1 Petrological Analysis

Petrological analysis was carried out by preparing thin section slides from the
representative samples collected from the studied area which were photographed,
studied, and analyzed using Leica DM2700 P, petrological magnifying tool equipped
with Leica DFC420 camera, Leica picture examination computer program (LAS-
v4.6). Modal analysis was done using the PETROGLITE Stepping stage at the
Department of Geology, Mizoram University. The Gazzi-Dickinson (1966) point-
counting method was employed for modal analysis of the collected sandstone
samples. A total of 400 points have been counted for each thin section. Primary
essential detrital components like quartz, feldspar, and lithic fragments recorded
were used for the classification of sandstones and the elucidation of provenance,
tectonic settings, and intensity of weathering of Bhuban sandstone. Other detrital
components taken into consideration include micas, specifically biotite and

muscovite.
4.4.2 Geochemical Analysis

The Geochemistry Division at the Wadia Institute of Himalayan Geology in
Dehradun, Uttarakhand, India conducts analyses on rock samples, focusing on major,
trace, and rare earth elements. Analysis of Major oxides is done with XRF while

analysis of Trace and REE is done with ICP-MS. For geochemical analyses, the
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samples which are found containing no microfossils are selected. Major oxide
concentrations are analyzed using the X-ray Fluorescence Spectrometer (XRF)
technique applied to pressed pellets. Measurement of LOI is done by heating the
samples at 950°C in an aliquot of rock powder about 5 gm. Analysis of Trace and
Rare Earth Elements is carried out with the Perkin Elmer SCIEX ICP-MS. The rock
samples crushed to 200 mesh are used for the preparation of sample solution which is
followed by the open acid digestion method by using 10 ml of HF+HNO3 (2:1) acid
mixture. To ensure thorough digestion of the solution, employ an open Teflon
crucible on a hot plate, repeating the process 3 to 4 times. The solution is used for
HCIO, treatment to attain a complete absence of moisture. Again, the solid substance
was dissolved in 10 ml of nitric acid solution with a concentration of 20%. Then,
distilled water was added to the solution to bring its total volume to 100 ml. By using
a peristaltic pump with a cross-flow nebulizer the final sample is then passed through
argon plasma. The analytical instruments' precision falls within an acceptable range,
with major elements having an accuracy of around +2-3%, trace elements +5-6%,

and rare earth elements (REE) ranging from +£1-8%.

Fifteen shale samples of Lunglei town were analyzed at the Sophisticated
Analytical Instrumentation Facility (SAIF) at Guwahati University where the
PANalytical X’pert Powder was used for the powder diffraction. Empyrean Power
X-ray Diffractometer is manufactured by PANalytical and covers an extensive range
of X-ray diffraction, scattering, and imaging applications, making it an invaluable

tool.

Solid samples in the form of dry Powder of 300 mesh about 3g of sample on
a glass slide of size 2cm x 3.5 cm and thickness 0.2cm with a uniform layer of size
2cm x 1.5cm on one side is required. The output consists of an X-ray Diffractogram,
Peak Position, d values, and relative intensity data. Phase Identification, Quantitative
analysis of minerals, Grazing incidence XRD of thin film, determination of unit cell
parameters, particle size measurement. With a robust 4 kW X-ray generator and
impressive specifications such as -111 < 26 < 168° usable range, 0.0001° smallest
addressable increment, and < 0.0002° angular reproducibility, the Empyrean delivers

accurate and reliable results.
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CHAPTER 5
PETROGRAPHY
5.1 INTRODUCTION

Petrographic analysis of sedimentary rock is extremely useful for determining

the diagenetic history of the sediments, provenance, tectonic setting of the source
area, and the environment of deposition of sediments. Using the framework mineral

composition of sandstone, Crook (1974) has proposed the method of establishing the

tectonic setting and ever since has gone through several appreciable modifications.

For the reconstruction of the tectonic setting of the geological past and the
provenance of terrigenous deposits, petrographical evidence as well as geochemical
analyses of sandstone have been extensively used. In petrographical analysis,
different ternary plots like QmLt, QmPK, QFL, etc. are extremely useful in deducing
tectonic settings and understanding the interactivity of plates in the ancient geologic
past (Ingersoll, 1978; Dickinson and Suczek, 1979; Dickinson et al., 1983). The
paleo climatic conditions that prevail at the time of deposition can also be obtained
by petrographical analysis (Suttner and Dutta, 1986). The nature of the source rocks
and their existence can be ascertained by the mineral compositions, rock fragments,
and other constituents. Therefore, the nature of grain, inclusions, and extinction
pattern of quartz are used as inferences to provenance. Various kinds of feldspars and

lithic fragments are also used as a guide in provenance determinations.

Since the petrological characteristics of sandstone can reveal information
about the tectonic history, provenance, weathering conditions, diagenesis, etc. a
detailed petrographic study of Bhuban sandstones was carried out in and around
Lunglei town. Thus, detailed thin-section studies under the microscope have been
conducted to decipher the textural characteristics, mineralogical composition,
provenance, sandstone classification, tectonic history, and paleoclimatic conditions at

the time of deposition.
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5.2 PETROGRAPHIC ANALYSIS

A total number of 37 (thirty-seven) samples of Bhuban sandstone collected
from the study area are accounted for petrographic analysis. The different varieties of
quartz, feldspars, and rock fragments are thoroughly examined for primary detrital
components for the petrographic analysis. Other detrital components include micas
like muscovite and biotite. Cementing materials identified during petrographic
analysis are argillaceous, siliceous, calcite, and ferruginous cement. The petrographic
study reveals that the framework grains are represented by moderately sorted,
angular to sub-rounded {Plate 5.1 (B)}, and medium to fine-grained textures {Plate
5.1 (A)}. The detailed mineralogical compositions are described as follows:

5.2.1 Quartz

Among the representative sandstone samples collected from the study area,
quartz is the most abundant detrital component comprising an average of 65.79% in
the Upper Bhuban Formation (UBF) and 66.23% in the Middle Bhuban Formation
(MBF). Though some rounded grains are encountered, most of the grains are angular
to sub-rounded (Plate 5.1 B) in shape and have partial or incomplete crystal outlines
(subhedral) with some inclusions. Among the detrital quartz identified,
monocrystalline quartz (both undulatory and non-undulatory) and polycrystalline
quartz (both 2-3 and >3 crystal units per grain) are ubiquitous. Quartz grains can be
widely categorized into two classes namely monocrystalline quartz and

polycrystalline quartz (Conolly, 1965; Blatt, 1967).

The monocrystalline quartz comprises an average of 63.69% in UBF of
which, undulose quartz constitutes 5.09% and non-undulose quartz constitutes
58.60%. Similarly, monocrystalline quartz makes up 63.82% of MBF of which,
undulose quartz constitutes 4.78% and non-undulose quartz comprises 59.04% on
average. The undulose monocrystalline quartz {Plate 5.1 (C)} is recognized by its
wavy extinction. In the present study area, the undulose quartz modal percentage
varies from 2.10% - 15.40% in UBF and 1.40% - 11.50% in MBF, the grains exhibit
angular to sub-angular shape, sutured grain boundaries and are found to break into

smaller grains because of less stability. The non-undulose monocrystalline quartz
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(unit quartz) is again recognized by its distinctive characteristic features of invariable
extinction under a crossed polarizer. The concentration of non-undulose quartz or
unit quartz (Plate 5.1 C) is very high in comparison with all other constituents and
the modal percentage varies from 52.08% - 66.61% in UBF and 50.21% - 66.11% in
MBF (Table 5.1). Most of the grain exhibits medium to fine grain, straight and

concavo-convex contact, and at places sutured grain boundaries {Plate 5.1 (D & E)}.

In the present study, the polycrystalline quartz in UBF is 2.11% of which
polycrystalline quartz 2-3 constitute 1.46% and polycrystalline quartz > 3 accounts
0.65 %. Whereas the concentration of polycrystalline quartz in MBF is 2.42% of
which polycrystalline quartz 2-3 constitute 1.78% and polycrystalline quartz > 3
constitute 0.64 %. The crystal units per grain in polycrystalline quartz are normally
specified by straight, sutured, and curved internal boundaries. The polycrystalline
quartz in the studied samples is perhaps derived from metamorphic or igneous
sources. Polycrystalline quartz 2-3 {Plate 5.1 (F)} is mainly distinguished if the
number of composite crystals in a single grain varies from 2-3 whereas
polycrystalline quartz > 3 {Plate 5.2 (A)} is identified if the composite crystal
exhibits several microcrystalline units more than 3 with sutured grain contact. Most
of the quartz grains are medium to fine-grained and roundness varies from angular to
sub-angular with few sub-rounded grains. In a few samples, quartz overgrowth
{Plate 5.2 (B)} and floating of framework grains {Plate 5.2 (C)} in the cement and
matrix are observed. The modal percentage of different quartz and other components

is shown in Table 5.1.
5.2.2 Feldspar

Felspar present in the Bhuban sandstones of the study area are readily
recognized by their special characteristics of twinning under cross Nicols.
Plagioclase feldspar {Plate 5.2 (D)} can be easily recognized by lamellar twinning.
Microcline and orthoclase {Plate 5.2 (E)} are also commonly observed, the former
can be identified by cross-hatched twinning and the latter by Carlsbad twinning
(simple twin). Perthite {Plate 5.2 (F)} which is formed as a result of intergrowth

between plagioclase feldspar and K-feldspar is also observed at places. Most of the
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feldspar grains identified in the present studied Bhuban sandstones are angular to
sub-angular in shape and are easily recognized by their weathered nature. Orthoclase
of untwined variety are also seen and they are recognized by their cloudy
appearances. In the present study, the total concentration of feldspar is 2.10% in UBF
and 1.65% in MBF. Plagioclase feldspar constitute 0.54% in UBF and 0.48% in
MBF and its modal percentage range varies from 0.00% - 1.60% in UBF and 0.00% -
1.20% in MBF whereas orthoclase feldspar constitute 1.56% in UBF and 1.18% in
MBF and its modal percentage range varies from 0.00% - 6.50% in UBF and 0.00% -
4.60% in MBF.

5.2.3 Rock Fragments

In petrological analyses of sedimentary rocks, lithic fragments derived from
sedimentary, igneous, and metamorphic rocks are very essential components because
they provide signs of tectonic setting and provenance of the source area. In the
present study, the concentration of rock fragments is 7.17% in UBF and 8.43% in
MBF. Rock fragments are normally identified by their well-known grain boundaries
and most of them are fine-grained with a dirty appearance in shades of brown. Both
sedimentary and metamorphic rock fragments are identified in the studied samples
where the former is identified by their sedimentary character and the latter is
identified by preferred orientation and high-order interference color. Important rock

fragments reported include chert, shale, slate, and schist {Plate 5.3 (A)}.
5.2.4 Mica

The modal percentage of mica varies from 0.20% - 18% in UBF and 0.50% -
11.40% in MBF and the average concentration is 5.10% in UBF and 4.01% in MBF.
Mica commonly occurs as elongated, slender, flaky minerals showing cleavages.
Muscovite and biotite are the two important mica observed in the present study area.
However, chlorites which are formed as a result of alteration of biotite are also
frequently observed. Biotites are mainly specified by their straight extinction,
pleochroism, and brown color. On the other hand, muscovites are specified by their

silvery white and red-green interference color. Muscovite being more resistant to
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chemical alteration is more common than biotite. Authigenic and bended mica flakes

are also commonly observed {Plate 5.3 (B)}.
5.2.5 Cement

Secondary minerals that are formed after the deposition and during diagenesis
of sandstone that bind the framework grains are called cement. The average
percentage of cement in the present study is 11.09% in UBF and 9.47% in MBF. The
common cementing materials in the examined sandstones are mainly siliceous,
calcareous, ferruginous, and argillaceous cement {(Plate 5.3 (C)}. Quartz
overgrowths are shown by siliceous cement. The percentage of argillaceous cement
is very high in comparison with other types of cement observed. Erosional features
and penetration of grain boundaries by the cementing material are also observed. In
some samples, argillaceous cements are coated by ferruginous cement which

indicates that argillaceous cement is precipitated first and then ferruginous cement.
5.2.6 Matrix

The fine-grained siliceous and argillaceous groundmass which are without
grain boundaries confined in sedimentary rocks are called matrix. In the present
study, the concentration of the matrix varies from 0.00% - 18.30% in UBF and
2.77% - 17.55% in MBF, and the average percentage of the matrix is 8.76% in UBF
and 10.20% in MBF. They are mainly formed by the precipitation of clay minerals
and alteration of framework grains and therefore consist of authigenic and detrital

grains.
5.2.7 Accessory Minerals

Other minerals like chlorite, glauconite, sillimanite, zircon, and rutile are

reported but they are not counted since their proportions are negligible.
5.3 X-RAY DIFFRACTION ANALYSIS

X-ray Diffraction (XRD) stands as a widely employed technique crucial for
identifying and quantifying crystalline substances, notably aiding in discerning the
mineral composition of rocks, particularly finer clay sediments. Its utility extends to
both qualitative and quantitative analysis of rock minerals, offering insights into the
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structural and chemical attributes of ultrafine minerals like clay, which are smaller

than 2 pm in diameter.

Fifteen representative shale samples from Lunglei town are used as the basis
for X-ray diffraction investigations. Documenting the clay and non-clay mineralogy
of the shales of Lunglei town was the goal of the analyses. Figure 5.1 displays the X-
ray diffractograms of the separated clay fraction (< 2 pm) of selected shale samples.
In all the samples, Quartz, cristobalite, and muscovite are the main minerals showing
intense peaks. Among the clay minerals, chlorite and illite are prominent although
overshadowed by the intense peak of quartz. The diffraction patterns also indicate the
presence of albite, corrensite, faujasite-Na, anorthite/anorthoclase, caldecahydrite,
garronite, microcline, vermiculite, sanidine, clinochlore, lizardite orthoclase, and
atalpulgite in a smaller amount. In terms of mineralogical abundances and
assemblages, the shales are comparatively uniform. The sediments may have
originated from a homogenous source because of the mineralogical homogeneity.
The XRD bulk mineralogical results of Lunglei town shales are shown in Table 5.4.
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Figure 5.1: Average mineral composition of Shales from Lunglei town. (Where,
Q=Quartz, M=Muscovite, Ab=Albite, Co=Corrensite, F=Faujasite-Na,
Cr=Cristobalite, Ch=Chlorite, I=Illite, An=Anorthite/anorthoclase,
Ca=Caldecahydrite, Ga=Garronite, Mi=Microcline, V=Vermiculite, S=Sanidine,

C=Clinochlore, Li=Lizardite, O=Orthoclase and A=Atalpulgite)
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Table 5.1: Modal composition of Bhuban sandstones, Lunglei Town, Mizoram.

UPPER BHUBAN FORMATION
Sl. | Sample | Monocrystalline Quartz | Polycrystalline Quartz Total Quartz Feldspar Rock
No. No. Owu | Own o Qros | Qpss o Q=(Que + Qr) Peana FK Fragments Cement | Mica | Matrix
1 | LS-1 | 3.80 |66.03| 69.83 | 0.20 | 0.00 | 0.20 70.03 0.50 0.00 8.54 7.43 | 6.40 | 7.10
2 | LS-2 | 260 |57.14| 59.74 | 3.70 | 0.50 | 4.20 63.94 0.80 0.70 9.80 6.46 | 5.80 | 12.50
3 | LS-3 | 540 |66.61| 72.01 | 0.90 | 0.00 | 0.90 72.91 0.90 0.90 7.60 739 |6.10 | 4.20
4 | LS4 | 290 |54.15| 57.05 | 0.60 | 0.00 | 0.60 57.65 0.30 0.90 9.50 835 | 7.20 | 16.10
5| LS5 | 630 |61.36| 67.66 | 1.30 | 0.20 | 1.50 69.16 0.00 0.20 8.30 7.44 | 6.00 | 8.90
6 | LS6 | 3.10 | 6473 | 67.83 | 290 | 1.30 | 4.20 72.03 0.70 2.30 2.70 18.97 | 3.30 | 0.00
7 | LS-7 | 3.60 | 6511 | 68.71 | 0.20 | 0.00 | 0.20 68.91 0.50 0.50 7.90 9.94 | 560 | 6.65
8 | LS8 | 450 |66.21| 70.71 | 0.50 | 0.00 | 0.50 71.21 0.50 0.50 5.60 13.51 | 6.30 | 2.38
9 | LS9 | 350 |57.05| 60.55 | 0.70 | 0.00 | 0.70 61.25 0.50 0.00 7.80 13.65 | 5.50 | 11.30
10 | LS-10 | 6.60 |52.28| 58.88 | 1.50 | 0.20 | 1.70 60.58 0.50 0.90 8.10 12.33 | 6.60 | 10.99
11 | LS-11 | 4.00 |53.75| 57.75 | 0.50 | 0.00 | 0.50 58.25 0.00 0.00 7.60 9.55 | 8.70 | 15.90
12 | LS-18 | 250 |59.36 | 61.86 | 3.30 | 0.80 | 4.10 65.96 0.20 3.80 2.20 9.34 | 0.50 | 18.00
Where:

Qmu - Monocrystalline undulatory quartz, Qmn - Monocrystalline non-undulatory quartz, Q. -Total Monocrystalline quartz, Qpz-3 -
Polycrystalline quartz with 2-3 grain per quartz, Qps3 - Polycrystalline quartz with >3 grains per quartz, Qs -Total polycrystalline quartz,

Q - Total number of quartz, Pcyna - Plagioclase feldspar, Fy - Potash feldspar.
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13 | LS-19 | 2.30 | 63.84 | 66.14 | 1.30 | 1.80 | 3.10 69.24 0.70 1.50 11.10 6.92 | 1.30 | 9.24
14 | LS-26 | 4.10 [ 59.39 | 63.49 | 1.30 | 0.00 1.30 64.79 1.60 6.50 10.30 8.77 0.80 7.24
15 | LS-27 | 6.10 | 52.08 | 58.18 | 0.50 | 0.00 | 0.50 58.68 0.80 2.70 1.50 18.32 | 18.00 | 0.00
16 | LS-28 | 6.10 | 5253 | 58.63 | 3.40 | 230 | 5.70 64.33 0.50 5.20 1.90 12.01 | 4.40 | 11.66
17 | LS-29 | 10.30 | 55.14 | 65.44 | 1.30 | 0.50 | 1.80 67.24 0.50 3.40 7.50 13.59 | 0.20 | 7.57
18 | LS-30 | 6.50 | 52.48 | 58.98 | 1.70 | 0.00 | 1.70 60.68 0.50 0.70 6.10 11.52 | 2.20 | 18.30
19 | LS-33 | 2.10 | 58.66 | 60.76 | 1.00 | 0.20 | 1.20 61.96 0.50 0.20 12.60 11.23 | 6.40 | 7.11
20 | LS-34 | 15.40 | 54.10 | 69.50 | 2.40 | 5.10 | 7.50 77.00 0.30 0.30 6.80 15.00 | 0.60 | 0.00
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MIDDLE BHUBAN FORMATION

Quartz type Total Feldspar
SI. | Sample | Monocrystalline Quartz | Polycrystalline Quartz Quartz Rock Cement | Mica | Matrix
N M Quy | Qua | Que | Qeas | Qe | Qn | Q=(QuetQr) | Poume | Fi || IOTENE
1 LS-12 | 140 |62.06 | 63.46 | 0.80 | 0.00 0.80 64.26 0.00 0.00 5.00 11.44 | 4.20 | 15.10
2 LS-13 | 270 |63.39 | 66.09 | 250 | 0.50 3.00 69.09 1.20 0.20 6.40 13.28 | 3.00 6.83
3 LS-14 | 3.10 | 6521 | 68.31 | 1.80 | 0.50 2.30 70.61 0.50 0.00 12.40 7.90 3.30 5.29
4 LS-15 | 1.70 |66.11 | 67.81 | 1.40 | 0.20 1.60 69.41 0.00 0.00 9.80 6.29 0.50 | 14.00
5 LS-16 | 3.60 | 6542 | 69.02 | 210 | 0.70 2.80 71.82 0.00 0.70 13.50 5.61 4.60 3.77
6 LS-17 | 3.89 |62.18 | 66.07 | 2.33 | 1.55 3.88 69.95 0.52 0.00 8.60 5.55 3.50 | 11.88
7 LS-20 | 7.30 | 61.08 | 68.38 | 2.40 | 0.20 2.60 70.98 0.50 4.30 9.10 7.23 2.10 5.79
8 LS-21 | 2.00 |65.24 | 67.24 | 0.70 | 0.70 1.40 68.64 0.70 0.70 12.50 9.99 4,70 2.77
9 LS-22 | 210 |64.45| 66.55 | 1.80 | 0.50 2.30 68.85 0.50 3.10 9.00 0.00 1.00 | 17.55
10 | LS-23 | 11.50 | 52.82 | 64.32 | 3.20 | 1.00 | 4.20 68.52 1.20 2.50 3.30 14.09 | 1.20 9.19
11 | LS-24 | 200 |53.72| 55,72 | 2.00 | 230 | 4.30 60.02 0.50 1.00 4.60 16.84 | 5.60 | 11.44
12 | LS-25 | 520 |55.28 | 60.48 | 0.50 | 0.00 0.50 60.98 0.50 0.00 5.80 11.95 | 1140 | 9.37
13 | LS-31 | 6.90 |5546| 62.36 | 1.10 | 0.20 1.30 63.66 0.20 4.60 11.00 3.54 1.10 | 15.90
14 | LS-32 | 10.60 | 50.21 | 60.81 | 2.50 | 1.90 | 4.40 65.21 0.60 1.20 9.20 10.46 | 7.40 5.93
15 | LS-35 | 3.80 |53.46| 57.26 | 3.00 | 0.50 3.50 60.76 0.70 1.00 8.26 14.78 | 2.90 | 11.60
16 | LS-36 | 940 |53.06 | 62.46 | 1.10 | 0.00 1.10 63.56 0.00 0.00 5.20 7.23 6.60 | 1741
17 | LS-37 | 400 |54.47| 58.47 | 1.00 | 0.20 1.20 59.67 0.50 0.70 9.70 14.78 | 5.10 9.55
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Table 5.2: Recalculated values of modal data in percentile.

Litho- | Sample |~ Quartz Felspar Frsor%l;nt (Qut+tF+RF) Total Quartz % Total Felspar % Rock Fragments %
Unit No (Total) | (Total) (T%tal) tt 0 par~o g 0
LS-1 70.03 0.50 8.54 79.07 88.56 0.63 10.80
LS-2 63.93 1.50 9.80 75.23 84.97 1.99 13.02
LS-3 72.91 1.80 7.60 82.31 88.57 2.19 8.58
LS-4 57.65 1.20 9.50 68.35 84.34 1.76 13.89
LS-5 69.16 0.20 8.30 77.66 89.05 0.26 10.68
% LS-6 72.03 3.00 2.70 77.73 92.03 3.86 3.47
= LS-7 68.91 1.00 7.90 77.81 88.56 1.29 10.15
<§E LS-8 71.21 1.00 5.60 77.81 91.51 1.29 7.19
% LS-9 61.25 0.50 7.80 69.55 88.06 0.72 11.21
LZL LS-10 60.58 1.40 8.10 70.08 86.44 2.00 11.55
é LS-11 58.25 0.00 7.60 65.85 88.45 0.00 11.54
% LS-18 65.96 4.00 2.20 72.16 91.40 5.54 2.40
2 LS-19 69.24 2.20 11.10 82.54 83.88 2.67 13.44
g LS-26 64.79 8.10 10.30 83.19 77.88 9.74 12.38
D LS-27 58.68 3.50 1.50 63.68 92.14 5.50 2.35
LS-28 64.33 5.70 1.90 71.93 89.43 7.92 2.64
LS-29 67.24 3.90 7.50 78.64 85.50 4.96 9.53
LS-30 60.68 1.20 6.10 67.98 89.26 1.77 8.97
LS-33 61.96 0.70 12.60 75.26 82.32 0.93 16.76
LS-34 77.00 0.60 6.80 84.40 91.23 0.71 8.05
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Litho-

Sample

Quartz

Felspar

Rock

Unit | No (Total) | (Total) FZ?’%?;?;t (QuttF+RF) Total Quartz % Total Felspar % | Rock Fragments %
LS-12 64.26 0.00 5.00 69.26 92.78 0.00 7.21
LS-13 69.09 1.40 6.40 76.89 89.85 1.82 8.32
LS-14 70.61 0.50 12.40 83.51 84.55 0.60 14.66
= LS-15 69.41 0.00 9.80 79.21 87.62 0.00 12.37
S [Ls16 | 71.82 | 0.70 13.50 86.02 83.49 0.81 15.69
<§‘: LS-17 69.95 0.52 8.60 79.07 88.46 0.66 10.87
% LS-20 70.98 4.80 9.10 84.88 83.62 5.66 10.72
'-Z'- LS-21 68.64 1.40 12.50 82.54 83.15 1.70 15.14
g LS-22 68.85 3.60 9.00 81.45 83.50 4.42 11.04
% LS-23 68.52 3.70 3.30 75.52 90.73 4.90 4.36
m LS-24 60.02 1.50 4.60 66.12 90.77 2.27 6.95
Lg LS-25 60.98 0.50 5.80 67.28 90.63 0.74 8.62
a LS-31 63.66 4.80 11.00 79.46 80.11 6.04 13.84
= LS-32 65.21 1.80 9.20 76.21 85.56 2.36 10.75
LS-35 60.76 1.70 8.26 70.72 85.91 2.40 11.67
LS-36 63.56 0.00 5.20 68.76 92.43 0.00 7.56
LS-37 59.67 1.20 9.70 70.57 84.55 1.70 13.74
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Table 5.3: Percentile values of Quartz (monocrystalline), Feldspar (F), and Rock fragments (RF) of Bhuban sandstones,

Lunglei Town, Mizoram (in percentile).

'U::? Sal\’}:)p'e Qmt F RF (QMt+F+RF) Qmt % Feldspar % RF %
LS-1 69.83 0.50 8.54 78.87 88.53 0.63 10.27
LS-2 59.74 1.50 9.80 71.04 84.09 2.11 13.79
LS-3 72.01 1.80 7.60 81.41 88.45 2.21 9.33
LS-4 57.05 1.20 9.50 67.75 84.20 1.77 14.02
LS-5 67.66 0.20 8.30 76.16 88.83 0.26 10.89

g | Ls6 67.83 3.00 2.70 73.53 92.24 4.08 3.67

= | LS7 68.71 1.00 7.90 77.61 88.53 1.29 10.17

= | LS8 70.71 1.00 5.60 77.31 91.46 1.29 7.24

C | LS9 60.55 0.50 7.80 68.85 87.94 0.73 11.32

- LS-10 58.88 1.40 8.10 68.38 86.10 2.05 11.84

g LS-11 57.75 0.00 7.60 65.35 88.37 0.00 11.62

% LS-18 61.86 4.00 2.20 68.06 90.89 5.88 3.23

D | Ls19 66.14 2.20 11.10 79.44 83.25 2.77 13.97

ui | LS-26 63.49 8.10 10.30 81.89 77.53 9.89 12.57

S | LS-27 58.18 3.50 1.50 63.18 92.08 5.54 2.37
LS-28 58.63 5.70 1.90 66.23 88.52 8.61 2.86
LS-29 65.44 3.90 7.50 76.84 85.16 5.08 9.76
LS-30 58.98 1.20 6.10 66.28 88.98 1.81 9.20
LS-33 60.76 0.70 12.60 74.06 82.04 0.95 17.01
LS-34 69.50 0.60 6.80 76.90 90.37 0.78 8.84
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'[J'::? Sa,\rlr(‘)p'e omt F RF (Qmt+F+RF) Qmt % Feldspar % RF %
LS-12 63.46 0.00 5.00 68.46 92.69 0.00 7.30
LS-13 66.09 1.40 6.40 73.89 89.44 1.89 8.66
LS-14 68.31 0.50 12.40 81.21 84.11 0.62 15.26
z [LSI5 67.81 0.00 9.80 7761 87.37 0.00 12.62
= [Ls-16 69.02 0.70 13.50 83.22 82.93 0.84 16.22
< [Ls17 66.07 0.52 8.60 75.19 87.87 0.69 11.43
T [1s20 68.38 4.80 9.10 82.28 83.10 5.83 11.05
T [Ls2 67.24 1.40 12.50 81.14 82.86 1.73 15.40
< | LS2 66.55 3.60 9.00 79.15 84.08 455 11.37
S [Ls23 64.32 3.70 3.30 71.32 90.18 5.19 4.62
& | LS-24 55.72 1.50 4.60 61.82 90.13 2.43 7.44
W [Ls-25 60.48 0.50 5.80 66.78 90.56 0.75 8.68
S [Lsa1 62.36 4.80 11.00 78.16 79.78 6.14 14.07
S [ Ls32 60.81 1.80 9.20 71.81 84.68 251 12.81
LS-35 57.26 1.70 8.26 67.22 85.18 253 12.28
LS-36 62.46 0.00 5.20 67.66 92.31 0.00 7.68
LS-37 58.47 1.20 9.70 69.37 84.28 1.73 13.98
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Table 5.4: The minerals composition of characterized d-valve (A) calculated obtained from the diffractogram of Lunglei town.

Sample/
Elements

SH-1

SH-2

SH-3

SH-4

SH-5

SH-6

SH-7

SH-8

SH-9

SH-10

SH-11

SH-12

SH-13

SH-14

SH-15

Quartz

3.34

3.34

3.34

3.34

3.34

3.34

3.34

3.34

3.34

3.34

3.34

3.34

3.34

3.34

3.34

Muscovite

2.56

2.56

2.56

3.35

2.56

2.56

2.56

2.56

2.56

2.56

2.56

2.56

2.56

2.56

2.56

Albite

3.19

4.03

3.18

3.18

3.18

3.18

3.18

3.18

3.18

3.18

Corrensite

14

14

14

14

14

14

Anorthoclase

3.21

3.25

Anorthite

3.24

3.2

Cristobalite

4.03

4.03

4.03

4.03

Chlorite

14

14

Faujasite

14.2

14.2

14.2

llite

10.2

Caldecahydrite

Clinochlore

7.12

Lizardite

7.28

Microcline

Sanidine

Garronite

Vermiculite

Orthoclase

Attapulgite

14.6

Gismondite

Adularia

3.3
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PLATE: 5.1

Where, A: Fine-grained sandstone B: Angular to sub-angular sandstone
C: QNU (Quartz non-undulatory), QU (Quartz undulatory),
D: CCC (Concavo-convex contact), PC (Point contact)

D.PLAG (Dissolution of Plagioclase), E: SC (Suture contact),
F: POLY 2-3 (Polycrystalline quartz 2-3)

44



PLATE: 5.2

Where, A:POLY>3 (Polycrystalline quartz >3), B: QO (Quartz overgrowth)
C: CC (Calcite cement), D: PLAG (Plagioclase), E: MIC (Microcline)
F: PER (Perthite)

45



PLATE: 5.3

Where, A: RF (Rock Fragment, Schist),  B: BM (Bended Mica)
C: AC (Argillaceous Cement), D: Chlorite
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CHAPTER 6
GEOCHEMISTRY
6.1 INTRODUCTION

Clastic Sedimentary rocks are produced by the weathering, erosion, transport,
and deposition of older rocks. They are a valuable source of knowledge about past
orogenic processes and may contain detritus that explains the development of
orogenic settings (Johnsson, 1993). During the weathering process, the minerals in
pre-existing rock crumble, dissolve, and are carried by various agents to generate
sediments (Krishnamurthy et al., 1986; Laird et al.,, 2003; Rose et al., 2004).
According to Dickinson and Suczek (1979) and Johnsson (1993), the chemical
makeup of sandstone can be utilized to identify connections between tectonic setting

and provenance.

Thin section analyses of sedimentary rock can reveal the environment of
depositional, diagenesis, provenance, and transportation of sediments (Dickinson and
Suczek, 1979; Ingersoll and Suczek, 1979; Dickinson, 1985). As the sediments have
undergone extensive burial and compaction for a long period, it is plausible that the
framework grains can be altered. The accuracy of geochemical data, as opposed to
thin section study, provides accurate information on sedimentary rocks (McLennan et
al., 1993; Kroonenberg, 1994; Armstrong and Altrin, 2014). The primary
determining factor for the chemistry of sedimentary rocks is the chemical makeup of
the source rock. However, different variables such as weathering, erosion, hydraulic
sorting, deposition, transit, burial, and diagenesis can significantly alter the
composition of clastic sedimentary rocks (Bhatia and Crook, 1986; Johnsson, 1993;
Cullers and Podkovyrov, 2000).

The depositional environment, which is mostly governed by subsidence rate,
affects chemical changes during deposition. According to Johnsson (1993), the
composition of the source rock, chemical weathering, abrasion, sorting during transit,
and diagenesis are the most significant contributors. Three key interconnected
factorstectonic context, climate, and depositional characteristics affect these
variables. Each of these variables influences the traits of the others, resulting in
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various clastic compositions. Lithics are chemically broken down and separated from
relict quartz as sediments and are transported far from the source area. As a result,
vast mud-rich deltas typical of passive continental margin slope settings, quartz-rich
sandstones typical of continental interiors and passive margin platforms are
produced. In contrast, the sediments are transported for a shorter distance in a
magmatic arc depositional environment. Because of this, there is a lesser chance that
sediments will physically sort or undergo chemical changes, which may result in the
formation of sandstone that contains a high proportion of lithic fragments.

Chemical weathering indices combined with the bulk chemistry of the
principal element oxides into a single metric, are frequently used to characterize the
weathering profile of a source rock (Jason et al., 2003). It can be challenging to
relate the chemical compositions of the sediments to the source rock due to these
intricate interactions (Johnsson, 1993). However, it has been noted that the
composition of sandstones and their origin is closely associated with tectonic settings
(Dickinson and Suczek, 1979; Dickinson et al., 1983). Thus, it appears that these
components often behave in the same way in any given situation, despite the
complexity of the interactions between them. Moreover, these elements have
different effects on sediment composition depending on the tectonic setting (Seiver,
1979), resulting in compositional groups that are comparable and consistent

throughout.

The rare earth elements (REE, from La-Lu) can be distinguished by their
single oxidation state: REE (I11), except for cerium and europium. Over the past few
decades, REEs have emerged as significant geochemical tracers that can be used to
comprehend and explain the chemical development of the earth's continental crust
(Goldstein and Jacobsen, 1988; McLennan, 1989; Dupre et al., 1996). The source
rock characteristics of the sediments are reflected by certain elements such as REE,
Zr, Hf, Th, and Sc if they are present in the terrigenous sediments. The abundance of
these elements is not appreciably changed by weathering, transportation of sediment,
diagenesis, or metamorphism; Taylor and McLennan (1985), McLennan (1989), and
McLennan and Taylor (1991).
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Bhatia (1983) has classified the tectonic setting for sandstones into an oceanic
arc, continental arc, active, and passive continental margin based on unique Th/La,
Th/Sc, and other elemental pairs. According to Nesbitt (1979) and Cullers et al.
(1987), the effects of chemical weathering on trace element distributions suggested

that the typically immobile elements might also be somewhat redistributed.

Based on recent research, it has been suggested that REE patterns and Eu
anomalies in sediments can be affected by chemical weathering processes. To some
extent, the concentration of rare earth elements and high field strength elements
(HFSE) is also influenced by the fractionation of heavy mineral assemblage and the
degree of diagenesis (Ohr et al., 1994).

According to several studies (Middleton, 1960; Bhatia, 1983; McLennan,
1989), the geochemical composition of sedimentary rocks is a multiplex function of
factors such as the source material, weathering, transportation, physical sorting, and
diagenesis. Due to their relatively low mobility during sedimentary processes and
their residence times in seawater, many trace elements, including the rare earth
elements (REE; for example, La, Ce, Nd, Gd, YD), Y, Th, Zr, Hf, Nb, and Sc are best
suited for discriminations of provenance and tectonic setting (Holland, 1978; Taylor
and McLennan, 1985). They are therefore more helpful in differentiating tectonic
environments and source-rock compositions than the major elements due to their low
mobility, which causes them to be transferred quantitatively into clastic sediments
during weathering and transportation, reflecting the identity of the parent rocks
(Bhatia and Crook, 1986; McLennan, 1989; Condie, 1993).

6.2 WHOLE ROCK GEOCHEMISTRY
6.2.1 Major Oxides

Tectonic settings, depositional environment, and provenance of Bhuban
sandstones in the study area are determined by analyzing major oxide concentrations.
The concentration of major elements in Bhuban sandstones in the study area is
represented in Table 6.1. UCC normalized major elemental spider diagram {(Figure
6.2 (B)} demonstrated the depletion of Na,O, CaO, and K,0. Depletion of Na,O can
be explained by the comparatively smaller content of Na-rich plagioclase in
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comparison to k-felspar in the petrographic observation. The concentration of Na,O
and K;O and the ratio of K,O/Na,O all greater than 1 (>1) are also consistent with
the petrographic data. This observation also supports the frequent occurrence of mica
as void fillings and patchy distribution in the Bhuban sandstones of the study area.
The depletion of CaO in the spider diagram may be attributed to the absence of
calcite cement in the majority of the samples. The concentration of SiO, in UBF and
MBF varies from moderate to high (UBF: 51.77-74.32 wt. % with an average of
69.46 wt. %, MBF: 67.52-74.17 wt. % with an average of 71.89 wt. %) and a
negative correlation (Ryge: 0.28, Ruge: -0.52) with Al,O3; which may be due to the
differentiation of clays and quartz grains during the sedimentation processes {Figure
6.2 (A)}. In comparison to UCC (Rudnick and Gao, 2003, 2005), SiO; is slightly
enriched. Al,O3 concentrations range from UBF: 8.68-13.48 wt. % with an average
of 11.67 wt. % and MBF: 10.24-13.46 wt. % with an average of 12.04 wt. % which
is slightly less than the UCC values. The concentration of Na,O (UBF: 0.67-1.77 wit.
% with an average of 1.31 wt. % and MBF: 0.21-1.83 wt. % with an average of 1.22
wt. %) is also lower than the UCC values. The low values of Na,O/K;0 ratio (UBF =
0.57 avg.; MBF = 0.56 avg.) are consistent with the petrographic data in which the
K-feldspar dominates over plagioclase. When correlating major oxides against Al,O3,
Bhuban sandstones of Lunglei show a negative correlation with SiO; suggesting that
most of the silica content in sandstones are detrital quartz. A positive correlation is
observed in K;O (Rygr = 0.89, Rmsr = 0.52) and Fe;03 (Rusr = 0.94, Rusr = 0.63)
and TiO,. The association of these major oxides with micaceous or clay minerals in
the rock is strongly supported by the positive correlation of these major oxides
against Al,O3. According to Feng and Kerrich (1990), the positive correlation of K,O
with Al,O3z implies the enrichment of clay minerals and also reflects the impact of
weathering. Moreover, Fe;O3 (Rusr = 0.56, Ryver = 0.05) is showing a moderate to
weakly positive correlation with TiO,. However, a discernible trend is not observed
in MgO, P,0s5, CaO, MnO, Na,O and P,0s. Occasionally, other sedimentation
processes like diagenesis resulted in the enrichment of Fe,Os;. The lower
concentrations of Cr, Ni, and V, which indicate an early diagenetic and syngenetic
precipitation of Fe-oxides, further support this. The higher Al,Os/TiO, ratio (UBF =
20.81 avg. and MBF = 21.14 avg.) suggests that the sediments were most likely
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derived from a continental source (Fyffe and Pickerill, 1993). According to the UCC
normalized pattern {Figure 6.2 (B)}, samples like MgO, CaO, Na,O, and K,O are
showing depletion.
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Figure 6.2 (A): Correlation between various Major Oxides of Bhuban sandstones,

Lunglei town.
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Figure 6.2 (B): UCC normalized the major elemental spider diagram of Bhuban

sandstones, Lunglei town (UCC values after Taylor and McLennan, 1993).

6.2.2 Trace Elements

The concentration of trace elements (in parts per million) in the Bhuban
sandstones of Lunglei is represented in Table 6.2. The UCC normalized trace
element pattern {Figure 6.2 (D)} shows narrow compositional changes for Nb, Pb,
Zr, Mg, La, Ce, Sc, Ni, and Cr. In comparison with UCC, the Bhuban sandstone
samples are enriched in Si, and Rb, as well as depletion of Ca, Th, Na, Ba, and Fe.
The zircon content of sediments is increasing in tandem with their compositional
maturity. In the present study, the concentration of zircon is close to the UCC
suggesting that the Bhuban sandstones in the study area are immature which is
consistent with the petrographic analysis. Among the High Field Strength elements
(HFSE), the depletion of Th, Y, and Ti may be associated with the source rocks. In
the present studied samples, K-felspar, mica, and clay minerals are ubiquitous in

most of the thin sections. Thus, the common occurrence of these minerals that
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frequently host rubidium can account for the high Rb level in the Bhuban sandstone.
Al,O3 exhibits a positive correlation with certain trace elements {Figure 6.2 (C)}
such as Rb (Rugr: 0.87, Rvgr: 0.58), Nb (Rusr: 0.49, Rusr: 0.43), and V (Rygr: 0.88,
Rwmer: 0.67) demonstrating the relationship between these elements and clay minerals
such as kaolinite, chlorite, and illite. A strong positive correlation between Rb and
K20 (Rugr: 0.98, Rugr: 0.98) also suggested that the concentration of Rb is
controlled by K,O. However, other elements did not show a discernible trend as the
samples are scattered. Lower concentrations of calcic plagioclase or their removal
during the sedimentation processes are suggested by the depletion of CaO as well as

the weak negative correlation of Sr against Al,O3 (Ruge: - 0.32, Rvge: - 0.37).
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sandstones, Lunglei town (Pearson, 1895).
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Figure 6.2 (D): UCC normalized the elemental pattern of Bhuban sandstones,

Lunglei town.
6.2.3 Rare Earth Elements (REE)

The characteristics of rare earth elements are not greatly affected by
sedimentary processes such as transportation, deposition, diagenesis, and weathering.
Hence, they can be utilized effectively to determine the source rock characteristics
and their tectonic setting as these elements are usually well preserved in the
sediments. (Taylor and McLennan, 1985; Fu et al., 2010, 2011; Bhatia, 1985; Bhatia
and Crook, 1986). The rare earth elemental concentrations in the Bhuban sandstone
of the study area are represented in Table 6.3. The Chondrite normalized REE pattern
of the Bhuban samples {Figure 6.2 (E)} shows enrichment of LREE (La-Gd) and
depletion of HREE (Th-Lu) with negative Eu anomaly (average UBF = 0.62%, MBF
= 0.61%). The REE pattern of Bhuban sandstones of Lunglei is nearly identical to
the UCC patterns. The extremely uniform REE pattern of the samples may suggest
that the derivation of sediments has a certain homogeneity. The typical
characteristics of sedimentary rocks are also reflected by their negative Eu anomaly
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(Ma et al., 2021). Furthermore, the ratios of Eu/Eu* = (UBF ranging from 0.58 -
0.66, avg. 0.62; MBF ranging from 0.57 - 0.66, avg. 0.61), (La/Sm)N = (UBF
ranging from 3.27 - 3.67, avg. 3.43; MBF ranging from 2.91 - 4.16, avg. 3.42), and
(Gd/Yb)N= (UBF ranging from 2.12 - 2.48, avg. 2.25; MBF ranging from 2.10 -
2.70, avg. 2.34) nearly match the specifications of UCC when compared with the
other standards. The fractionation of LREE is further demonstrated by (La/Sm)y =
(UBF ranging from 3.27 - 3.67; avg. 3.43, MBF ranging from 2.91 - 4.16; avg. 3.42.
The fractionation of HREE is demonstrated by the ratio of LREE/HREE, i.e.,
(La/Lu)n = (UBF ranging from 11.31 — 14.27, avg. 12.94; MBF ranging from 11.28
—17.22, avg. 13.91). Also, the high (Gd/Yb)y ratio (avg. 2.34) indicates a trend of
HREE depletion. Based on the REE pattern, and the ratios of LREE and HREE,
along with the total REEs, the properties of the source rock can be identified (Allegre
et al.,, 1978). Hence, fractionated felsic to intermediate source rocks, such as

granitoids are likely the main source of the studied Bhuban sandstone.
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Figure 6.2 (E): Chondrite-normalized REE distribution pattern of Bhuban

sandstones, Lunglei town (after Taylor and McLennan, 1985)

56



Table 6.1: Major element concentration in weight (wt %) for Bhuban sandstones in and around Lunglei Town [Standard concentration
of major oxides- UCC (after Rudnick and Gao, 2003 & 2005); GLOSS after Plank and Langmuir, 1998); PAAS (after Taylor and
McLennan, 1985); NASC (after Gromet et al., 1984) are also highlighted in the table].

I:::(t) S?\lmozle SiO, | TiO, | AlLO; | Fe;03 | MnO | MgO | CaO | Na,O | K,O | P,Os | SiOy/AlLO; | AlLOS/TIO, | K,O/ALO; | K,O/Na,0
LS6 | 6551 | 050 | 13.02 | 507 | 0.05 | 265 | 244 | 114 | 256 | 0.16 5.03 26.04 0.20 2.25
LS-7 | 7361 | 0.62 | 12.08 | 4.81 | 0.03 148 | 010 | 0.67 | 2.23 | 0.08 6.09 19.48 0.18 3.33
LS-9 | 6868 | 054 | 1183 | 417 | 0.09 | 238 | 274 | 113 | 252 | 0.11 5.81 21.91 0.21 2.23
- LS-10 | 69.84 | 0.65 | 1291 | 470 | 0.04 | 209 | 045 | 124 | 252 | 0.12 541 19.86 0.20 2.03
'% LS-18 | 7432 | 056 | 10.30 | 3.77 | 0.05 174 | 094 | 1.77 | 2.08 | 0.09 7.22 18.39 0.20 1.18
% LS-19 | 73.03 | 056 | 11.22 | 3.87 | 0.05 186 | 089 | 1.75 | 219 | 0.10 6.51 20.04 0.20 1.25
E LS-26 | 67.10 | 0.60 | 13.48 | 5.10 | 0.05 | 2.93 120 | 126 | 264 | 0.12 4.98 22.47 0.20 2.10
-E LS-27 | 5177 | 0.38 | 8.68 | 2.88 | 0.38 1.76 | 1941 | 0.93 1.40 | 0.13 5.96 22.84 0.16 1.51
E_ LS-28 | 69.37 | 058 | 1324 | 508 | 0.04 | 217 | 048 | 151 | 240 | 0.13 5.24 22.83 0.18 1.59
5 LS-29 | 70.82 | 0.75 | 1244 | 476 | 0.05 | 216 | 0.72 132 | 232 | 011 5.69 16.59 0.19 1.76
LS-30 | 74.01 | 057 | 10.30 | 4.02 | 0.05 1.80 | 0.97 148 | 213 | 0.10 7.19 18.07 0.21 1.44
LS-33 | 7242 | 049 | 1151 | 460 | 0.05 191 | 045 | 116 | 233 | 0.08 6.29 23.49 0.20 2.01
LS-34 | 7256 | 058 | 10.76 | 4.32 | 0.05 | 258 | 0.67 162 | 226 | 0.09 6.74 18.55 0.21 1.40
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I::: SaNn;z)le SiO, | TiO, | AlL,O3 | Fe;03 | MNO | MgO | CaO | Na,O | KO | P,Os | SiO,/AlL,O;3 | AlL,O4/TiO, | K,O/ALLO3 | K,O/Na,O
LS-12 | 7239 | 055 | 13.11 | 4.47 0.04 1.17 0.04 021 | 1.79 | 0.06 5.52 23.84 0.14 8.52
LS-13 | 7417 | 055 | 11.16 | 396 | 0.03 | 1.83 | 041 | 1.83 | 217 | 0.10 6.65 20.29 0.19 1.19
LS-14 | 73.73 | 057 | 1141 | 4.08 0.04 1.45 0.41 165 | 2.14| 0.10 6.46 20.02 0.19 1.30
é LS-16 | 7343 | 047 | 1159 | 451 | 0.04 | 130 | 0.06 | 0.43 |202 | 0.06 6.34 24.66 0.17 4.70
§ LS-20 | 70.14 | 0.61 | 1321 | 489 | 0.03 | 211 | 030 | 1.27 |276| 0.11 5.31 21.66 0.21 2.17
L'C' LS-21 | 70.90 | 0.73 | 1250 | 484 | 0.04 | 188 | 0.28 | 1.26 | 221 | 0.13 5.67 17.12 0.18 1.75
-§ LS-22 | 7256 | 0.69 | 12.05 | 446 | 005 | 1.99 | 0.81 | 141 |200| 0.11 6.02 17.46 0.17 1.42
% LS-23 | 7272 | 070 | 1192 | 440 | 005 | 187 | 0.74 | 152 |1.97 | 0.10 6.10 17.03 0.17 1.30
E LS-24 | 67.52 | 0.46 | 1229 | 553 | 0.18 | 2.26 | 2.00 | 1.26 | 2.24 | 0.08 5.49 26.72 0.18 1.78
= LS-31 | 72.94 | 058 | 1148 | 417 | 0.05 | 222 | 0.90 | 1.34 | 230 | 0.09 6.35 19.79 0.20 1.72
LS-35 | 71.94 | 041 | 1024 | 433 | 022 | 1.76 | 250 | 1.17 |191| 0.12 7.03 24.98 0.19 1.63
LS-37 | 70.18 | 0.67 | 13.46 | 5.14 0.05 2.27 0.53 127 (270 | 0.10 5.21 20.09 0.20 2.13
Standards SiO, | TiO, | AlLO; | Fe;O3 | MnO | MgO | CaO | Na,O | KyO | P,Os | SiO /ALO; | AlLOL/TIO, | K,O/ALO; | KyO/Na,O
ucc 66.6 | 0.64 | 154 | 5.04 0.1 248 | 359 | 327 | 28 | 0.15 4.32 24.06 0.18 0.86
GLOSS 58,57 | 0.62 | 1191 | 521 | 032 | 248 | 595 | 243 |2.04 | 0.19 4.92 19.21 0.17 0.84
PAAS 62.8 1 189 | 722 | 011 2.2 13 12 | 37 | 0.16 3.32 18.9 0.2 3.08
NASC 648 | 0.78 | 169 | 633 | 0.06 | 2.85 | 356 | 1.15 |3.99 | 0.11 3.83 21.67 0.24 3.47
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Table 6.2: Trace element concentration (in ppm) for Bhuban sandstones of Lunglei [Standard concentration of trace element - UCC
(after Rudnick and Gao, 2003 & 2005); GLOSS (after Plank and Langmuir, 1998); PAAS (after Taylor and McLennan, 1985); NASC
(after Gromet et al., 1984) are also highlighted in the table].

Oxides/ UPPER BHUBAN FORMATION Standards

Elements | LS-6 | LS-7 | LS9 | LS-10 | LS-18 | LS-19 | LS-26 | LS-27 | LS-28 | LS-29 | LS-30 | LS-33 | LS-34 | UCC | GLOSS | PAAS | NASC
Sc 10.0 9.0 10.0 9.0 6.0 7.0 10.0 11.0 8.0 9.0 8.0 7.0 6.0 14.0 13.1 16.0 14.9
\Y 81.0 | 81.0 | 79.0 | 92.0 71.0 72.0 90.0 52.0 81.0 91.0 72.0 76.0 80.0 97.0 110.0 150.0 | 130.0
Cr 183.0 | 272.0 | 1540 | 135.0 | 73.0 73.0 | 1700 | 119.0 | 710 94.0 740 | 166.0 | 101.0 | 92.0 78.9 110.0 | 125.0
Co 57.0 | 440 | 41.0 | 48.0 47.0 46.0 51.0 40.0 73.0 93.0 60.0 39.0 53.0 17.3 21.9 23.0 25.7
Ni 47.0 | 51.0 | 40.0 | 420 28.0 29.0 44.0 24.0 31.0 27.0 26.0 50.0 42.0 47.0 70.5 55.0 58.0
Cu 20.0 8.0 12.0 | 15.0 7.0 9.0 15.0 3.0 11.0 10.0 8.0 7.0 8.0 28.0 75.0 50.0 -
Zn 67.0 | 53.0 | 57.0 | 63.0 48.0 46.0 63.0 34.0 57.0 54.0 46.0 48.0 50.0 67.0 86.4 85.0 -
Ga 150 | 110 | 13.0 | 13.0 13.0 12.0 15.0 5.0 14.0 13.0 12.0 14.0 13.0 - - - -
Rb 107.0 | 84.0 | 104.0 | 105.0 | 77.0 80.0 | 111.0 | 43.0 88.0 91.0 77.0 91.0 88.0 82.0 57.2 160.0 | 125.0
Sr 115.0 | 43.0 | 101.0 | 970 | 104.0 | 1010 | 103.0 | 133.0 | 75.0 84.0 81.0 79.0 88.0 | 320.0 | 327.0 | 200.0 | 142.0
Y 27.0 | 37.0 | 250 | 30.0 23.0 23.0 27.0 14.0 24.0 28.0 24.0 22.0 23.0 21.0 29.8 27.0 35.0
Zr 193.0 | 276.0 | 185.0 | 273.0 | 312.0 | 260.0 | 231.0 | 155.0 | 224.0 | 393.0 | 283.0 | 169.0 | 251.0 | 193.0 | 130.0 | 210.0 | 200.0
Nb 11.0 | 13.0 | 10.0 | 13.0 12.0 12.0 13.0 7.0 11.0 15.0 12.0 9.0 13.0 12.0 8.9 19.0 13.0
Ba 383.0 | 429.0 | 433.0 | 432.0 | 410.0 | 417.0 | 416.0 | 202.0 | 398.0 | 423.0 | 390.0 | 369.0 | 381.0 | 628.0 | 776.0 | 650.0 | 636.0
Pb 180 | 170 | 170 | 17.0 16.0 16.0 17.0 17.0 19.0 17.0 16.0 19.0 16.0 17.0 19.9 20.0 -
Th 13.0 | 170 | 120 | 13.0 13.0 13.0 13.0 9.0 13.0 16.0 13.0 10.0 12.0 10.5 6.9 14.6 12.0
U 3.8 3.9 0.0 29 1.0 3.2 0.0 0.0 0.0 2.2 2.6 0.0 0.0 2.7 1.7 3.1 2.7
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UPPER BHUBAN FORMATION

Standards

Oxides/

Elements | LS-6 | LS-7 | LS-9 | LS-10 | LS-18 | LS-19 | LS-26 | LS-27 | LS-28 | LS-29 | LS-30 | LS-33 | LS-34 | UCC | GLOSS | PAAS | NASC
Rb/Sr 093 | 195 | 1.03 | 1.08 | 0.74 | 0.79 1.08 | 0.32 1.17 1.08 | 0.95 1.15 1.00 | 0.26 0.17 0.80 0.88
Y/Ni 057 | 073 | 0.63 | 0.71 | 0.82 0.79 | 061 | 058 | 0.77 1.04 | 0.92 0.44 | 055 | 045 0.42 0.49 0.60
Co/Th 438 | 259 | 342 | 3.69 | 3.62 354 | 3.92 4.44 | 5.62 581 | 4.62 390 | 442 | 165 3.17 1.58 2.14
Th/Co 023 | 039 | 029 | 0.27 | 0.28 028 | 025 | 0.23 | 0.18 0.17 | 0.22 0.26 | 0.23 | 0.61 0.32 0.63 0.47
Cr/Th 14.08 | 16.00 | 12.83 | 10.38 | 5.62 5.62 | 13.08 | 13.22 | 5.46 5.88 569 | 16.60 | 842 | 8.76 11.42 753 | 10.42
Cr/Ni 3.89 | 533 | 385 | 321 | 261 252 | 386 | 496 | 2.29 3.48 285 | 3.32 240 | 1.96 1.12 2.00 2.16
Th/Cr 0.07 | 0.06 | 0.08 | 0.10 | 0.18 0.18 | 0.08 | 0.08 | 0.18 0.17 | 018 | 0.06 | 0.12 | 0.11 0.09 0.13 0.10
Zr/Cr 1.05 | 1.01 | 1.20 | 2.02 | 4.27 3.56 1.36 130 | 315 | 418 | 382 1.02 249 | 2.10 1.65 1.91 1.60
Th/Sc 130 | 1.89 | 120 | 144 | 217 1.86 130 | 0.82 1.63 1.78 1.63 143 | 2.00 | 0.75 0.53 0.91 0.81
Zr/Sc 19.30 | 30.67 | 18.50 | 30.33 | 52.00 | 37.14 | 23.10 | 14.09 | 28.00 | 43.67 | 35.38 | 24.14 | 41.83 | 13.79 9.92 13.13 | 13.42
CrivV 226 | 336 | 195 | 147 | 1.03 1.01 1.89 229 | 0.88 1.03 1.03 2.18 1.26 | 0.95 0.72 0.73 0.96
Cr/zZr 095 | 099 | 0.83 | 049 | 0.23 028 | 0.74 | 077 | 0.32 024 | 026 | 0.98 | 0.40 | 0.48 0.61 0.52 0.63
Th/U 342 | 436 | 0.00 | 448 | 13.00 | 406 | 0.00 | 0.00 | 0.00 7.27 5.00 | 0.00 | 0.00 | 3.89 4.11 471 451
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Oxides/ MIDDLE BHUBAN FORMATION Standards

Elements | LS-12 | LS-13 | LS-14 | LS-16 | LS-20 | LS-21 | LS-22 | LS-23 | LS-24 | LS-31 | LS-35 | LS-37 | UCC | GLOSS | PAAS | NASC
Sc 6.00 7.00 8.00 7.00 10.00 | 10.00 8.00 7.00 7.00 8.00 7.00 9.00 14.0 13.1 16.0 14.9
\Y 75.00 | 72.00 | 74.00 | 75.00 | 93.00 | 90.00 | 77.00 | 78.00 | 77.00 | 79.00 | 76.00 | 96.00 | 97.0 | 110.0 | 150.0 | 130.0
Cr 81.00 | 72.00 | 82.00 | 92.00 | 108.00 | 148.00 | 72.00 | 75.00 | 74.00 | 104.00 | 81.00 | 143.00 | 92.0 78.9 110.0 | 125.0
Co 41.00 | 86.00 | 64.00 | 67.00 | 79.00 | 57.00 | 81.00 | 67.00 | 88.00 | 88.00 | 71.00 | 52.00 | 17.3 21.9 23.0 25.7
Ni 62.00 | 28.00 | 34.00 | 49.00 | 37.00 | 30.00 | 23.00 | 24.00 | 36.00 | 34.00 | 37.00 | 44.00 | 47.0 70.5 55.0 58.0
Cu 10.00 | 9.00 7.00 10.00 | 16.00 | 13.00 9.00 7.00 14.00 9.00 11.00 | 17.00 | 28.0 75.0 50.0 -
Zn 68.00 | 47.00 | 48.00 | 55.00 | 69.00 | 59.00 | 49.00 | 50.00 | 63.00 | 52.00 | 49.00 | 66.00 | 67.0 86.4 85.0 -
Ga 12.00 | 13.00 | 12.00 | 13.00 | 16.00 | 14.00 | 12.00 | 13.00 | 12.00 | 13.00 | 12.00 | 16.00 - - - -
Rb 66.00 | 78.00 | 77.00 | 74.00 | 112.00 | 86.00 | 74.00 | 70.00 | 80.00 | 90.00 | 70.00 | 116.00 | 82.0 57.2 160.0 | 125.0
Sr 30.00 | 90.00 | 95.00 | 41.00 | 85.00 | 76.00 | 74.00 | 72.00 | 140.00 | 94.00 | 139.00 | 97.00 | 320.0 | 327.0 | 200.0 | 142.0
Y 21.00 | 23.00 | 22.00 | 24.00 | 30.00 | 30.00 | 26.00 | 25.00 | 22.00 | 24.00 | 21.00 | 28.00 | 21.0 29.8 27.0 35.0
Zr 222.00 | 254.00 | 254.00 | 169.00 | 255.00 | 375.00 | 383.00 | 358.00 | 151.00 | 232.00 | 121.00 | 231.00 | 193.0 | 130.0 | 210.0 | 200.0
Nb 10.00 | 11.00 | 12.00 9.00 13.00 | 16.00 | 15.00 | 14.00 9.00 11.00 8.00 13.00 | 12.0 8.9 19.0 13.0
Ba 282.00 | 401.00 | 391.00 | 376.00 | 458.00 | 436.00 | 389.00 | 381.00 | 353.00 | 382.00 | 347.00 | 426.00 | 628.0 | 776.0 | 650.0 | 636.0
Pb 17.00 | 16.00 | 16.00 | 17.00 | 18.00 | 17.00 | 16.00 | 16.00 | 20.00 | 17.00 | 20.00 | 18.00 | 17.0 19.9 20.0 -
Th 11.00 | 13.00 | 13.00 | 11.00 | 1500 | 17.00 | 15.00 | 14.00 | 10.00 | 13.00 | 10.00 | 14.00 | 105 6.9 14.6 12.0
U 2.40 0.00 0.00 2.20 1.00 1.80 1.60 2.20 0.00 1.00 1.00 0.00 2.7 1.7 3.1 2.7
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Oxides/ MIDDLE BHUBAN FORMATION Standards

Elements | LS-12 | LS-13 | LS-14 | LS-16 | LS-20 | LS-21 | LS-22 | LS-23 | LS-24 | LS-31 | LS-35 | LS-37 | UCC | GLOSS | PAAS | NASC
Rb/Sr 2.20 0.87 0.81 1.80 1.32 1.13 1.00 0.97 0.57 0.96 0.50 1.20 | 0.26 0.17 0.80 0.88
Y/Ni 0.34 0.82 0.65 0.49 0.81 1.00 1.13 1.04 0.61 0.71 0.57 0.64 | 045 0.42 0.49 0.60
Co/Th 3.73 6.62 4.92 6.09 5.27 3.35 5.40 4.79 8.80 6.77 7.10 3.71 | 1.65 3.17 1.58 2.14
Th/Co 0.27 0.15 0.20 0.16 0.19 0.30 0.19 0.21 0.11 0.15 0.14 0.27 | 0.61 0.32 0.63 0.47
Cr/Th 7.36 5.54 6.31 8.36 7.20 8.71 4.80 5.36 7.40 8.00 8.10 | 10.21 | 8.76 | 11.42 7.53 | 10.42
Cr/Ni 131 2.57 241 1.88 2.92 4.93 3.13 3.13 2.06 3.06 2.19 3.25 | 196 1.12 2.00 2.16
Th/Cr 0.14 0.18 0.16 0.12 0.14 0.11 0.21 0.19 0.14 0.13 0.12 0.10 | 0.11 0.09 0.13 0.10
Zr/Cr 2.74 3.53 3.10 1.84 2.36 2.53 5.32 4.77 2.04 2.23 1.49 162 | 210 1.65 1.91 1.60
Th/Sc 1.83 1.86 1.63 1.57 1.50 1.70 1.88 2.00 1.43 1.63 1.43 156 | 0.75 0.53 0.91 0.81
Zr/Sc 37.00 | 36.29 | 31.75 | 24.14 | 2550 | 37.50 | 47.88 | 51.14 | 21.57 | 29.00 | 17.29 | 25.67 | 13.79 | 9.92 13.13 | 13.42
CriV 1.08 1.00 1.11 1.23 1.16 1.64 0.94 0.96 0.96 1.32 1.07 149 | 0.95 0.72 0.73 0.96
CrlZr 0.36 0.28 0.32 0.54 0.42 0.39 0.19 0.21 0.49 0.45 0.67 0.62 | 048 0.61 0.52 0.63
Th/U 4.58 0.00 0.00 5.00 | 15.00 | 9.44 9.38 6.36 0.00 | 13.00 | 10.00 | 0.00 | 3.89 411 4.71 451
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Table 6.3: Concentration of Rare Earth Elements in Bhuban Sandstone of Lunglei (in
ppm) [Standard REE concentration - UCC (after Rudnick and Gao, 2003 & 2005);
GLOSS after Plank and Langmuir, 1998); PAAS (after Taylor and McLennan,
1985); NASC (after Gromet et al., 1984) are also highlighted in the table].

Oxides/ Upper Bhuban Formation

Elements LS-06 LS-07 LS-09 LS-10 LS-18 LS-19 LS-26
La 10.84 56.94 34.73 36.73 36.83 30.02 34.80

Ce 23.71 102.28 73.69 76.26 80.69 | 66.45 | 73.78

Pr 2.32 12.96 7.62 8.22 8.35 6.86 7.83

Nd 13.84 79.53 47.31 50.54 51.27 41.98 49.57
Sm 1.86 10.96 6.15 6.88 6.57 5.56 6.46
Eu 0.37 2.01 1.24 1.40 1.23 1.06 1.24
Gd 1.59 9.78 5.36 6.10 5.62 4.73 5.62
Th 0.24 1.54 0.79 0.93 0.84 0.69 0.82
Dy 1.40 8.75 4.48 5.38 4.69 3.80 4.49

Ho 0.31 1.88 1.04 1.18 1.02 0.84 1.00

Er 0.76 4.52 2.44 2.87 2.56 2.08 242
Tm 0.12 0.69 0.37 0.45 0.40 0.32 0.40
Yb 0.61 3.36 1.92 2.33 2.03 1.65 2.02

Lu 0.08 0.46 0.26 0.34 0.28 0.26 0.29
(La/Yb)N 12.08 11.44 12.26 10.63 12.27 1228 | 11.64
(La/Sm)N 3.67 3.27 3.56 3.36 3.53 34 3.39
(Gd/Yb)N 2.13 2.36 2.27 2.12 2.25 2.32 2.25
Eu/Eu* 0.65 0.58 0.64 0.65 0.6 0.62 0.61
(La/Lu)N 13.39 12.85 13.97 11.31 13.70 12.22 12.54
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Oxides/

Upper Bhuban Formation

Elements LS-27 LS-28 LS-29 | LS-30 LS-33 LS-34
La 25.00 30.23 4491 | 40.26 30.36 34.17

Ce 54.12 66.67 96.72 | 87.72 66.13 74.89

Pr 5.57 6.91 10.45 | 9.01 6.82 7.67

Nd 33.88 42.68 66.68 | 56.04 41.96 46.85

Sm 4.60 5.62 8.58 | 7.29 5.57 6.21

Eu 0.96 1.07 151 1.35 1.09 1.18

Gd 4.13 4.72 7.09 | 6.28 4.70 5.25

Tb 0.61 0.68 1.04 | 0.93 0.71 0.80

Dy 3.48 3.75 5.63 | 5.20 3.94 4.53

Ho 0.78 0.82 1.25 1.13 0.86 0.99

Er 191 2.05 3.00 | 2.80 2.10 2.47

Tm 0.30 0.32 0.47 | 0.42 0.33 0.39

Yb 1.58 1.72 232 | 221 1.74 1.95

Lu 0.23 0.26 0.33 | 0.29 0.24 0.28
(La/YDb)N 10.72 11.88 13.1 | 12.34 11.82 11.87
(La/Sm)N 3.42 3.39 3.29 | 3.48 3.43 3.46
(Gd/Yb)N 2.12 2.22 248 | 231 2.19 2.19
Eu/Eu* 0.66 0.62 0.58 0.6 0.63 0.61
(La/Lu)N 11.43 12.31 14.21 | 14.27 13.13 12.85
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Oxides/

Middle Bhuban Formation

Elements | LS-12 | LS-13 | LS-14 | LS-16 | LS-20 | LS-21 | LS-22 | LS-23
La 33.86 | 37.31 | 31.83 | 35.88 | 42.63 | 46.10 | 46.62 | 29.79

Ce 70.65 | 81.49 | 69.83 | 70.00 | 93.88 | 100.87 | 101.94 | 64.73

Pr 7.28 8.35 7.21 7.93 9.67 | 10.65 | 10.77 | 6.82

Nd 42.88 | 51.91 | 4431 | 4859 | 59.52 | 65.97 | 67.99 | 41.71

Sm 5.13 6.60 5.82 6.34 7.86 | 851 8.66 5.35

Eu 0.92 1.23 1.08 1.23 1.51 1.54 1.51 0.98

Gd 4.36 5.58 4.86 5.48 6.71 698 | 7.16 | 4.50

Tb 0.61 0.81 0.69 0.82 0.96 | 0.97 1.00 | 0.66

Dy 3.38 4.60 3.87 4.58 498 | 526 | 5.48 3.52

Ho 0.76 1.02 0.82 1.00 1.07 1.10 1.15 0.78

Er 1.96 2.57 2.01 2.46 260 | 272 2.80 1.93

Tm 0.31 0.40 0.32 0.38 0.39 0.42 0.42 0.30

Yb 1.67 2.12 1.77 1.94 210 | 217 | 215 1.58

Lu 0.22 0.28 0.25 0.27 0.27 030 | 028 | 0.24
(La/Yb)N | 13.69 | 11.88 | 12.15 12.5 13.7 | 14.36 | 14.64 | 12.74
(La/Sm)N | 4.16 3.56 3.44 3.56 3.41 3.41 3.39 3.51
(Gd/Yb)N | 2.11 2.13 2.22 2.29 2.58 2.61 2.7 2.31

Eu/Eu* 0.58 0.61 0.6 0.62 0.62 0.6 0.57 0.6

(La/Lu)N | 15.69 | 13.83 | 13.11 | 14.00 | 16.39 | 15.74 | 17.22 | 12.94
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Oxides/ Middle Bhuban Formation Standards
Elements LS-24 LS-31 LS-35 LS-37 UCC | GLOSS | PAAS | NASC
La 23.58 30.70 | 29.17 34.04 31 28.8 38.2 31.1
Ce 54.36 67.85 | 67.14 75.75 63 57.3 79.6 67.03
Pr 5.60 7.00 6.99 7.85 7.1 - 8.83 -
Nd 35.24 | 43.30 | 43.79 48.78 27 27 33.9 30.4
Sm 4.95 5.89 6.31 6.37 4.7 5.78 5.55 5.98
Eu 1.03 1.09 1.31 1.22 1 1.31 1.08 1.25
Gd 4.38 5.06 5.53 5.31 4 5.26 4.66 55
Tb 0.68 0.75 0.85 0.77 0.7 - 0.77 0.85
Dy 3.75 4.19 491 4.30 3.9 4.99 4.68 5.54
Ho 0.80 0.93 1.07 0.93 0.83 - 0.99 -
Er 1.89 2.34 2.49 2.29 2.3 2.92 2.85 3.28
Tm 0.29 0.36 0.38 0.37 0.3 - 0.41 -
Yb 1.48 1.95 1.83 1.95 2 2.76 2.82 3.11
Lu 0.22 0.27 0.25 0.28 0.31 0.413 0.43 0.46
(La/Yb)N | 10.77 | 10.63 | 10.76 | 11.81 | 10.47 7.05 9.15 6.75
(La/Sm)N 3 3.28 | 2091 337 | 4.15 3.14 433 | 3.27
(Gd/Yb)N 2.4 2.1 2.45 2.21 1.62 1.54 1.34 1.43
Eu/Eu* 0.66 0.59 0.66 0.62 0.69 0.71 0.63 0.66
(La/Lu)N 11.28 11.63 | 12.21 12.80 | 10.38 7.24 9.22 7.08
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CHAPTER 7
DISCUSSION
7.1 PROVENANCE

Provenance is the source rock from which the sediments are derived prior to
the reworking process. Clastic sedimentary rocks, such as sandstone, siltstone, and
shale, are composed of igneous, metamorphic, and other sedimentary rock fragments.
Because the transportation mechanism cannot reveal much about the character of the
parent rocks, it is crucial to ascertain the source of the sediments. The petrography of
sandstones — more specifically, the petrographic modal data has long been
successfully employed for the provenance determination of clastic sedimentary
rocks. Furthermore, the geochemical characteristics of clastic sediments are
becoming a reliable tool for provenance analysis.

7.1.1 Petrographic Provenance

To determine the provenance characteristics and the paleo-climatic conditions
that prevail at the time of deposition, different varieties of quartz like
monocrystalline quartz (both undulose and non-undulose) and polycrystalline quartz
(2-3 grains and >3 grains per quartz) are utilized. Data obtained after thin section
analysis revealed that the most common type of quartz is non-undulose
monocrystalline (Quny: UBF: 52.08 — 66.61%, MBF: 50.21 — 66.11%) followed by
monocrystalline undulose quartz (Qumy : UBF: 2.10 — 15.40%, MBF: 1.40 - 11.50 %),
polycrystalline 2-3 grain per quartz (Qpz-3: UBF: 0.20 — 3.70%, MBF: 0.50 — 3.20%)
and polycrystalline >3 grain per quartz (QP>3 : UBF: 0.00 — 5.10%, UBF: 0.00 —
2.30%).

Basu et al. (1975) proposed a diamond plot by using the relative abundance
of monocrystalline and polycrystalline quartz to classify the origin of the sediments
into plutonic, middle and upper-rank metamorphic and low-rank metamorphic types.
In the diamond plot {Figure 7.1 (A)}, the recalculated value of the different quartz
varieties of Bhuban sandstones in the study area are plotted and it has been noticed

that most of the sandstone samples fall within plutonic rocks and only a few
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sandstones fall within middle and upper-rank metamorphic rocks. This indicates that
most of the quartz grains are derived from plutonic rocks and only a few quartz
grains are originated from metamorphic terrain. In some undulose quartz grains, the
strain effects can be observed which indicates that the source rock might have

undergone deformation due to compression.

Keeping the same variables of quartz varieties and introducing certain new
fields of source rocks, another diamond diagram was suggested by Tortosa et al.
(1991) which is the modified version of Basu et al. (1975). According to this
diamond plot, most of the studied sandstone samples were assembled in the field of
extreme left central position indicating their derivation from granitic rocks and
middle and upper-rank metamorphic rocks {(Figure 7.1 (B)}. Therefore, based on
these two provenance discrimination plots. it can be inferred that the sediments under
study are derived from granitic rocks and middle to upper-rank metamorphic rocks
Furthermore, the modal analysis of thin sections showing a low abundance of
feldspars (with an average of UBF: 2.10%, MBF: 1.65%) suggested that the
sediments are transported for a moderate distance or reworking of sediments. To
establish the extent of maturity of clastic sediments during transportation, a ternary
plot of Qm-P-K proposed by Dickinson (1985) was employed. Accordingly, due to
their moderate distance of transport, the present studied Bhuban sandstone shows
that the sediments are immature which are derived from the continental block

provenance {Figure 7.1 (C)}.
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Figure 7.1 (A): Provenance plot for Bhuban sandstones, Lunglei town (after Basu et
al., 1975).
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Figure 7.1 (B): Diamond plot for determining the provenance of Bhuban sandstones,
Lunglei town (after Tortosa et al., 1991).
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Figure 7.1 (C): Triangular Q,PK plot for Bhuban sandstones, Lunglei town (after
Dickinson, 1985).

7.1.2 Geochemical Provenance

According to Dickinson and Suczek (1979), the composition of clastic
sedimentary rocks was primarily determined by the composition of the source rock
and the nature and type of the dispersal pattern within the depositional basin.
Geochemistry is a commonly used and very precise method for determining the
nature and kind of source rock. Since trace elements are better able to distinguish
between different petrological processes than major elements, which are also crucial
for determining the provenance of clastic rocks, the study of trace elements has
grown in importance in modern petrology. The properties of certain trace elements
including Chromium (Cr), Cobalt (Co), Thorium (Th), Scandium (Sc), Zircon (Zr),

and Rare Earth elements (REE) are not much affected by the processes of
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sedimentation such as transportation, weathering, diagenesis, and lithification
process (Taylor and McLennan, 1985; Bhatia and Crook, 1986; McLennan et al.,
1993). According to evidence from permeable clastic rocks of river and aeolian
origin, some trace elements including Zr, Nb, and Y, along with REE, were
admittedly immobile but unusually present throughout the last stage of diagenesis.
Geochemical plots developed by Bhatia (1983), Bracciali et al. (2007), Floyd et al.
(1989), Hayashi et al. (1997), Jinliang and Xin (2008), Schoenborn and Fedo (2011),
Mongelli et al. (2006), and Mc Lennan et al. (1993) are all employed in the current

work.

The derivation of sediments from multiple sources is once again successfully
portrayed by Bhatia (1983) by employing the weight percentages of the principal
oxides CaO, Na,0, and KO in ternary plots, where the source fields are represented
by the standard average values of andesite, dacite, granodiorite, and granite after Le
Maitre (1976). The preponderance of the Bhuban sandstones {Figure 7.1 (D)}

indicates that the sediments came from granitic terrain.

CaO
0

100

Na,O ¢ 20 40 60 80 100 K,O

Figure 7.1 (D): Triangular provenance plot for Bhuban Sandstones, Lunglei town
(after Bhatia, 1983).
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Bracciali et al. (2007) proposed a triangular diagram (V-Ni-Th x10) for the
determination of the source rock characteristics based on their immobile natures
during the sedimentation process. Certain elements like Thorium are usually
concentrated in felsic rocks while some elements including V and Ni are more
dominant in mafic and ultramafic rocks. The Bhuban sandstones are rich in Th but
depleted in V and Ni, as seen in the plot {Figure 7.1 (E)} following Bracciali et al.
(2007). As a result, the majority of the samples are restricted to an area close to the

felsic field.

Mafic Rocks
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Figure 7.1 (E): V-Ni-Th x10 provenance ternary plot for Bhuban Sandstones,

Lunglei town (after Bracciali et al., 2007).

The bivariate TiO, vs Ni plot from Floyd et al., (1989) is also commonly
used provenance determination of sediments. This plot suggested that the Bhuban
sandstone of the study area is an acidic rock derivation {Figure 7.1 (F)}. According
to Hayashi et al. (1997), as SiO, concentration rises, the ratio of TiO,/Zr falls. Based
on these relations, he suggests that the TiO,/Zr ratio in clastic deposits should be
greater than 200 for mafic source rock, 195-55 for intermediate source rock, and 55
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for felsic source rock. The ratios of TiO,/Zr for the Bhuban sandstone of Lunglei are

all less than 55 indicating the felsic source rocks {Figure 7.1 (G)}.
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Figure 7.1 (F): Ni vs TiO, bivariate provenance diagram of Bhuban Sandstones,
Lunglei town (after Floyd et al., 1989).
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Figure 7.1 (G): Zr vs TiO, binary plot for Bhuban Sandstones, Lunglei town (after
Hayashi et al., 1997).

Additionally, Jinliang and Xin (2008) developed the La-Th-Sc ternary plot to
indicate the origin of source sediments, mostly for sandstones, from the intermixing
of granite (with Eu/Eu*: 0.5 and Th/Sc: 1.18) and granodiorite (with Eu/Eu*: 0.7 and
Th/Sc: 0.5). Plotting of the Bhuban sandstones (average Eu/Eu*: UBF = 0.62, MBF
= 0.62 and average Th/Sc: UBF = 157, MBF = 1.67), majority of the
samples clustered close to the granitic region and few samples clustered towards
granodiorite region as shown in {Figure 7.1 (H)} due to La enrichment. This diagram
illustrates how sediments from the mixing of granite and granodioritic source rocks

contributed to the formation of the Bhuban Formation.
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Figure 7.1 (H): Ternary provenance plot of La-Th-Sc depicting the mixing of
different source sediments for Bhuban Sandstones, Lunglei town (after Jinliang and
Xin, 2008).
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For the analyses of the source rock for Bhuban sandstones in the study area, a
ratio of Sc vs Th/Sc is plotted in a binary diagram (after Schoenborn and Fedo,
2011). The average ratio of Th/Sc for the Bhuban sandstones of the study area is 1.7
which is close to the intermixing model of Schoenborn and Fedo (2011)
(Th/Sc=1.1.15) suggesting the input of intermixing of granodioritic and granitic
source rocks {Figure 7.1 (I)}.
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Figure 7. (I): A binary plot of Sc vs Th/Sc for Bhuban Sandstones, Lunglei town
(after Schoenborn & Fedo, 2011).
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Figure 7.1 (J): Binary plot of Y/Ni vs Cr/V for Granite-Ultramafic end member
mixing of Bhuban Sandstones, Lunglei town (after Mongelli et al., 2006)

The ratios of Y/Ni vs Cr/V, which are frequently employed to depict a mixing
of source rocks, were also used by Mongelli et al. (2006) to propose a curve binary
mixing of Bhuban Sandstones, Lunglei town (after Mongelli et al., 2006). mixing
model between granite and ultramafic end-members. A small amount of input from
ultramafic sources can also be taken into account. The lower to moderate ratio of
Cr/V (avg. UBF: 1.66, MBF: 1.16) suggests that the sediments are likely derived
from source rocks that were formed in granitic terrain. The Middle Bhuban
sandstones are projected more towards the granitic field because they reflect a lower
Cr/V ratio than the Upper Bhuban sandstones {Figure 7.1 (J)}.

To illustrate the trends of the composition and the impact of the
sedimentation process on the source rock, McLennan et al. (1993) proposed the
bivariate plot utilizing the ratios of the trace elements Zr/Sc vs Th/Sc. The original
composition of the source rock is indicated by a linear trend in the bivariate plot of
McLennan et al. (1993), while the diverging trend in the graph suggests sedimentary
recycling due to sedimentation processes. When the Bhuban sandstone samples are

plotted in the bivariate diagram {Figure 7.1 (K)}, the majority of the samples fall
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along the linear trend while few samples are plotted in the diverging trend.
Therefore, it can be inferred that most of the Bhuban sandstones retained their
original composition while some samples are sourced from recycled sediments.
During the transit of sediments, some alkali elements become leached due to their
mobility resulting in the enrichment of immobile elements such as Zr which causes
the changing of the source composition. The association of detrital zircon and/or
association of heavy minerals during sedimentation processes is the cause of the

higher value of Zr in sandstone.
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Figure 7.1 (K): Zr/Sc vs Th/Sc plot for Bhuban sandstone of Lunglei (after
McLennan et al., 1993).

The characteristics of certain trace elements and rare earth elements are not
much affected by the sedimentary processes. Hence, the ratios of some trace
elements vs REE can be useful tools for the analysis of the provenance of clastic
sedimentary rocks. Cullers (1994, 2000) and Cullers and Podkovyrov (2002)
suggested standard values for specific elemental ratios of trace and rare earth
elements versus various sources, which are shown in Table 7.1. The ranges for some
elemental ratios in the Bhuban sandstones (La/Sc = UBF: 1.08 - 6.33, MBF: 3.37 —
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5.83; La/Co = UBF: 0.19 - 1.29, MBF: 0.27 — 0.83; Th/Sc = UBF: 1.20 - 2.17, MBF:
1.43 — 2.00 and Cr/Th = UBF: 5.46 — 16.60, MBF: 4.80 — 10.21), demonstrates the
contribution of sediments primarily from felsic source rocks. In addition, a low to
moderate concentration of some incompatible elements including Ni, Cr, V, and Sc,

indicate the felsic source for the Bhuban sandstones of Lunglei.

Table 7.1: Trace element vs REE ratios for Bhuban sandstones of Lunglei. Where the

felsic and mafic sources are from Cullers (1994, 2000) and Cullers &

Podkovyrov (2000).

Element Range of ratios Felsic Mafic
ratios UBF MBF Sources Sources
Eu/Eu* 0.58-0.65 0.57-0.66 0.32-0.83 0.70-1.02
La/Lu 11.31-14.27 11.28-17.22 3.00-27.0 1.10-7.00
La/Sc 1.08-6.33 3.37-5.83 0.70-27.7 0.40-1.1
La/Co 0.19-1.29 0.27-0.83 1.4-22.4 0.14-0.38
Th/Sc 1.20-2.17 1.43-2.00 0.64-18.1 0.05-0.4
Th/Co 0.17-0.39 0.11-0.30 0.30-7.5 0.04-1.40
Cr/Th 5.46-16.60 4.80-10.21 4.00-15.0 25-500

Th/Cr 0.06-0.20 0.10-0.21 0.06-4.0 0.002-0.045

The nature and kinds of source rock can be inferred from chondrite-
normalized REE patterns and Eu anomaly, which provide more information (Basu et
al., 1975; Armstrong-Altrin, 2009). Felsic rocks exhibit higher LREE/HREE ratios
with negative Eu anomalies, whereas mafic rocks display lower LREE/HREE ratios
(Cullers, 1994, 2000). According to a plot of Chondrite-normalized REE {Figure
6.2(F)}, the concentration of LREE is significantly greater than that of HREE.
Therefore, the greater ratio of LREE/HREE reveals that Bhuban sandstones
originated from granitoids. The ratio of (La/Lu)n: 11.31-14.27 (UBF) and 11.28-
17.22 (MBF) shows that the source rock has been fractionated, leading to a greater K
content. The enrichment of potassium supports the delineation of a post-Archean

source by negative Eu anomaly. The negative Eu anomaly in the studied sandstone is
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also supported by the low concentration of Sr (average. UBF: 92.62 ppm, MBF:
86.08 ppm) which may be due to calcium-rich plagioclase fractionation in the source

rock.
7.2 CLASSIFICATION OF SANDSTONE

7.2.1 Petrographic Sandstone Classification: The most commonly used scheme for
the classification of sandstone using petrography is quantitative modal analysis
(Pettijohn, 1972; Folk, 1980). The ternary plot of Pettijohn (1975) and the Q-F-R
plot after Folk (1980) are used for the classification of the present studied Bhuban
sandstone. In the present study, quartz is the most common mineral (UBF: 57.65 —
77%, MBF: 59.67 — 71.82%) followed by rock fragments (UBF: 1.50 — 12.60%,
MBF: 3.30 — 13.50%) and feldspars (UBF: 0.00 — 8.10%, MBF: 0.00 — 4.80%).
Modal count petrographic data and framework grains recalculated percentile values
are displayed in Table 5.1. When plotting these data in the Q-F-L ternary diagram
after Pettijohn (1972) and the ternary plot of Q-F-R after Folk (1980), most of the
representative Bhuban sandstone are assembled in the field of sublitharenite while
few are assembled in the area of subarkose as shown in Figure 7.2 (A). According to
the Folk (1980) classification of sandstone, most of the representative Bhuban

sandstones are sublitharenite with few subarkose as shown in Figure 7.2 (B).
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Figure 7.2 (A): Petrographic Classification of Bhuban Sandstones, Lunglei town
(after Pettijohn, 1972).
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Figure 7.2 (B): Petrographic classification of Bhuban Sandstones, Lunglei town
(after Folk, 1980).

7.2.2 Geochemical Sandstone Classification: Geochemistry is frequently useful for
categorizing the various types of sandstones based on major oxides. Numerous
researchers have proposed a geochemical classification of terrigenous sedimentary
rocks using this significant elemental data, including Blatt et al. (1980), Pettijohn et
al. (1972), and Herron (1988). By comparing the logarithmic values of the ratios of
SiO,/Al,03 and Na,O/K,0, Pettijohn et al. (1972) proposed a method for classifying
sandstone, where the majority of samples fell into the litharenite category and a small
number of samples fall into the arkose category {Figure 7.2 (C)}. Herron (1988)
modified the Pettijohn et al. (1972) diagram by using the log ratio of SiO,/Al,O3 in
the x-axis vs. the log ratio of Fe,O3/K,0 in the y-axis instead of the log ratio of

Na,O/K,0 to divide sandstones into two categories: Fe rich (Fe-shale) and other in
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addition to Fe-sandstone and Fe-poor (shale, wacke, litharenite, sublitharenite,

arkose, and sub- arkose) sandstone.

The majority of the Bhuban Formation samples are assembled in the Wacke
field, while only a small number of samples fall in the litharenite fields of Herron
(1988) {Figure 7.2 (D)}. Based on major element geochemistry, it can be inferred
that the examined samples of the Upper and Middle Bhuban Formation are

composed of litharenite and greywacke.

Blatt et al. (1980) classified the sandstone into Greywacke, Arkose, and
Lithic sandstone using the values of Na,O, (Fe,03+MgQO), and K,O using a ternary
plot. Based on this plot, all the samples of Bhuban sandstones are classed under lithic
sandstones {Figure 7.2 (E)}.
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Figure 7.2 (C): Log(SiO,/Al,03) vs Log(Na,O/K,0) bivariate plot for Bhuban
Sandstones, Lunglei town (after Pettijohn et al., 1972).
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Figure 7.2 (D): Log(SiO./Al,03) vs Log(Fe,03/K,0) classification scheme of

Bhuban Sandstones, Lunglei town (after Herron, 1988)
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Figure 7.2 (E): Na,O-(Fe,03+MgO)-K,0 ternary plot for classification of Bhuban

sandstones, Lunglei town (after Blatt et al., 1980)
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7.3 PALEOCLIMATIC CONDITIONS

Important clues to predict the type of climatic conditions that prevailed
during the time of deposition of sediments can be obtained by the nature of
framework grains and their abundance. The excessive abundance of quartz and
relatively less amount of feldspar and rock fragments suggested that the sediments
were derived from metamorphic sources under humid climatic conditions (Suttner et
al., 1981). When plotting the examined sandstone samples in a QFR ternary diagram
of Suttner et al. (1981), all the samples are assembled in a metamorphic humid area,
suggesting that the Bhuban sediments are derived from metamorphic terrain {Figure
7.3 (A)} and are deposited under the humid to semi-humid climatic conditions.
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Figure 7.3 (A): Triangular QFR plot for climatic conditions of Bhuban sandstones,

Lunglei town (after Suttner et al., 1981) representing humid climatic conditions.
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Besides the ternary plot, a bivariate plot of the semi-quantitative weathering
index of In(Q/R) vs In(Q/F) (Weltje, 1994) and (Grantham and Velbel, 1988): WI =
C x R (Where WI — Weathering index, C — Climate and R — Relief) also indicates
similar nature of paleoclimatic conditions {Figure 7.3 (B)}. The semi-quantitative
weathering index suggests that the sediments of Bhuban sandstones are derived from
a metamorphic terrain, and the bulk of the samples fall within the area of weathering

indices of 2 representing low relief areas (plains) with humid to semi-humid
climates.
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Figure 7.3 (B): In(Q/R) vs In(Q/F) plot (after Weltje, 1994) and the intensity of

weathering for Bhuban sandstones, Lunglei town (after Grantham and Velbel, 1988).
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Sedimentary rocks can preserve information about the extent of chemical
weathering, making them an effective tool for assessing the state of source area
weathering (Nesbitt and Young, 1982). The extent of weathering in the source area
greatly affects the distribution of elements in the terrigenous rocks. When assessing
the paleoclimatic conditions present at the time of sediment deposition, weathering
indicators are particularly beneficial. In terms of the various geochemical weathering
indices that have been proposed, the Weathering Index of Parker (WIP; Parker,
1970), Chemical Index of Alteration (CIA; Nesbitt and Young, 1982), Plagioclase
Index of Alteration (PIA; Fedo et al., 1995), Chemical Index of Weathering (CIW,
Harnois, 1988), and Index of Chemical Variability (ICV; Cox et al., 1995) are the
most popular chemical indices that use major element concentrations. Following are
the mathematical derivations of these parameters: (Where CaO* denotes the calcium
integrated from the minerals that contain silicates; # denotes by using molecular

proportions; and ” denotes by using weight percentages).

#_ Naz20 MgO K20 CaOx
WIP* = [{27222) + {W} + 2023+ {5231 x 100

4 Al203
CIA"=|
Al20 + CaO+ + Na20 + K20

| x 100

Al203 - K20
Al203 + CaO* + Na20 —K20

PIA" = |

] x 100

. Al203
CIW" =]
Al203 + CaOx + Na20

1 x 100

ICVA = [F6203 + K20+Na20 + CaOx + MgO + MnO + TiO2

] x 100
Al203
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Table 7.2: Weathering indices for Bhuban sandstones, Lunglei town.

Chemical Plagioclase | Chemical Weathering | Index of
Litho | Sample Index of Index of Index of Index of Chemical
unit Number | Alteration Alteration | Weathering Parker Variability
(CIA) (PIA) (CIW) (WIP) (ICV)
LS-6 58.91 61.89 67.35 45.77 1.11
LS-7 76.56 88.27 90.39 29.45 0.82
- LS-9 55.29 57.09 63.36 45.36 1.15
2 LS-10 69.80 78.08 81.87 39.74 0.91
g LS-18 59.98 63.53 69.03 41.18 1.06
S LS-19 62.03 66.31 71.39 42.13 1.00
= LS-26 65.46 71.40 76.01 45.17 1.02
2 LS-27 18.46 16.29 19.08 74.76 3.13
5 LS-28 68.98 76.02 79.77 41.51 0.93
E’_ LS-29 67.49 74.04 78.14 39.66 0.97
= LS-30 61.30 65.57 71.04 39.17 1.07
LS-33 68.68 76.73 80.85 36.89 0.95
LS-34 68.68 76.73 80.85 36.89 0.95
Average 61.66 67.07 71.47 42.90 1.16
LS-12 84.77 96.39 96.91 20.47 0.63
LS-13 64.64 70.11 74.82 41.39 0.97
E LS-14 66.39 72.44 76.73 38.43 0.91
I} LS-16 79.42 92.01 93.42 24.86 0.76
E [Ls20 | 7015 79.51 83.37 4173 0.91
'-'C- LS-21 71.54 79.65 82.88 36.28 0.90
S LS-22 66.92 72.27 76.06 37.53 0.95
%’ LS-23 66.60 71.79 75.61 37.78 0.94
© LS-24 60.18 63.34 68.28 41.97 1.13
3 LS-31 64.46 70.07 74.93 40.30 1.01
S LS-35 54.53 55.81 61.28 38.23 1.20
LS-37 54.53 55.81 61.28 38.23 1.20
Average 67.01 73.27 77.13 36.43 0.96
@ UCC 50.17 50.22 55.81 69.91 1.19
_cgs GLOSS 41.16 39.57 44.56 61.72 1.6
S PAAS 69.38 77.45 81.33 51.86 0.89
& NASC 57.13 60.07 66.89 61.41 1.11

In Table 7.2, calculated values for various weathering indices from the

current investigation are provided. In comparison to PAAS (69.38) and NASC

(57.13), the average Chemical Index of Alteration values for the upper and middle
Bhuban sandstones are moderate (UBF: 61.66, MBF: 67.01). The moderate value of

the CIA typically denotes that the sediments are transported for a moderate distance
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with little to no mechanical breakdown and just minor chemical modification.
Additionally, modest CIA values and a negative Eu anomaly suggest that sediments
from nearby sources may have contributed, though their mechanical weathering rates

are higher and their amounts of alkali-bearing minerals are lower.

It was determined that for the Bengal basin, the sediments were obtained
from Himalayan ranges and transported by paleo-Brahmaputra and its tributaries
based on some outstanding contributions by Najman and Garzanti (2000), Bracciali
et al. (2015) and Govind et al. (2018). We can also assume that the sediments in the
current research region came from the Himalayan mountains, with some nearby
sources that are most likely to have contributed, such as the Indo-Burmese Arc and
the Naga Hills. Figure 7.3 (C) is the A-CN-K [Al,O3— (CaO + Na,0) — K,0] ternary
plot of Nesbitt and Young (1982) for the Bhuban sandstone of the study area. In the
ternary plot, the samples are trending almost parallel to the A-CN line and are closer
to the feldspar join suggesting that the samples have undergone mild to moderate
weathering. A few samples show intense weathering as they are plotted closer to the
A-K line. Fedo et al. (1995) suggested that the near the feldspar join indicates the
start of chemical weathering. Also, this indicates the weathering effect has not yet
reached the removal stage of alkali and alkaline earth elements from clay minerals
(Taylor and Mc Lennan, 1985) suggesting the breakdown of plagioclase. CaO and
Na,O leach at extreme weathering conditions, reversing the trend towards the A-K
line and showing K enrichment. Under severe weathering, K will be completely
removed, and the trend will change to Al,Os at its peak. The concentration of K,
which entails the elimination of K is also reflected in the metasomatism of K.
Potassium may also be added concurrently via K-rich pore fluids. The trend will be
driven towards the K apex by K-addition. Due to the enrichment of K caused by the
metasomatism process, the conversion of plagioclase into K-feldspar or clay minerals
may occasionally take place (Fedo et al., 1995).
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Figure 7.3 (C): A ternary A-CN-K plot of Bhuban Sandstones, Lunglei town
indicating mild to moderate weathering of source rocks (after Nesbitt and Young,

1983).

Although K is remobilized during the sedimentation and metamorphic
processes, CIA is still regarded as one of the essential indices for determining the
degree of weathering. Chemical Index of Weathering (CIW; Harnois, 1988) is also
commonly employed to analyze the degree of weathering. To avoid K-
metasomatism, Harnois (1988) employs wt% of alkalis other than K,O. K might be
leached or it can accumulate in the weathering products during the sedimentation
processes. The pore solution in which K-bearing minerals can develop is connected
with the K™ ion. It can tolerate clay minerals instead of Na* and Ca’ due to its
increased exchange capacity (Kroonenberg, 1992; Harnois, 1988). The CIW values
of Bhuban Sandstones of Lunglei are well above the UCC (avg: 55.81) and slightly
lower than PASS (avg: 81.33). Thus, it can be assumed that the sandstones of the

study area are mild to moderately weathered.
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Fedo et al. (1995) proposed the Plagioclase Index of Weathering (P1A),
which uses the weight percentage of alkalis to determine the degree of source rock
weathering. The highest PIA value, which is 100, denotes completely weathered
materials such as kaolinite, gibbsite, etc., whereas the value for un-weathered
plagioclase is 50. The Bhuban Sandstones have a moderate to high average PIA
value (UBF: 67.07, MBF: 73.27) that is comparable to PAAS (77.45). This suggests
that the source location provided nearly fresh feldspar debris {Figure 7.3 (D)}.
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Figure 7.3 (D): AK-C-N ternary plot for the Bhuban Sandstones, Lunglei town (after
Fedo et al., 1995).

Parker (1970) created the first chemical weathering index employing alkali
and alkaline elements, sometimes known as the Parker Index or Weathering Index of
Parker (WIP). The amount of mobile alkali and alkaline earth elements in the rock
determines the value of WIP. Since Ca, Mg, Na, and K are extremely mobile, they
are removed in the process of hydrolysis. Although the silica contents in the rock are
sometimes mobile, the amount that is leached or removed is much less in comparison
to mobile alkali and alkaline earth elements. Parker (1970) therefore suggested the

mobile elements Na, Mg, K, and Ca as the base for the weathering index. Indicating
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less worn source rocks, the Bhuban sandstones exhibit a lower WIP value (UBF:
42.90, MBF: 36.43).

Indicator of Chemical Variability (ICV; Cox et al., 1995) is a significant
geochemical characteristic that is frequently used to distinguish between clay and
non-clay minerals based on the fraction of Al,O3; With the other major cations, it
quantifies the abundance of alumina. Hence, as the non-clay silicates have a lesser
value of Al,O3; we can expect a higher value of ICV. According to Cox et al. (1995),
feldspars, illite, and muscovite have an ICV range of 0.6 — 1.0 while clay minerals
have a K,O/Al,O3 range of 0 - 0.3 and feldspars have a range of 0.3 — 1.0. The
average values for ICV = UBF: 1.16, MBF: 0.96, and K,0/Al,03; = UBF: 0.19, MBF:
0.18 are found in the Bhuban sandstones. Based on these observations, it may be
suggested that feldspars and their equivalent weathered products make up a smaller
portion of the Bhuban sandstones. Figure 7.3 (E) depicts the maturity and weathering
nature of clastic sediments, which is another significant plot CIA vs. ICV that Long
et al. (2012) provided. ICV values ~ 1 and the average CIA (UBF: 61.66, MBF:
67.01) are present for the majority of the samples in the plot. Thus, based on the
different weathering parameters, the sediments for Bhuban sandstones of the study

area are chemically immature to mature and mild to moderately weathered.
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Figure 7.3 (E): Binary plot of CIA vs ICV for the Bhuban Sandstones, Lunglei town

representing maturity and weathering nature (after Long et al., 2012).

Additionally, the binary plot of Th vs. Th/U following McLennan et al.
(1993), shown in Figure 7.3 (F) can be used to comment on the severity of the
weathering behavior of the sediments. According to McLennan et al. (1993), the
Th/U ratio in upper crustal rock ranges from 3.5 to 4.0; beyond this range indicates a
weathering trend. The Bhuban sandstone samples display an average value of Th/U =
UBF: 3.20, MBF: 6.06, which is similar to the upper crust's signature and indicates
that weathering has taken place.

The ratio of Rb/Sr rises as a result of Sr leaching relatively more than Rb
during various sedimentary processes like weathering and diagenesis. Consequently,
a higher ratio denotes extensive weathering. The majority of the examined samples
have moderate average Rb/Sr values (UBF: 1.02, MBF:. 1.11), with similar
weathering patterns for PAAS and NASC (Rb/Sr: 0.80 and 0.88, respectively). The
ratios of (Th/U) and (Rb/Sr) show that the source rock has undergone only mild to

moderate weathering.
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Figure 7.3 (F): Th vs Th/U binary plot of Bhuban Sandstones, Lunglei town

representing the weathering trend (after McLennan et al., 1993).

The geochemical data obtained from the Bhuban sandstones of Lunglei as
well as the weathering indices shows the decrease of some major minerals CaO,
Na,O, MgO, and K;O. This observation is supported by a sparse occurrence of
feldspars in thin-section studies. The removal of alkali-bearing minerals has an
impact on the weathering indices, reflecting the mild nature of source rock
weathering. Certain elemental ratios, such as Th/U and Rb/Sr, can likewise be
interpreted similarly. Because of this, it can be assumed that the source sediments

underwent mild to moderate weathering before the occurrence of the deposition.
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Again, when plotting the values of (Qrow/ F+RF) vs (Qp/F+RF) in a bivariate
diagram based on Suttner and Dutta (1986), the majority of the samples are
assembled within the area of humid to semi-humid regions {Figure 7.3 (G)}.
Therefore, based on the two climatic condition diagrams, it can be observed that the
Bhuban sandstones have a metamorphic origin and were deposited in a semi-humid

to humid climate.

1E'3 T T T 75 rrrr]
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Figure 7.3 (G): Bivariate plot of modal data for climatic conditions of Bhuban

sandstones, Lunglei town (after Suttner and Dutta, 1986) representing humid to semi-

humid climatic conditions.
7.4 TECTONIC SETTINGS

The characteristics of the source area of sediments and their tectonic setting
can be determined by using the relative abundance of primary framework grains. To
represent the tectonic settings of source areas, Dickinson & Suczeck (1979) and
Dickinson et al. (1983) formulated QFL and QmFLt compositional diagrams. When
the studied samples are plotted in the QFL ternary diagram, the majority of the
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samples fall within the area of the recycled orogen while a craton interior setting is
indicated by only a few samples {Figure 7.4 (A)}. However, a QmFLt ternary plot

suggested a quartzose recycle and craton interior {Figure 7.4 (B)}.

The metamorphic source is suggested by the presence of monocrystalline
quartz with undulatory extinction whereas the occurrence of polycrystalline quartz
(>3 crystal units per grain) with slightly curved inter-crystal boundaries and
monocrystalline quartz with non-undulatory extinction supported the plutonic source.
The presence of perthite is an obvious indicator of granite or pegmatite sources and
rounded grains of quartz designate recycled origin. Texturally immature sediments
are advocated by the abundance of rock fragments and angular to sub-angular detrital

grains.

()Q 1A: Craton Interior

100 1B: Transitional Continental
1C: Basement Uplift

2A: Recycled Orogen

2B: Transitional Recycled
3A: Dissected Arc

3B: Transitional Arc

: Undissected Arc

——
-

.
W ~a
L3
-

Y

-

-
=

o /

80

f/ "
N\ N V4 'i
5 ) )
# 3B A 20
" N, /

Figure 7.4 (A): Triangular QFL plot for Bhuban sandstones, Lunglei town (after
Dickinson & Suczeck, 1979).
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Figure 7.4 (B): Triangular QmFLt plot for Bhuban sandstones, Lunglei town (after
Dickinson et al., 1983).

Many researchers over the past few decades, including Bhatia (1983, 1985),
Taylor and McLennan (1985), Bhatia and Crook (1986), McLennan et al. (1990),
McLennan and Taylor (1991) and Roser and Korsch (1986) have put forth a variety
of theories that are primarily based on the geochemical composition of clastic
sediments to identify ancient tectonic settings. Frequently used major elemental
discrimination plots used in the current investigation included viz. (Fe,O3+MgO) vs
Al,0O5/SiO; (Bhatia, 1983), (Fe,03+Mg0O) vs K,O/Na,O (Bhatia, 1983), the bivariate
plot of La/Sc vs Ti/Zr after Bhatia and Crook (1986), La-Th-Sc ternary plot after
Bhatia and Crook (1986), and also binary plots of discriminant function after Bhatia
(1983), where:
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DF-1: (- 0.0447 x SiOy) - (0.972 x TiOy) + (0.008 x Al,03) - (0.267 x Fe,03) +
(0.208 x FeO) — (3.082 x MnO) + (0.14 x MgO) + (0.195 x Ca0) + (0.719 x Nay0) -
(0.032 x K;0) + (7.51 x P,0s) + 0.303

DF-2: (- 0.421 x SiOy) + (1.988 x TiO») - (0.526 X Al,03) - (0.551 X Fe,0s) - (1.61 X
FeO) +( 2.72 X MnO) + (0.881 x MgO) - (0.907 x CaO) - (0.177 x Na;0) -(1.84 x
K»0) + (7.244 X P,05) + 43.57]

The tectonic setting for the Bhuban Sandstone as an active Continental
Margin is successfully represented {Figure 7.4 (C)} by a bivariate plot of La/Sc vs
Ti/Zr following Bhatia and Crook (1986). In addition, putting the studied samples in
the binary discrimination function plot (Bhatia, 1983) reveals that the majority of the
Bhuban sandstones fall in the active continental margin region {Figure 7.4 (D)}.
According to Bhatia and Crook (1986), the ratio of La/Sc for sandstone deposited
along the continental edge should be 4, allowing the samples to be plotted close to
the La apex on the ternary plot of La-Th-Sc. The average La/Sc ratio of the
investigated Bhuban sandstones is 4.23 UBF and 4.52 MBF, which is nearly identical
to the La/Sc ratio proposed by Bhatia and Crook (1986) for samples of continental
margins. The ternary plot of Bhatia (1980) (La-Th-Sc) indicated an active continental
margin (ACM) and continental island arc (CIA) tectonic setting for the Bhuban
sandstones of Lunglei {Figure 7.4 (E)}. He proposed lower values of Fe,O3+MgO
(2-5 wt%), lower Al,03/SiO, (0.1-0.2), and higher K,O/Na,O (=1) for the sandstones
deposited in an active continental edge where the sediments were primarily produced
from felsic sources (granite, gneisses, etc.). The average values of Al,O3/SiO;
(Avg. UBF: 0.17, MBF: 0.17), Fe,O3+MgO (Avg. UBF: 6.51, MBF: 6.41), and
K20O/Na,O (Avg. UBF: 1.74, MBF: 1.79) found in Bhuban sandstones are almost
identical to those proposed by Bhatia (1983). Binary discrimination diagrams of
(Fe203+MgO) vs. Al,O3/SiO, (Bhatia, 1983) show that the bulk of the samples fell in

the active continental margin {Figure 7.4 (F)}.
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Figure 7.4 (C): A bivariate plot (La/Sc vs Ti/Zr) for the tectonic setting of Bhuban

Sandstones, Lunglei town (after Bhatia and Crook, 1986).
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Figure 7.4 (D). Discrimination function plot of DF-1 against DF-2 for tectonic
settings of Bhuban Sandstones, Lunglei town (after Bhatia, 1983).
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Figure 7.4 (E): Th-La-Sc ternary tectonic setting plot of Bhuban Sandstones, Lunglei
town (after Bhatia, 1983).

1 I 1 I 1 1 )
34 e \‘". i
2 .
~1
S 0.2 .
72}
\”’l
=)
—N
= ;
0.1 - ]
D
0.0 T T T T ' T T T d T T T Y T
0 2 4 6 8 10 12 14

Fe,0,+MgO

Figure 7.4 (F): Tectonic discrimination plot of (Fe,O3+MgO) vs Al,O3/SiO, for the
Bhuban Sandstones (after Bhatia, 1983).
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7.5 DIAGENESIS

The term ‘Diagenesis’ was first introduced by Von Gumbel in 1888
(Pettijohn, 1975). According to Pettijohn (1973), mineral reactions among
themselves or with other minerals and the interstitial fluids are called diagenesis.
Changes that were undergone by sediments after deposition, during and after
lithification with regards to chemical, physical, and biological composition are called
diagenesis (Dapples, 1962). Hence, the diagenetic process is drawn-out and highly
complex where the newly deposited loose sediments undergo transformation and are
converted into compact and indurated rocks. The effects of diagenesis include the
replacement of biotite mineral by chlorite, authigenic growth and replacement of
quartz grains, more silica and iron cementing materials, crenulation of grain
boundary, and alteration of feldspar into clay minerals. The different factors that
control the diagenesis of sandstones include sand shale ratio, pressure, temperature,
influx of fluid, pore water chemistry, texture, mineralogy of the rock, and time (Blatt,
1980).

Compaction: In the current investigation, straight or long contact is frequently
observed (Plate 5.1, 5.2 & 5.3). However, concavo-convex contact and suture contact
are also observed at places {Plate 5.1 (D & E)}. In many thin sections, it has been
observed that the mica grains and ductile clay minerals were driven into the nearby
pore spaces as a result of the compaction process. In most of the samples of the
present study, the micas flakes are orienting more or less in the same direction. At
places, mechanical compaction is taken over by chemical compaction processes as
suggested by suture contact between quartz grain which is observed locally {Plate
5.1 (E)}. Undulose quartz with concavo-convex contact is also occasionally
observed, which may be attributed to external stresses rather than the optical

characteristics retained from the source rock.

Cementation: Silica cement occurred as overgrowths in monocrystalline quartz in
some samples of Bhuban sandstones from Lunglei {Plate 5.2 (B)}. Under a
microscope, the quartz overgrowth can occasionally be difficult to recognize, and

most sections lack the instantly noticeable "dust rims" that indicate the grain
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boundary of the original detrital quartz crystal. Kaolinite is a common clay cement
that is found intermixing with various clay minerals {Plate 5.1 (C)}. Kaolinite is
likely related to the alteration of unstable feldspar because feldspar grain is
frequently present in most of the section. The frequent presence of feldspar grain in
the majority of the section suggests that kaolinite is connected to the alteration of
unstable feldspar. Chlorite cement is also observed in some slides showing a greenish
color under plane-polarized light {Plate 5.3 (D)}. It is common to identify carbonate
cement as the main cementing material in the Bhuban sandstones of Lunglei and
some sections show carbonate mud filling pore spaces {Plate 5.2 (C)}. There are also
instances of poikilotopic calcite cement enclosing some detrital grains like quartz,

feldspar, and other rock fragments.

Dissolution and Replacement: The dissolution of detrital K-feldspar and plagioclase
are commonly seen in the Bhuban sandstones of Lunglei. Although the partial
dissolution of microcline and plagioclase is frequently seen, complete dissolution is
not common {Plate 5.1 (D)}. The subsequent precipitation of cement fills the pore
space left by the dissolution. The majority of the observed alterations in the area
under study are the partial replacement of the host grains, primarily plagioclase and

K-feldspar grains by clay minerals.

Sengupta (1994) suggested three stages of diagenesis based on the depth of
occurences namely telegenetic, eogenetic, and mesogenetic. The telegenetic stage
occurs close to the surface of the earth, while the eogenetic stage takes place at a
shallow depth, and the mesogenic stage occurs in a deeper environment. The
examined Bhuban sandstones of Lunglei town have undergone all three stages of
diagenesis in varying degrees. Mechanical compaction due to rearrangement of the
framework grains forming point and long contact occurred during an early stage of
diagenesis. The different features identified in the present study like bending of mica
flakes, concavo-convex and sutured contacts, dissolution of feldspar grains by
cementing materials, quartz overgrowth, different cementing types such as silica
cement, carbonate cement, ferric oxides, and clay materials are all clear indicators of

post-depositional tectonic disturbance of the sediments (Plates 5.1, 5.2 & 5.3).
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According to Blatt (1980), the presence of concavo-convex contact, straight or long

contact, and sutured grain contact suggested a moderate-pressure solution.

Hence, it can be inferred that the feldspar grain dissolution by cementing
materials and quartz overgrowth designate an early stage of diagenesis (telegenetic).
The oxidation of ferruginous sediments results in the formation of ferric oxides in hot
and humid climates imparting red coloration to sediments at shallow depths. In
Bhuban sandstones, the detrital quartz grains are coated by ferruginous cement and
also occur as void filling which are likely developed due to weathering and leaching
of ferromagnesian minerals which can be designated shallow depth of diagenesis
(eogenetic). The presence of mica flakes enclosing quartz grains and fracturing

quartz suggest diagenesis at a deeper level (mesogenetic).
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CHAPTER 8
SUMMARY AND CONCLUSION

The Miocene succession of the Bhuban formations belonging to the Surma
Group is well-exposed in Mizoram. The vast majority of the rocks of Bhuban
formations are composed of sandstone, siltstone, mudstone, and their various
combinations. The study area covers the whole of Lunglei town and its surrounding
areas. It is covered within the Survey of India Toposheet Nos. 84B/9 and 84B/13 and
falls within the coordinates of 22°45°0” N latitudes to 23°0°0” N and 92°20°30” E to
92°51°30” E longitudes.

In this present work, various methods and techniques of sedimentary analyses
like petrography and geochemistry are used to decipher the mode of formation,
provenance, depositional history, tectonic setting, paleoclimatic condition, and nature
of weathering. The present research work aims to establish the petrochemical
characteristics of the main litho-unit belonging to the Bhuban formation in and
around Lunglei Town and to explore provenance characteristics, depositional
environment, and tectonic settings. The current study also attempts to explore the
burial history of rocks where detrital sedimentary materials resulting from the

disintegration of pre-existing rocks consolidated or lithified into sedimentary rock.

The study area is constituted by a repeated succession of arenaceous and
argillaceous in various proportions belonging to the Middle Bhuban and Upper
Bhuban formations of the Surma group. With gradational and transitional contact the
upper Bhuban formation is underlain by the middle Bhuban formation. Shale and
siltstone are the important rocks in the middle Bhuban formation, whereas, the
dominant rock type of the upper Bhuban formation is sandstone which is mostly
encountered along the limbs of anticlines. Sandstones exposed in the study area vary
from fine grey, fine to medium brown color alternated with various proportions of
clay and silt size particles of shales. The southern part of the town and its adjoining
areas are dominated by argillaceous rocks of the Middle Bhuban formation which is
characterized by occasional sandstone beds with thick shale beds. Most of the shales

are grey, olive green to yellowish brown in color and exhibit spheroidal pattern and
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fissility. Frequent occurrences of silty shale beds and silty sandstone beds with thin
lamination of sandstone beds are encountered throughout the middle Bhuban

formation.

A total number of 37 (thirty-seven) samples of Bhuban sandstone from the
study area are accounted for petrographic analysis. The framework grains are mainly
quartz, feldspars, and rock fragments. Other detrital components include micas like

muscovite and biotite.

Cementing materials identified are argillaceous, siliceous, calcite, and
ferruginous cement. The petrographic study reveals that the framework grains are
represented by moderately sorted, angular to sub-rounded, and medium to fine-
grained textures. The most common type of detrital component is quartz, and non-
undulose monocrystalline quartz is the most abundant type. Felspar grains in the
studied sandstones are angular to sub-angular in which potash felspar dominates over
plagioclase felspar. Both sedimentary and metamorphic rock fragments are identified
in the studied samples where the former is identified by their sedimentary character
and the latter is identified by preferred orientation and high-order interference color.
Important rock fragments reported include chert, shale, slate, and schist.

Mica commonly occurs as elongated, slender, flaky minerals showing
cleavages. Muscovite and biotite are the two important mica observed in the present
study area. Muscovite being more resistant to chemical alteration is more common
than biotite. Authigenic and detrital bended mica flakes are also commonly observed.
The cementing materials frequently observed in the examined sandstones are mainly

siliceous, calcareous, ferruginous, and argillaceous cement.

The concentration of major oxides in Bhuban sandstones of Lunglei roughly
corresponds to the UCC except for depletion in Na,O, CaO, and K,O. The ratio of
K20/NayO all greater than 1 (>1) is also consistent with the petrographic data. When
correlating major oxides against Al,O3 Bhuban sandstones of Lunglei show a
negative correlation with SiO, and a positive correlation with K,0, Fe,O3 and TiOs.

X-ray diffraction analysis of shale samples shows an intense peak in Quartz,
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cristobalite, and muscovite. Among the clay minerals, chlorite and illite are

prominent although overshadowed by the intense peak of quartz.

The UCC normalized trace element pattern shows narrow compositional
changes for Nb, Pb, Zr, Mg, La, Ce, Sc, Ni, and Cr. In comparison with UCC, the
Bhuban sandstone samples are enriched in Si, and Rb, as well as depletion of Ca, Th,
Na, Ba, and Fe. Among the High Field Strength elements (HFSE), the depletion of
Th, Y, and Ti may be associated with the source rocks. The common occurrence of
K-felspar, mica, and clay minerals may account for the high Rb level in the Bhuban

sandstone.

The Chondrite normalized REE pattern of the Bhuban samples shows
enrichment of LREE (La-Gd) and depletion of HREE (Tb-Lu) with negative Eu
anomaly. The REE pattern of Bhuban sandstones of Lunglei is nearly identical to the
UCC patterns. The extremely uniform REE pattern of the samples may suggest that

the derivation of sediments has a certain homogeneity.

The provenance analysis for the Bhuban sandstones of Lunglei has been
carried out using petrographic modal data and geochemistry. The different quartz
varieties of Bhuban sandstones within the study area indicated their derivation from
granitic rocks and middle to upper-rank metamorphic rocks. The modal analysis also
suggested that the sediments are transported for a moderate distance or reworking of
sediments. In addition, the sediments are immature and derived from the continental
block provenance. However, the C-N-K ternary plots indicated the sediments came
from granitic terrain. Based on the TiO, vs Ni bivariate plot and La-Th-Sc ternary
plot, the Bhuban sandstone of the study area is an acidic rock derivation and
intermixing of granite and granodioritic source rocks. When the Bhuban sandstone
samples are plotted in the bivariate diagram of Zr/Sc vs Th/Sc, it can be inferred that
most of the Bhuban sandstones retained their original composition, however, some

samples are sourced from recycled sediments.

Different classification schemes are employed to classify the Bhuban
sandstones within the study area. The Q-F-L and Q-F-R ternary plot demonstrates

that most of the samples in the study area are sublitharenite, with few subarkose.
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However, major element geochemistry suggested that the sandstones are litharenite,

lithic sandstone, and greywacke.

To ascertain the depositional environment and the degree of weathering of the
sediments for the Bhuban sandstones in the study area, a variety of ternary and
bivariate plots are utilized. All the discrimination plots indicated that the Bhuban
sandstones of Lunglei are deposited under humid to semi-humid climatic conditions
in low-relief areas (plains). The degree of weathering for the sandstone of the study
area is assessed using the ternary plot of Nesbitt and Young (1982) and different
weathering parameters. Based on the analysis, the sediments are chemically

immature to mature and have undergone mild to moderate weathering.

The tectonic setting of the Bhuban sandstones in the study area is represented
using the petrographic modal data. All the analyzed samples showed a quartzose
recycled and craton interior in the QFL and QmFLt ternary plots. Texturally
immature sediments are also advocated by the abundance of rock fragments and
angular to sub-angular detrital grains. However, the discrimination diagram using
geochemical data indicated an active continental margin tectonic setting for the
Bhuban sandstones of Lunglei.

108



CONCLUSION

The study area is constituted by a repeated succession of arenaceous and
argillaceous in various proportions belonging to the Middle Bhuban and
Upper Bhuban formations of the Surma group.

The petrographic analysis shows that the detrital components are mainly
quartz, feldspars, and rock fragments including micas. Cementing materials
are argillaceous, siliceous, calcite, and ferruginous cement. Important rock
fragments include chert, shale, slate, and schist.

The petrographic study also reveals that the framework grains are
represented by moderately sorted, angular to sub-rounded, and medium to
fine-grained textures. X-ray diffraction analysis of shale samples shows an
intense peak in Quartz, cristobalite, and muscovite. Among the clay
minerals, chlorite and illite are prominent.

Based on the different provenance discrimination plots, it can be inferred
that the sediments under study are derived from granitic rocks and middle to
upper-rank metamorphic rocks. The sediments are transported at a moderate
distance or undergo reworking. They are sourced from the continental block
provenance and are immature to mature sediments. Texturally immature
sediments are also advocated by the abundance of rock fragments and
angular to sub-angular detrital grains.

Different classification schemes show that the sandstones in the study area
are sublitharenite, lithic sandstone, and greywacke with few subarkose.
Various discrimination plot reveals that the Bhuban sandstones of Lunglei
are deposited under humid to semi-humid climatic conditions in low-relief
areas (plains). The sediments are chemically immature to mature and have
undergone mild to moderate weathering.

The petrographical evidence showed the quartzose recycled and craton
interior tectonic setting for the Bhuban sandstones in the study area.
Further, the discrimination diagram using geochemical data indicated an

active continental margin tectonic setting.
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ABSTRACT

The Miocene succession of the Bhuban formations belonging to the Surma
Group is well-exposed in Mizoram. The vast majority of the rocks of Bhuban
formations are composed of sandstone, siltstone, mudstone, and their various
combinations. The study area covers the whole of Lunglei town and its surrounding
areas. It is covered within the Survey of India Toposheet Nos. 84B/9 and 84B/13 and
falls within the coordinates of 22°45°0” N latitudes to 23°0°0” N and 92°20°30” E to
92°51°30” E longitudes.

In this present work, various methods and techniques of sedimentary analyses
like petrography and geochemistry are used to decipher the mode of formation,
provenance, depositional history, tectonic setting, paleoclimatic condition, and nature
of weathering. The present research work aims to establish the petrochemical
characteristics of the main litho-unit belonging to the Bhuban formation in and
around Lunglei Town and to explore provenance characteristics, depositional
environment, and tectonic settings. The current study also attempts to explore the
burial history of rocks where detrital sedimentary materials resulting from the

disintegration of pre-existing rocks consolidated or lithified into sedimentary rock.

The study area is constituted by a repeated succession of arenaceous and
argillaceous in various proportions belonging to the Middle Bhuban and Upper
Bhuban formations of the Surma group. With gradational and transitional contact the
upper Bhuban formation is underlain by the middle Bhuban formation. Shale and
siltstone are the important rocks in the middle Bhuban formation, whereas, the
dominant rock type of the upper Bhuban formation is sandstone which is mostly
encountered along the limbs of anticlines. Sandstones exposed in the study area vary
from fine grey, fine to medium brown color alternated with various proportions of
clay and silt size particles of shales. The southern part of the town and its adjoining
areas are dominated by argillaceous rocks of the Middle Bhuban formation which is
characterized by occasional sandstone beds with thick shale beds. Most of the shales

are grey, olive green to yellowish brown in color and exhibit spheroidal pattern and



fissility. Frequent occurrences of silty shale beds and silty sandstone beds with thin
lamination of sandstone beds are encountered throughout the middle Bhuban

formation.

A total number of 37 (thirty-seven) samples of Bhuban sandstone from the
study area are accounted for petrographic analysis. The framework grains are mainly
quartz, feldspars, and rock fragments. Other detrital components include micas like

muscovite and biotite.

Cementing materials identified are argillaceous, siliceous, calcite, and
ferruginous cement. The petrographic study reveals that the framework grains are
represented by moderately sorted, angular to sub-rounded, and medium to fine-
grained textures. The most common type of detrital component is quartz, and non-
undulose monocrystalline quartz is the most abundant type. Feldspar grains in the
studied sandstones are angular to sub-angular in which potash feldspar dominates
over plagioclase feldspar. Both sedimentary and metamorphic rock fragments are
identified in the studied samples where the former is identified by their sedimentary
character and the latter is identified by preferred orientation and high-order
interference color. Important rock fragments reported include chert, shale, slate, and

schist.

Mica commonly occurs as elongated, slender, flaky minerals showing
cleavages. Muscovite and biotite are the two important mica observed in the present
study area. Muscovite being more resistant to chemical alteration is more common
than biotite. Authigenic and detrital bended mica flakes are also commonly observed.
The cementing materials frequently observed in the examined sandstones are mainly

siliceous, calcareous, ferruginous, and argillaceous cement.

The concentration of major oxides in Bhuban sandstones of Lunglei roughly
corresponds to the UCC except for depletion in Na,O, CaO, and K;O. The ratio of
K20/NayO all greater than 1 (>1) is also consistent with the petrographic data. When
correlating major oxides against Al,O3 Bhuban sandstones of Lunglei show a
negative correlation with SiO, and a positive correlation with K,0, Fe,O3 and TiOs.

X-ray diffraction analysis of shale samples shows an intense peak in Quartz,



cristobalite, and muscovite. Among the clay minerals, chlorite and illite are

prominent although overshadowed by the intense peak of quartz.

The UCC normalized trace element pattern shows narrow compositional
changes for Nb, Pb, Zr, Mg, La, Ce, Sc, Ni, and Cr. In comparison with UCC, the
Bhuban sandstone samples are enriched in Si, and Rb, as well as depletion of Ca, Th,
Na, Ba, and Fe. Among the High Field Strength elements (HFSE), the depletion of
Th, Y, and Ti may be associated with the source rocks. The common occurrence of
K-feldspar, mica, and clay minerals may account for the high Rb level in the Bhuban

sandstone.

The Chondrite normalized REE pattern of the Bhuban samples shows
enrichment of LREE (La-Gd) and depletion of HREE (Tb-Lu) with negative Eu
anomaly. The REE pattern of Bhuban sandstones of Lunglei is nearly identical to the
UCC patterns. The extremely uniform REE pattern of the samples may suggest that

the derivation of sediments has a certain homogeneity.

The provenance analysis for the Bhuban sandstones of Lunglei has been
carried out using petrographic modal data and geochemistry. The different quartz
varieties of Bhuban sandstones within the study area indicated their derivation from
granitic rocks and middle to upper-rank metamorphic rocks. The modal analysis also
suggested that the sediments are transported for a moderate distance or reworking of
sediments. In addition, the sediments are immature and derived from the continental
block provenance. However, the C-N-K ternary plots indicated the sediments came
from granitic terrain. Based on the TiO;, vs Ni bivariate plot and La-Th-Sc ternary
plot, the Bhuban sandstone of the study area is an acidic rock derivation and
intermixing of granite and granodioritic source rocks. When the Bhuban sandstone
samples are plotted in the bivariate diagram of Zr/Sc vs Th/Sc, it can be inferred that
most of the Bhuban sandstones retained their original composition, however, some

samples are sourced from recycled sediments.

Different classification schemes are employed to classify the Bhuban
sandstones within the study area. The Q-F-L and Q-F-R ternary plot demonstrates

that most of the samples in the study area are sublitharenite, with few subarkose.



However, major element geochemistry suggested that the sandstones are litharenite,

lithic sandstone, and greywacke.

To ascertain the depositional environment and the degree of weathering of the
sediments for the Bhuban sandstones in the study area, a variety of ternary and
bivariate plots are utilized. All the discrimination plots indicated that the Bhuban
sandstones of Lunglei are deposited under humid to semi-humid climatic conditions
in low-relief areas (plains). The degree of weathering for the sandstone of the study
area is assessed using the ternary plot of Nesbitt and Young (1982) and different
weathering parameters. Based on the analysis, the sediments are chemically

immature to mature and have undergone mild to moderate weathering.

The tectonic setting of the Bhuban sandstones in the study area is represented
using the petrographic modal data. All the analyzed samples showed a quartzose
recycled and craton interior in the QFL and QmFLt ternary plots. Texturally
immature sediments are also advocated by the abundance of rock fragments and
angular to sub-angular detrital grains. However, the discrimination diagram using
geochemical data indicated an active continental margin tectonic setting for the
Bhuban sandstones of Lunglei.
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