Acta Geochim (2024) 43:904-932
https://doi.org/10.1007/s11631-024-00679-1

ORIGINAL ARTICLE

Mineralogy and whole-rock geochemistry of the Oligocene
Barail Group of rocks of Belt of Schuppen, Northeast India:
Implications for tectono-provenance and paleo-weathering

Manash Pratim Gogoi' - Yunpeng Dong? - Pradip Borgohain! - Devojit Bezbaruah® - Arvind Pandey* -
Yadav Krishna Gogoi' - Garima Konwar! - Gautam Raj Bawri® - Bubul Bharali®®

Received: 11 June 2023 / Revised: 7 January 2024 / Accepted: 31 January 2024 / Published online: 14 March 2024
© The Author(s), under exclusive licence to Science Press and Institute of Geochemistry, CAS and Springer-Verlag GmbH Germany, part of

Springer Nature 2024

Abstract The petrographic and geochemical attributes of
the Oligocene Barail Group of rocks are used to decipher the
likely source area(s) or tectonic domains, as this sequence
of rocks was deposited in a foreland basin governed by oro-
genic domain, namely the North-east Arunachal Himalayas.
The river system that gave rise to the Brahmaputra River
(Yarlung-Tsangpo), which flowed through several tectonic
domains of the Himalayan ranges, primarily from Bomi-
Chayu, Gangadese Granitoid, Higher Himalayan Leucogran-
ites, and Namche Barwa into the proto Bengal Basin now a
part of Assam Arakan Basin and Naga Schuppen Belt, was
the main source of the sandstone formation of the Barail
Group. The purpose of sandstone petrography, which com-
bines modal analysis with XRF (Major Oxides) and HR-ICP-
MS (Trace & Rare Earth Elements) research, is to identify
the type of source rock(s), their weathering pattern, and its
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paleo-environmental circumstances. These sandstones were
formed from recycled orogen and include lithic and sublithic
arenite variants with advanced texture and chemical matu-
rity. The sediments were felsic (Th/Co: 1.38, Cr/Th: 9.78,
La/Lu: 11.58, Th/Sc: 0.99, Euw/Eu*: 0.66, La/Sc: 3.05, La/
Co: 4.18), with contributions from intermediate source rocks
and low-rank metamorphics deposited in an active conti-
nental margin to a continental island arc setting. Climatic
conditions impacted the sediments of Barails, characterised
by being warm and semi-humid to humid which resulted in
moderate to a high degree of chemical weathering, as shown
by weathering indices like CIA (79.14), PIA (85.47), CIW
(86.9), WIP (32.50), ICV (0.71), and Th/U (6.03), which
were further additionally supported by C-Value (1.01), PF
(1.20), St/Cu (2.04), and Rb/Sr (0.97).

Keywords Belt of Schuppen - Barail Group - Sandstone -
Petrography - Geochemistry - Provenance - Tectonic setting

1 Introduction

The study of provenance aids in determining the type of
source area, lithologies, variables of the tectonic settings,
and sedimentary history (Dickinson et al. 1983; Basu et al.
1975). The petrographic study provides clues to the probable
source rocks, the tectonic setting, and the climatic condition
of the source area. The main objective of the petrographic
analysis is to understand in detail the mineralogical con-
stituents, textural properties, diagenetic alterations, and their
effect on the reservoir property of the sandstones. However,
the petrography also provides information on the nature of
source rocks and tectono-provenance settings. Geochemical
compositions can also be utilized to determine the tectonic
setting, provenance, and paleo-weathering conditions that



Acta Geochim (2024) 43:904-932 905

@ Springer



906

Acta Geochim (2024) 43:904-932

«Fig. 1 a Tectonic map of Assam-Arakan Basin showing the Belt of
Schuppen (modified after Kent et al. 2002), b geological map pre-
pared covering the three studied sections

prevailed during sedimentation. The chemical and miner-
alogical composition of clastic sedimentary rocks is con-
trolled by the composition of their source rocks, environ-
mental parameters influencing the weathering of the source
rocks, duration of weathering, transportation mechanisms
of clastics, and post-depositional processes. Therefore, the
geochemistry of sedimentary rocks reflects a combination
of provenance, chemical weathering, hydraulic sorting, and
abrasion (Taylor and McLennan 1985; Wronkiewicz and
Condie 1987; McLennan et al. 1993; Condie 1993; Nesbitt
et al. 1997). The immobile major and trace elements car-
ried in the sediment load have been valuable indicators of
source terrain, weathering, tectonic, and environmental evo-
lution (Taylor and McLennan 1985; Roser and Korsch 1988;
Cullers 2000). Some trace elements, including rare earth
elements (REEs), are relatively insoluble, and as a result,
their original compositions remain unchanged during the
sedimentary processes.

The Belt of Schuppen of Northeast India has piqued the
curiosity of geoscientists for its complicated structure and
tectonics, as well as the availability of crude oil and coal
resources. The Barail (Oligocene) and Tipam (Miocene)
Group of rocks, which are prolific producers of oil and gas
in the Upper Assam Petroliferous Basin, are well exposed in
neighbouring Schuppen Belt of Nagaland. However, there
is little information about the mineralogy and tectono-prov-
enance characteristics of the outcropped litho units of Naga
Schuppen Belt. Moreover, the available literature shows that
the subsurface Barail sandstones are different in many places
of the outcropped area of Naga Schuppen Belt (Borgohain
et al. 2021). Considering this view in mind, an attempt has
been made in the present study to understand the prove-
nance, tectonic settings, and paleo-weathering conditions
that existed during the deposition of the Barail Group of
sediments within the Belt of Schuppen, Northeast India by
using petrography and whole-rock geochemistry.

2 Geology of the study area

Nagaland lies between 25°6°-27°4’N latitudes and
93°20'-95°15’E longitudes. The Belt of Schuppen is an
imbricately faulted and thrusted belt of Cenozoic sediments
forming the southeastern limit of Brahmaputra plain and
separated from Patkai synclinorium by the Disang thrust.
It covers approximately 200 km of the western margin of
Nagaland state, trending in NE-SW directions. Paleogene
and Neogene rocks are well exposed in the belt and are
intensely folded and thrusted by a number of thrusts. The
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north-westernmost thrust is called the Naga thrust, while
the south-easternmost thrust is known as the Disang thrust.
Due to a complex geologic setup and some logistic issues,
the Belt of Schuppen is poorly explored. Although a few
earlier workers like Ranga et al. (1969), Thong (1999),
Kent and Dasgupta (2004), Srivastava (2011), Borgohain
et al. (2021), Bhuyan et al. (2022) and Gogoi et al. (2023)
have done significant works on the Belt of Schuppen, espe-
cially on structure and tectonics, yet there are limited pub-
lications on geochemical aspects of the outcropped Paleo-
gene rocks of the Belt of Schuppen. The present study area
encompasses part of the Belt of Schuppen, Northeast India
(Fig. 1a) along Sonari-Tizit-Mon (N27°00.975° E94°59.54(0°
and N27°43.940° E95°04.163°), Amguri-Tuli-Merangkong
(N26°43.619” E94°37.101” and N26°30.615* E94°40.186")
and Mariani-Changki-Longkhim (N26°37.269° E94°20.647°
and N26°18.091° E94°35.287’) sections, where the Barail
Group of rocks are exposed (Fig. 1b). The stratigraphic suc-
cession of the study area is shown in Table S1.

The Barail Group within the Belt of Schuppen consists
mainly of alternate beds of sandstone and shale with minor
coal seams at some places. The lower part of the Barail
Group is mostly sandstone-dominated (Fig. 2a), while the
upper part consists of alternate beds of sandstone and shale
with coal seams (Fig. 2b). The sandstones are hard and
compact, medium to fine-grained, and light grey. While the
shales are dark grey to black, carbonaceous (Fig. 2c), and
show well partings. Cross laminations (Fig. 2d), current
ripples (Fig. 2e), small-scale channels, scour, and fill and
slump structures are observed in the study area. A significant
boulder bed consisting of rounded and elongated pebbles
and boulders (Fig. 2f) with carbonaceous wood and coal
streaks is observed within the Barail Group. This fan deposit
is overlain by alternate beds of medium-grained sandstone
with subordinate shale bands of Barail Group. A representa-
tion of the outcropped litho-columns of the studied sections
is shown in Fig. 3.

3 Materials and methodology

Thirty-six (36) representative sandstone samples of Barail
Group exposed along the study area have been considered
for petrographic analysis. The petrographic study was car-
ried out on rock thin sections prepared from air-dried,
Araldite-impregnated samples using Leica-DM750P Trin-
ocular Polarizing Microscope fitted with CCD camera and
Leica Application Suite (LAS). The modal count was done
by counting 500 points per thin section following Gazzi-
Dickinson (1966) method.

For geochemical analysis, twenty-two (22) representative
samples of Barail Group from the study area were selected
and carried out at the National Geophysical Research
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Fig. 2 Field photographs of the study area. a Sandstone-dominating Barail Group of rocks, b coal seams within the Barail Group (yellow
arrow), ¢ carbonaceous shale within the Barail Group, d cross laminations (yellow arrow), e current ripples (yellow arrow), and f rounded and
elongated pebbles and boulders observed within the Barail Group (yellow arrow)

Institute, Hyderabad, India. Major oxides were examined
using XRF, while HR-ICP-MS was employed for the analy-
sis of Trace and REE. Concentrations of major oxides were
determined at NGRI, Hyderabad, India using the Philips
MagiX PRO PW2440 XRF instrument. Sample pellets
were created at NGRI, filled with boric acid, and evenly
spread with the sample. These pellets were then pressed
using a hydraulic compression machine and analysed for

the measurement of major oxides. Loss on ignition (LOI)
was calculated by heating 5 g of each sample at 800 °C,
recording initial and final weights. For HR-ICP-MS, rock
samples underwent dissolution via a wet chemical method.
A test portion of each sample, along with an acid mixture
(10 mL of 7:3 HF-HNO;), was placed in Savillex screw top
vessels, and internal standards (5 mL of 1 ng/mL 103Rh)
were added. After a 48-h hot plate treatment (~ 140 °C),
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Fig. 3 Litho-column of the Barail Group of rocks of the Belt of Schuppen, Northeast India, along a Amguri—Tuli—Merangkong, b Mariani—

Changki—Longkhim, and ¢ Sonari—Tizit—Mon section

samples were evaporated (200 °C) and dissolved, with pro-
cedural blanks to account for reagent and handling errors.
Selected geological reference samples had certified data
for all trace elements. Clear solutions were obtained for all
samples, and HR-ICP-MS analysis was conducted using Nu
Instruments Attom, UK. Accuracy and precision were deter-
mined through replicate analyses of standards and samples,
with calibration using the international reference Sandstone
sample (GSR-4). The precisions for Major, Trace, and REE
analyses were found to be 2% RSD (Relative Standard Devi-
ation), with comparable accuracy, following the methodol-
ogy of Satyanarayanan et al. 2018.

4 Petrography of the Barail sandstones
4.1 Detrital components

The studied Barail sandstones have quartz as the most
dominant mineral in the form of monocrystalline and
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polycrystalline, and its concentration varies from 42.07%
to 62.02 % (avg. 50.39%). Monocrystalline quartz is again
recorded as undulose (16.22-21.87 %) and non-undulose
(14.32-20.20 %) types, with the former being relatively
dominant (Fig. 4a). The polycrystalline quartz is recorded
as 2-3 units (2.67-8.89 %) and > 3 units (4.67-12.10 %) per
grain. The polycrystalline varieties include recrystallized
metamorphic quartz (Fig. 4b) and sheared or stretched meta-
morphic quartz. Quartz overgrowths are seen in some sand-
stone (Fig. 4¢). The feldspar concentration varies between
0.00% to 2.79% (avg. 1.19%) and is represented by plagio-
clase (Fig. 4d) and microcline. Mica varies from 1.2 % to
7.77 % (avg. 4.28 %), among which muscovite (Fig. 4e) is
more common with minor fractions of biotite. The percent-
age of rock fragments varies from 5.46 % to 16.93 % (avg.
12.39 %). Sedimentary rock fragments are recorded mainly
as weathered shale (Fig. 4f) and siltstones. Metamorphic
rock fragments are identified as schistose and gneissic frag-
ments (Fig. 4g). Most of the grains are cemented by silica
(Fig. 4h). Ferruginous cement is also common (Fig. 4i).
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Fig. 4 Photomicrographs of the Barail sandstones. a Monocrystalline quartz (Qm), b polycrystalline quartz (Qp), ¢ quartz overgrowth (Qo), d
plagioclase feldspar (F,n,), € muscovite (Ms), b sedimentary rock fragment (RF,. ), g metamorphic rock fragment (RFy,,), h siliceous cement

(Cy;p), and i ferruginous cement (Cg,)

Cementing material ranges between 12.22 % to 22.34 %
by volume. The matrix content in the Barail sandstone var-
ies between 6.44 % to 20.02 %. The modal analysis data of
the studied sandstones of the Barail Group is presented in
Table S2.

4.2 Diagenesis

The diagenetic effects observed in the Barail sandstones of
the present study are cementation, compaction, grain defor-
mation and fracturing, dissolution and replacement, recrys-
tallization, and authigenesis.

4.3 Cementation

The cement types identified in the studied sandstones are
silica cement, iron cement, clay cement, and calcareous
cement. The silica cement is dominant over the other types
of cement present in the rock. It occurs as euhedral syntaxial

overgrowths around detrital quartz grains (Fig. 5a). The car-
bonate cement tends to corrode the grain margins and pro-
duce irregularly shaped grains within the sandstones of the
Barail Group (Fig. 5b). Iron oxide as reddish-brown cement
occurs as pore-filling cement, with thin coatings around
detrital grains of the Barail Group (Fig. 5c¢).

4.4 Compaction

In the studied sandstone, the degree of compaction varies
considerably. In the case of more rigid grains, the physical
compaction caused floating and point contacts to become
long contacts (Fig. 5d) and fracturing of rigid framework
components within the sandstones (Fig. 5e). After the burial,
the ductile grains had undergone squeezing effects between
quartz grains as compaction continued, forming dispersed
pseudo-matrix (Fig. 5f). Stylolites are also formed due to
the intrastratal solution effect circulating under pressure
(Fig. 6a).

@ Springer



910 Acta Geochim (2024) 43:904-932

Fig. S Photomicrographs of the Barail sandstones. a Quartz overgrowths (Qo), b carbonate cement tends to corrode the grain margins (C_,), ¢
iron oxide occurs as pore-filling cement (Cy,), d physical compaction causes floating and point contacts to become long contacts (Cont; ), e frac-

turing of rigid framework components (Qg,), and f pseudo-matrix (Mjeyg0)

4.5 Grain deformation and fracturing certain sandstones of the Barail Group, some mica flakes

show compaction effects, as they exhibit microfractures
Grain fracturing, though not intense, is observed on some  and kink bend with jagged corners around detrital grains
detrital quartz grains of the studied sandstone. Within  (Fig. 6b).

@ Springer
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Fig. 6 Photomicrographs of the Barail sandstones. a Stylolites formed due to the intrastratal solution effect (St), b kink bend of mica flake
showing compaction effects (My,q), € dissolution of the authigenic minerals (Authy,), d albitized feldspars (F,;,), e recrystallization of clay

minerals to muscovite (Rec,,,), and f authigenic clay minerals are occurring as pore-filling and pore-lining (Auth,,)

4.6 Dissolution and replacement involves the replacement of weak detrital K-feldspar to
albite and promotes secondary porosity. Under the thin

Secondary porosity has been created by the dissolution  sections, albitized feldspars (Fig. 6d) show indistinct and

of the authigenic minerals or sedimentary grains within  diffused twinning with a cloudy appearance.

the Barail sandstones (Fig. 6¢). Albitization of feldspar
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4.7 Recrystallization and authigenesis

Recrystallization of clay minerals to muscovite (Fig. 6e)
under deep burial compaction indicates late diagenesis
found within the Barail sandstones. Such recrystallization
increases grain size and negatively affects porosity and per-
meability (Borgohain et al. 2021). Authigenic clay minerals
occur as pore-filling and pore-lining in the studied sand-
stones (Fig. 6f).

5 Geochemical characteristics of the Barail
sandstones

5.1 Major oxides

Major oxide composition in terms of the weight percentage
of the Barail sandstones is shown in Table S3. The Barail
sandstones are characterized with the high concentration
of Si0O, (54.82-81.00 wt %, avg. 66.19 wt%) followed by
lower content of Al,O4 (11.38-29.06 wt%, avg. 18.71 wt%),
Fe,05 (0.74-16.24 wt%, avg. 5.37 wt%), MgO (0.51-7.51
wt%, avg. 1.98 wt%), K,O (0.70-3.18 wt%, avg. 1.94 wt%),
TiO, (0.78-2.45 wt%, avg. 1.28 wt%), Na,O (0.33-2.12
wt%, avg. 0.97 wt%), CaO (BDL-2.03 wt%, avg. 0.60 wt%),
MnO (0.02-0.64 wt%, avg. 0.19 wt%), and P,O5 (BDL-0.26
wt%, avg. 0.08 wt%) (Table S3). High to moderate SiO, and
Al,O5 concentration with low Fe,O5, MgO, Na,O resem-
bles the composition of Upper Continental Crust (UCC).
The concentrations of SiO, show negative correlations with
Al,O; (r= —0.28), Fe,05 (r= —0.66), MnO (r= —0.04),
MgO (r= —0.29), CaO (r= —0.35), Na,O (r=—-0.21), K,O
(r= —0.64) and P,05 (r= —0.39), except TiO, (r=0.17)
showing weak positive correlation (Fig. 7). However, a
positive correlation of Al,O5 with TiO, (r=0.43), MnO
(r=0.16), and K,O (r=0.48) implies the presence of these
elements with the rock fragments and with the clay minerals.
Fe,0; with MgO (r=0.14), CaO (r=0.65), Na,O (r=0.17)
and P,O5 (r=0.63) are also positively correlated (Fig. 8).

The high Si0,/Al,05 (avg. 3.76 wt%) ratio indicates the
influence of recycling processes, weathering, and sediment
transport. The Al,05/TiO, ratio is also high (avg. 14.94)
due to the probable continental derivation of the sediments
(Fyffe and Pickerill 1993). The UCC (Taylor and McLennan
1985) normalized (Fig. 9a) pattern of oxides of the samples
shows a remarkable depletion of CaO.

5.2 Trace elements
Trace element concentrations of the Barail sandstones are
shown in Table S4. Among the various trace elements,

Large Ion Lithophile Elements (LILE) are enriched (avg.
Rb: 95.59 ppm, Sr: 105.52 ppm, Ba: 297.98 ppm), and
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High Field Strength Elements (HFSE) are depleted (avg.
Th: 15.02 ppm, U: 2.51 ppm, Hf: 6.74 ppm), except Zr (avg.
270.29 ppm) (Table S4). Transitional elements (Sc, Co, Ni)
are also depleted (avg. Sc=15.77 ppm, Co=14.4 ppm,
Ni=54.31 ppm,), except Cu (avg. 69.45 ppm), Zn (avg.
89.15 ppm), V (avg. 125.31 ppm) and Cr (avg. 143.21 ppm)
as compared to the UCC (Taylor and McLennan 1985). Due
to detrital interaction with Zircons, Zr has a high concen-
tration (avg. 270.29 ppm). Upper Continental Crust (UCC)
normalized values of all the trace elements are plotted as
shown in Fig. 9b (Taylor and McLennan 1985). The plot
shows the depletion of elements like Sr (avg. 0.33), Ba (avg.
0.47), and Co (avg. 0.82) in comparison to UCC (Taylor and
McLennan 1985).

5.3 Rare earth elements (REE)

The concentration of REE, along with certain elemental
ratios of Barail sandstones, is represented in Table S4. The
Chondrite normalized patterns of REE concentration are
shown in Fig. 9¢, which shows the Light Rare Earth Ele-
ments (LREE: La-Gd) are enriched over Heavy Rare Earth
Elements (HREE: Tb-Lu), with LREE/HREE ratio is 5.77
to 13.61 (avg. 8.98 ppm). Barail sediments showed a nega-
tive Eu anomaly (i.e., Eu/Eu* < 1) with an average of 0.66
(Table S4). The (La/Yb)y ratio ranged from 6.67-20 with
an average of 11.14, comparatively higher than UCC: 10.47
(Taylor and McLennan 1985). The Chondrite normalized
(La/Sm)y=3.15-4.63 (avg. of 3.59) and (Gd/Yb)y=1.21
to 2.92 (avg. 1.93) ratio bears a resemblance with the UCC
(Taylor and McLennan 1985).

6 Discussion
6.1 Texture and sandstone classification

The petrographic data shows that the sandstones have a
higher concentration of quartz and a relatively smaller pro-
portion of rock fragments, feldspar, and mica. Grains are
moderate to ill-sorted and sub-angular to sub-rounded in
shape. Sandstones having a higher percentage of matrix
show less cement content. The sandstone classification after
Folk (1980) shows that the Barail sandstones are sublithic
arenite type (Fig. 10a). Again, following the classification
proposed by Pettijohn (1972), it is seen that the studied sand-
stones are mostly sublithic arenite to lithic greywacke varie-
ties (Fig. 10b).

Major elemental concentrations are utilized to clas-
sify sandstones (Pettijohn et al. 1972; Blatt et al. 1980). In
the classification scheme after Pettijohn et al. (1972), the
logarithmic values of the ratio of (SiO,/Al,05) vs. (Na,O/
K,0) are used, where most of the samples are clustered as
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Fig.7 Variation diagram for
correlation between wt% of
SiO, vs. major oxides
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Fig. 8 Variation diagram for correlation between wt% of major oxides
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Fig. 9 a UCC normalized

plot for major oxides, b UCC
normalized multi-element plot,
and ¢ chondrite normalised REE
patterns (Tailor and McLennan
1985) of the Barail Group of
sediments
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Fig. 10 a Classification of sandstones after Folk (1980), b petrographical classification after Pettijohn (1972), ¢ geochemical classification after
Pettijohn et al. (1972), and d sandstone classification after Blatt et al. (1980)

litharenite type (Fig. 10c). However, few samples appear
to be of arkose and greywacke type. The ternary plot
(after Blatt et al. 1980) between wt % values of Na,O,
Fe,0;+MgO, and K,O to classify sandstone types shows
that the sandstones are of lithic variety (Fig. 10d).

6.2 Provenance

The nature of the provenance, from where the sediments
are derived, may be revealed by the quantitative analy-
sis of different types of terrigenous sediments present in
the rock. Basu et al. (1975) and Tortosa et al. (1991) dis-
cussed in detail about quartz grains as an indicator of prov-
enance. From the present study, the overall dominance of
monocrystalline quartz (avg. 19.45%) over polycrystalline
quartz (avg. 13.91%) indicates the sediments are primarily
derived from the metamorphic sources (Blatt et al. 1980).

@ Springer

The dominance of polycrystalline quartz in the studied
sandstones suggests their derivation of sediments from
low-grade metamorphic rocks (Basu et al. 1975), which is
also observed in the diamond diagram plot of Basu et al.
(1975), as shown in Fig. 11a. Quartz grains with undula-
tory extinction are weak because they have been plastically
deformed (Folk 1980). The enrichment of undulose and
non-undulose monocrystalline quartz over polycrystalline
quartz in the studied sandstones suggests plutonic and low-
rank metamorphic sources (Folk 1980). The diamond plot
after Tortosa et al. (1991) also indicates the derivation
of Barail sediments from granite and gneisses (Fig. 11b).
Both sedimentary and metamorphic lithic fragments indi-
cate the derivation of sediments from sedimentary and
metamorphic terrain. The presence of detrital chert cor-
roborates a sedimentary source of the Barail Group of
sediments.
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Fig. 11 a Diamond plot for provenance after Basu et al. (1975) representing their derivation of sediments of the Barail Group from low-rank
metamorphic, and b diamond plot for provenance after Tortosa et al. (1991) representing their derivation of sediments of the Barail Group from

granite and gneisses

6.3 Geochemical characteristics of the provenance

Trace and REE Geochemistry is a replica of source rocks for
clastic sedimentary rocks. Hence the concentration of source
rocks could be used in sediment geochemistry to correlate
with the geochemical signature of the sediments. Because
of their immobile and limited fractionation behavior trace
and REE elemental concentration are used as bivariate and
ternary plot to understand the nature and characteristics of
source rocks (Taylor and McLennan 1985; Bhatia and Crook
1986; McLennan and Hanson 1993). To understand the
nature of source rocks and their possible origin we are using
various ternary and bivarite plot of intermixing of different
source rock plots (La—Th—Sc after Jinliang and Xin 2008;
Sc vs Th/Sc after Schoenborn and Fedo 2011; Y/Ni vs Cr/V
after Mongelli et al. 2006; Th x 10-V-Ni after Bracciali et al.
2007; Zr/Sc vs Th/Sc after McLennan and Hanson 1993 and
few bivariate plots by using certain trace and REE ratios).
Ternary plot of La-Th-Sc by Jinliang and Xin (2008) is
a representation source rock 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). Barail sediments are indicative
of possible derivation primarily from granitic sources as
supported by the average ratio of Eu/Eu": 0.68 and Th/Sc:
0.99 as well as significant contribution from granodiorite as

shown in Fig. 12a. Again the bivariate plot of Sc vs Th/Sc by
Schoenborn and Fedo (2011) is a quantitative estimation for
intermixing of different source rocks. Barail sediments are
with average ratio of Th/Sc=0.99 which resembles the mix-
ing model Th/Sc ratio (1.15). In Fig. 12b Barail sandstones
are clustered near 90% Granodiorite + 10% high K-Granite
field which is indicative of the contribution of the sediments
primarily from intermixing of granodiorite and granitic
sources. A similar observation has resulted from the bivari-
ate plot of ganitic indicator: Y/Ni vs ultramafic indicator:
Cr/V (Mongelli et al. 2006) where the Barail sandstones are
scattered near the granitic field (Fig. 12c). Moreover, the ter-
nary plot of Thx 10-V-Ni (Bracciali et al. 2007) representing
a possible derivation of felsic rocks rather than the mafic
and ultramafics (Fig. 12d). McLennan and Hanson (1993)
proposed a bivariate plot by using the Zr/Sc vs Th/Sc which
portrays two patterns regarding the source composition and
effects on source by recycling processes. In Fig. 12e, major-
ity of the samples are representative of original source rock
composition but only a few are following the diverted trend
due to possible enrichment of Zircons (avg. Zr: 270 ppm,
range: 78—694 ppm) as a result of recycling of sediments
before that deposited in the basinal part from the study
area. The elemental ratios of trace and rare earth elements
have been proposed by Cullers (1994, 2000) and Cullers &
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Fig. 12 Provenance plots: a ternary plot of La-Th-Sc after Jinliang and Xin (2008); b bivariate plot of Sc vs Th/Sc after Schoenborn and Fedo
(2011); ¢ bivariate plot of Y/Ni vs Cr/V after Mongelli et al. (2006); d ternary plot of Thx 10-V-Ni after Bracciali et al. (2007) & e bivariate plot
of Zr/Sc vs Th/Sc after McLennan and Hanson (1993) representing the source of Barail Group of sediments
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Podkovyrov (2002) against different sources as presented in
Table S5. The range of the elemental ratios shown by Barail
sandstones are: Eu/Eu*: 0.57-0.72, La/Sc: 1.58-6.87, Th/
Sc: 0.59-1.58, La/Co: 1.47-18.07, Th/Co: 0.48-6.13, Cr/
Th: 5.76-22.66 and La/Lu: 6.63-21.11 indicates the sedi-
ments are contributed from felsic source rocks. Similarly,
Chondrite-normalized REE pattern (Fig. 9c) and Eu anom-
aly gives clues about the nature of source rocks (Basu et al.
1975; Armstrong-Altrin 2009). Barail sandstones are show-
ing a fractionated trend [(La/Lu)y: 11.58] and a visible sharp
negative Europium anomaly that suggest a fractionated gra-
nitic source rock. Based on these geochemical observations
it can be mentioned that during Oligocene time sediments
have been contributed from tectonic domains that contained
primarily of felsic or their metamorphic equivalent source
rocks.

6.4 Inference for the source areas

Study area is located south to the eastern Himalayan ranges
and adjacent to the Eastern Himalayan Syntaxies at the
northeastern corner of India. Himalayan arc system was
resulted by the Indian and Eurasian plate collision which
occurred during Paleocene-Eocene time ~55-51 Ma. (Cri-
telli and Garzanti 1994; Rowley 1996; Pivnik and Wells
1996; Guillot et al. 2003; DeCelles et al. 2004). The Himala-
yan ranges have been categorized into four tectonic domains
that are represented from the north towards the Indian plate
as the Tibetan Himalayan Zone (THZ), the Greater Hima-
layan Zone (GHZ), the Lesser Himalayan Zone (LHZ) and
Sub-Himalayan Zone (SHZ). The litho-association of these
tectonic domains were basically comprised of granitoids
and their various metamorphic equivalents (Reichardt et al.
2010; Ahmad et al. 2008; Zeng et al. 2014; Jiang et al. 2015).

The entire basins of NE India was an open ocean con-
nected to the proto Bengal Basin. Sedimentations occurred
mainly from the various tectonic domains which are con-
nected to the basin by the Yarlung-Tsangpo (Paleo-Brahma-
putra) formed by the confluence of Siang, Dibang and Lohit
river. Studies by Hodges (2000), Liang et al. (2008) and
Chiu et al. (2009) have reported that the river Brahmapu-
tra (Yarlung-Tsangpo) was following the marginal zones of
Indian-Eurasian plate and continuously draining the Trans-
Himalayan Arc, Tethyan Himalayan Zones, Indo Tsangpo
Suture Zone (ITSZ) including Indian crust(?). Initially, the
river Brahmaputra flowed southerly towards the eastern
margin of basins located in NE India (Najman et al. 2016).
As the sea beings to recede the delta system prograded in
the SSW direction causing enormous deposition of Barail
sediments during Oligocene. The Barail sediments deposited
along the delta front and delta plain were the regions of for-
mation of sandstones represented by the lithocolumns shown
in the Fig. 3. Sedimentation as well as progradation of delta

system continued till the end of Miocene (Najman et al.
2016; Clark and Bilham 2008). As a result of upliftment
of Shillong Plateau during Middle-Late Miocene time and
rise of Naga Hills from Early Miocene (Clark and Bilham,
2008; Morley and Searle, 2017) were the possible cause for
the diversion of Paleo-Brahmaputra shifting towards west as
it flows at the present day. The shifting of river Brahmaputra
and southwestern regression of shoreline is witnessed by
the deposition of fluvial Tipam sediments (Late Miocene-
Early Pliocene) in different parts of Upper Assam, Naga Hill
ranges and Surma Basin. This regression can also be repre-
sented in the geological map as represented in the Fig. 1b
where younger sediments are exposed towards the eastern
margin, as a result of upliftment of Indo-Burmese ranges due
to collision between Indian plate with the Burmese micro
plate. Moreover, Rao (1983) also reported the existence of
lacustrine (Late Pliocene) areas, southeast of the Shillong
plateau, that was probably formed due to the upliftment of
the easterly located Naga Hills and Surma Basin that also
restricting the flow of river Brahmaputra.

To characterize the provenance certain tectonic domains
from the THA, THZ including ITSZ are considered for this
study that continuously shedding by the Paleo-Brahmapu-
tra. In order to correlate the geochemical signature of these
domain with the Barail sediments we have plotted various
published data from the Himalayan ranges and Eastern Him-
alayan syntaxies in different provenance plots as well some
of the bivariate plots by using the ratios of trace and REE.
Here we are considering the tectonic domains of Himalayan
ranges and Eastern Himalayan Syntaxies including: Higher
Himalayan Leucogranite (Gao et al. 2019; Huang et al.
2017; Tian et al. 2017; Visona et al. 2002; Yang et al. 2019;
Zhang et al. 2004), Tethyan Leucogranite (Gao et al. 2019;
Liu et al. 2014, 2016; Xiao et al. 2008; Zeng et al. 2015),
Gangdese Granitoid (Chen et al. 2015, 2019a, 2019b; Guo
et al. 2011, 2013; Ma et al. 2017; Meng et al. 2016; Wang
et al. 2015, 2016; Xu et al. 2015; Zhang et al. 2010a, 2010b,
2014; Zhou et al. 2017), ITSZ (Bédard et al. 2009; Bezard
et al. 2011; Dai et al. 2013; Dubois-Coté et al. 2005; Guil-
mette et al. 2009; Wang et al. 2018; Zheng et al. 2017; Zhong
et al. 2019), Lhasa Terrain (Ding et al. 2003; Harrison et al.
2000; Zhu et al. 2009), Bomi-Chayu (Chen et al. 2019a, b;
Dong et al. 2019; Lai & Zhu 2019; Lin et al. 2012; Pan et al.
2012; Xie et al. 2020; Xu et al. 2013; Zhu et al. 2017, 2020),
Namche-Barwa (Gao et al. 2019; Ji et al. 2017; Tian et al.
2020; Zhang et al. 2012), Nyngchi (Guo et al. 2019; Zhang
et al. 2010a, 2010b, 2013) and Lohit Batholith (Bikrama-
ditya et al. 2020; Haproff et al. 2019) for the purpose of
this study. These domains are connected either by Yarlung-
Tsangpo (paleo-Brahmaputra) or by their major tributaries.
While plotting a large dataset of Himalayan ranges and EHS
in various binary and ternary plot in which we are repre-
senting each dataset with different fields by using different
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colors, the index of which is given in the figure. Figure 12
is a representation of various provenance plots: La—Th—Sc
after Jinliang and Xin (2008); Sc vs Th/Sc after Schoenborn
and Fedo (2011); Y/Ni vs Cr/V after Mongelli et al. (2006);
Th x 10-V-Ni after Bracciali et al. (2007) and Zr/Sc vs Th/
Sc after McLennan and Hanson (1993), where it is showing
that majority of the Barail sandstone samples are overlap-
ping within the fields of Bomi-Chayu, Gangdese Granitoid
and Namche Barwa. Moreover we are preparing some of
the bivariate plots (Fig. 13a,b) by using ratios of Trace and
REE (Eu/Eu*, Ce/Ce*, Th/U, Zr/Sc, V/Y, LREE/HREE, La/
Lu, La/Nd, Zr/Zn, La/Sm, La/Th and V/Ni) which mainly
bears the geochemical signature of provenance. These ratios
can be used for targeting the provenance and they better
represents the provenance rather than using the individual
concentration of some specific element. In this figure, we
also make fields of different domains by using some specific
colors and in the same diagram we have plotted the Barail
sandstone samples for the correlation purpose. The domains
which are highlighted with arrow mark are showing almost
similar geochemical behavior with the studied sediment
samples. The summary of which is given in the Table S6
that represents 3 major domains that contributed the major-
ity of the sediments. We observed for the Figs. 12 & 13 that
the majority of the sediments have been contributed from
the Bomi-Chayu, Gangdese Granitoid, Higher Himalayan
Leucogranite and Namche Barwa with some minor contribu-
tions from ITSZ and Tethyan Leucogranite. Moreover, we
also plotted certain standards viz. Granite, Basalt, Andesite,
Tonalite—Trondhjemite—Granodiorite, Felsic Volcanics,
Sandstone (avg. of all time), Cratonic Sandstone, Cratonic
Shale and Upper Continental Crust, all values are proposed
by Condie 1993. While correlating with these standards we
observed that our studied samples are geochemically similar
to Tonalite-Trondhjemite—Granodiorite, Felsic Volcanics,
Andesite etc. which geochemically represents sedimentation
from arc-derived source rocks that actually infers subduc-
tion tectonics like Himalayan arc. Barail sandstones are also
geochemically similar to Cratonic Shale, Cratonic Sandstone
and Sandstone as well as they are identical to the standard
UCC. Therefore we can infer that in the basinal part of the
study area sediments are contributed from these domains by
the Paleo-Brahmaputra (Yarlung-Tsangpo) and some ante-
cedent rivers that do not have their existence at the present
day. This also indicates the geochemical signature of vari-
ous source rocks from these domains and the studied Barail
sediments are similar, as we know that their concentration/
ratios are not been modified by the sedimentation processes.

6.5 Tectonic setting

Dickinson and Suczek (1979) documented that sandstone
composition derived from different kinds of provenance
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terrains controlled by plate tectonics. According to Dickin-
son and Suczek (1979), plate tectonics controls sandstone
compositions produced from various terrains. The recalcu-
lated point-counting data of rock thin sections (Table S2) of
the studied sandstones are plotted in Q-F-L (after Dickinson
and Suczek 1979) and Q,,-F-L, (after Dickinson et al. 1983)
diagrams following. From the Q-F-L (Fig. 14a) and Q,-F-L,
(Fig. 14b) plots, it appears that the Barail sediments are the
products of the recycled orogen. The sediments are derived
from sedimentary and metamorphic rocks exposed to ero-
sion by the orogenic uplift of fold-thrust belts in recycled
orogens (Dickinson and Suczek 1979, Dickinson 1983).

The chemical composition of the clastic sedimentary
rocks is dependent mainly upon the source area character-
istics and their geological setting (Bhatia 1983; Bhatia and
Crook 1986). Several approaches based on the geochemi-
cal composition of clastic sediments have been proposed to
decipher the tectonic setting throughout the last few decades.
In the present study, a few commonly used plottings of Roser
and Krosch (1986), Bhatia (1983), Bhatia and Crook (1986)
are used to evaluate the tectonic setting. In the binary plot of
Si0, vs. K,0/Na,O (after Roser and Krosch 1986), as rep-
resented in Fig. 15a, most of the studied samples show clus-
tering in the active continental margin setup. Moreover, the
binary discrimination plot (after Bhatia 1983) of the stud-
ied Barail Group of samples depicts the active continental
margin setup (Fig. 15b). However, the trace element-based
ternary diagram, i.e., Th—Sc—Zr/10 (after Bhatia and Crook
1986), shows the Barail Group of sediment clustering mainly
in the continental island arc setting (Fig. 15c).

6.6 Paleo-climate & Paleo-weathering

Climate change is a significant factor in altering the com-
position of sediments and their population. According to
Suttner et al. (1981), the large population of quartz and rela-
tively lower proportion of feldspar and rock fragments in the
studied sandstones indicate that the sediments were derived
under humid climatic conditions. The average relative per-
centages of quartz, feldspar and rock fragments of the Barail
sandstones are 81.82%, 1.9%, and 16.28%, respectively. The
QFR ternary plot proposed by Suttner et al. (1981) is helpful
in deciphering the paleoclimatic condition. The plot shows
the clustering of the Barail Group of sandstones in the meta-
morphic (humid) field (Fig. 16a). Moreover, the weather-
ing index: WI=C xR (WI-Weathering index, C-Climate,
and R-Relief) (after Grantham and Velbel 1988) and the
bivariate plot of In(Q/R) vs. In(Q/F) (after Weltje 1994) also
indicate the similar nature of the paleoclimate (Fig. 16b).
It is observed that sediments of the Barail Group represent
metamorphic sources with weathering indices between
1-2, suggesting humid to sub-humid paleoclimatic condi-
tions and moderate weathering. The bivariate plot of ratios
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Fig. 13 Bivariate plot of Eu/Eu* vs Ce/Ce*, Eu/Eu* vs Th/U, Ew/Eu* vs Zr/Sc, V/Y vs Ce/Ce*, Eu/Eu* vs LREE/HREE, La/Lu vs Eu/Eu*, La/
Nd vs Zr/Zn, La/Sm vs Ce/Ce*, La/Th vs Ce/Ce*, Th/U vs La/Lu and V/Ni vs Ce/Ce* representing the tectonic domains contributed a majority
of the sediments to the basin (HHL: Higher Himalayan Leucogranite; BC: Bomi-Chayu; GG: Gangdese Granitoid; TL: Tethyan Leucogranite; L:
Lohit; N: Nyngchi & ITSZ: Indus-Tsangpo Suture Zone)
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Fig. 13 (continued)
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of (Qro/F +RF) vs. (Qp/F+RF) (after Suttner and Dutta
1986) also supports the above observations of climatic con-
ditions where samples are clustered in humid to semi-humid
climatic conditions (Fig. 16¢c). The geochemical signature
of sediments in terms of distribution and concentration of
certain major and trace elements provides vital information
regarding the paleoclimate and paleoenvironmental condi-
tions during the sedimentation processes (Getaneh 2002;
Moradi et al. 2016). Based on elemental concentration of
sediments, Zhao et al. (2007), Cao et al. (2012) and Moradi
et al. 2016 proposed the C-Value as an indicator of pale-
oclimate, which defines as C-Value = Z(Fe +Mn+Cr+Ni
+V+Co)/Y(Ca+Mg+ Sr+Ba+K+Na). C-Value provides
important clues about the changes in paleoclimatic condi-
tions from warm and humid to hot and arid primarily based
on the generally accepted hypotheses suggesting that Fe,
Mn, Cr, Ni, V, and Co are relatively enriched under moist
conditions, whereas Ca, Mg, Sr, Ba, K, and Na are con-
centrated under arid conditions due to the precipitation of
saline minerals as a result of evaporation (Zhao et al. 2007,
Cao et al. 2012). The C-Value of clastic sediments has been
widely used as a powerful tool to represent the paleocli-
mate in the last decade (Moradi et al. 2016; Tao et al. 2017;
Fathy et al. 2018; Li et al. 2019; Zhao et al. 2021; Wu et al.
2022; Ma et al. 2023). A modified version of C-Value known
as Palaeoclimatic Factor (PF) is proposed by Samad et al.
(2020) with the incorporation of Rb and Ti instead of Mn,
Cr and Co: PF=)(Fe+V +Ni+Rb+Ti)/Y (Ca+Mg+S
r+Ba+ K+ Na). While calculating the C-Value for Barail
sediments showing a range of 0.28—2.57 with an average
of 1.01. Palaeoclimatic Factor (PF) is also showing similar
with the C-Value, for Barails the range is 0.52—2.64 with an
average of 1.20. This indicates during the sedimentation of
Barail Group of rocks, the prevailing paleoclimatic condition

was under warm and sub-humid to humid conditions. This
observation is also substantiated by the Sr/Cu (Lerman and
Gat 1989) and Rb/Sr (Jin and Zhang 2002; Bai et al. 2015)
ratios which are considered as paleoclimatic indicators.
Barail sediments are showing a range of Sr/Cu: 0.35—4.65
with an average of 2.04 indicating warm and humid cli-
matic condition (> 5 for hot arid, 1.3—5.0 for warm and
humid) prevailing at the time of sedimentation. Similarly,
Rb/Sr ratio of Barails are: 0.26—1.80 (avg. 0.97) indicating
a moderate value representing a humid and warm condi-
tion during the sedimentation (high ratios for cold while
low ratios reflect warm conditions). Hence both Sr/Cu and
Rb/Sr ratios strongly support the C-Value and PF as well as
the petrographical bivariate plots that during the deposition
of Barails the sedimentation occurred under warm and sub-
humid to humid climatic conditions.

The change in the mineralogical and chemical composi-
tion of clastic rocks is influenced by chemical weathering in
the source area (Nesbitt et al. 1996). Several geochemical
weathering indices have been proposed in recent decades,
including the Chemical Index of Alteration (CIA) (after
Nesbitt and Young 1982), Chemical Index of Weathering
(CIW) (after Harnois 1988), Weathering Index of Parker
(WIP) (after Parker 1970), Plagioclase Index of Altera-
tion (PIA) (after Fedo et al. 1995), and Index of Chemical
Variability (ICV) (after Cox et al. 1995) are widely used to
deduce the paleoclimatic conditions of clastic sedimentary
rocks, including the extent to which the source rocks have
been weathered by using the major element concentrations.
The mathematical derivations of these parameters are given
below: (where, CaO* indicates Ca incorporated from the
silicate-bearing minerals, # indicates by using Molecular
Proportions, and indicates by using Weight Percentage).

Fig. 14 Ternary plot for tectonic setting. a QFL plot after Dickinson and Suczek (1979), and b QmFLt plot after Dickinson et al. (1983) of the

Barail Group of sediments
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Fig. 15 Tectonic setting discrimination plot. a SiO, vs. K,0O/Na,O bivariate tectonic setting plot after Roser and Krosch (1986), b Tectonic dis-
criminant function after Bhatia (1983). (Discriminant Function-I: (-0.0447Si10,)—(0.972Ti0,) + (0.008 Al,05)—(0.267Fe,05) 4+ (0.208xFeO)—
(3.082MnO) +(0.14MgO) + (0.195Ca0) + (0.719Na,0)—(0.032K,0) + (7.51P,05) + 0.303 and Discriminant Function-II:
(-0.421810,) + (1.988Ti0,)—(0.526A1,05)—(0.551Fe,05)—(1.61Fe0) 4 (2.72Mn0O) + (0.881Mg0O)—(0.907Ca0)—(0.177Na,0)—(1.84K,0)
+(7.244P,05)+43.57), and ¢ Tectonic setting plot after Bhatia and Crook (1986) of the Barail Group of sediments. OIA-oceanic island arc;
CIA-continental island arc; ACM-active continental margin; PM-passive margin

CIA* = [ALO;/ (ALO; + CaO x +Na,0 + K,0)| x100  PIA* =[{AL,0;— K,0} / {Al,05 + CaO =
+ Na,0 — K,0}] x 100
CIW* = [A1,05/ {AL,O; + CaO * + Na,0}] x 100
ICV~[Fe,05 + K,0 + Na, O + CaO *
WIP* = [{2(Na,0) /0.35} + {MgO /0.9} + MgO + MnO + TiO,/Al,0;]

2(K,0) /0.25 CaO = /0.7 100
* { (K:0)/ } + (Ca0x/ )] % The present study shows that Barail sandstones (Table S7)
are moderate to a high average value of the Chemical Index
of Alteration (avg. Barail: 79.14). The medium to high val-

ues of CIA indicate that the sediments traveled a distance
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Fig. 16 a QFR plot after Suttner et al. (1981), b Semi-Quantitative Weathering Index after Weltje 1994 and Grantham and Velbel (1988), and ¢
Bivariate plot after Suttner and Dutta (1986) for climatic conditions of the Barail Group of sediments

with moderate to high mechanical breakdown and chemi-
cal change. Although the CIA is often used to evaluate
weathering, the remobilization of K during sedimentation
and metamorphic processes is a considerable disadvantage.
Another parameter known as the CIW (Hanois 1988) is com-
monly used to minimize such problems. The average CIW
value (86.9) indicates moderate to high weathering of the
Barail sandstones, similar to PAAS (Post-Archean Austral-
ian Shale; after Taylor and McLennan 1985), i.e., 81.33. The
chemical weathering intensity can also be estimated using
the Plagioclase Index of Alteration (PIA, Fedo et al. 1995).
Unweathered plagioclase has a PIA value of 50. The PTA
values for the studied samples varied from 66.51-96.71 (avg.
85.47) (Table S7), which also justifies the above observation
and resembles PAAS (77.45). The WIP values of the Barail
Group (32.50) indicate moderately weathered source rocks.

In the A-CN-K ternary diagram (Nesbitt and Young
1984), the samples are almost clustered to the Al,O5 apex
indicating moderate to highly weathered source rocks
(Fig. 17a). When the weathering is low, the line follows
a pattern parallel to the A-CN line. Intense weather-
ing leaches alkalis such as CaO and Na,O, which might
cause the trend to shift towards the A-K line, suggesting
K enrichment. High weathering signifies that the K has

been removed and redirected the trend towards the Al,O;
apex. The higher values of PIA (85.47) resemble PASS
(77.45) implying a supply of weathered and/or altered
detritus of feldspars from the source areas as depicted in
the AK-C-N plot (Fig. 17b) where samples are clustered
near the AK apex. Maximum PIA value i.e. 100 indicates
totally weathered products like kaolinite, gibbsite, etc.,
and 50 for unweathered plagioclase. The plot of CIA vs.
ICV (after Long et al. 2012) represents that the source
rock of the Barail Group of sediments had matured and
had undergone moderate to high weathering (Fig. 17¢).
The binary plot of Th vs Th/U (McLennan and Hanson,
1993) is shown in Fig. 17d representing a weathering trend
of the source rocks. The average value of Th/U (6.03) in
the Barail sandstones shows a comparable characteristic
of the upper crust that has experienced a general trend of
weathering for the source rocks. (Fig. 17d).

6.7 Depositional model
Based on the field observations and lithofacies analysis a
schematic depositional model has been proposed for the

study area, the graphical representation of which is shown
in Fig. 18.
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Fig.17 a A-CN-K plot after Nesbitt and Young (1984) representing a moderate to intense nature of weathering of source rocks, b
Al,O3;+K,0+Na,O vs. SiO, plot after Suttner and Dutta (1986) for climatic condition, and ¢ Binary plot of CIA vs. ICV after Long et al.
(2012) representing maturity and weathering nature of the Barail Group of sediments

Stage 1: During Early Paleocene time continued north-
ward drift of the Indian Plate resulted in the initiation of
subduction of the oceanic part of the Indian plate below
the Tibetian plate in the north, and below the Burmese
plate in the east. This caused the development of Indo-
Burmese trench system, which became the locus of depo-
sition of Disang shales under shallow to deep marine
conditions.

Stage 2: The continued subduction of the Indian Plate
resulted in the formation of the peripheral arc system and
the narrowing of the intervening sea. The Assam Shelf
continued to develop in a passive margin setup. During
the Oligocene period the Barail Group of sediments were
deposited in a deltaic environment over the Disang Group
in the basinal part.

Stage 3: At the end of Oligocene, the basin was closed
with total withdrawal of the sea from the basinal portion
as well as from the Assam shelf. The continued push of
the Indian plate on the Burmese plate after cessation of
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subduction, ultimately, caused westward propagation of
tectonic forces, which in turn caused development of the
Disang Thrust at the base of the Upper Disang shales and
a number of synthetic thrusts.

Stage 4: These lateral tectonic movements were accom-
panied by upliftment and erosion all over the shelf and
in a major part of the basinal area and heralding the era
of continental sedimentation, i.e., the Tipam Sandstone
Formation on the Assam Shelf as well as on the earlier
basinal area.

Stage 5: This westward propagation of tectonic forces
acting on the sediments finally resulted in the formation
of numerous imbricate thrusts and upliftments which
resulted in the formation of the Naga Schuppen Belt adja-
cent to the Assam Shelf. The Naga Thrust, a part of this
thrust belt, along which the Tipam Sandstone Formation
has cropped out to the surface in the study area. Towards
the end of the deposition of Tipam Sandstone Formation,
there was a developement of a series of N-S to NE-SW
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Fig. 18 A graphical representation of tectonic evolution and depositional sequences in the study area
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trending compressive structures in the basinal area. Dur-
ing the growth of these structures, the Girujan Clay For-
mation was deposited in structural lows.

7 Conclusions

Based on the petrographic and whole-rock geochemical
analyses of the Barail sandstones of the Belt of Schuppen,
Northeast India; the following findings can be summarized:

e The Barail sandstones are mostly of sublith-arenite and
litharenite types with moderate to high degree of matu-
rity. They had undergone various diagenetic alterations
after the deposition of the sediments in the basin.

e The Barail Group of sediments had been primarily
sourced from the felsic to intermediate rocks of Hima-
layan Granitoids and their metamorphic equivalents
with some contributions from the recycled sediments.
The paleo-channels of the river Brahmaputra played an
essential role in transporting the sediments.

e Majority of the Barail sediments have been contributed
from the tectonic domains of Himalayan Ranges includ-
ing: Bomi-Chayu, Gangdese Granitoid, Higher Himala-
yan Leucogranite and Namche Barwa with some minor
contributions from ITSZ and Tethyan Leucogranite.

e The tectonic setup was active continental margin and
continental island arc settings with moderate to high
weathering of the source area under warm and semi-
humid to humid climatic conditions before the deposition
took place in the basin.
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