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Abstract The extra-peninsular Gondwana Group rocks
are exposed in narrow patches within the Lesser Himalayan
sequence of the NE-Arunachal Himalayas, India. The bulk
of sediments for the sandstones of the Gondwana Group
were derived from felsic/acidic to intermediate igneous
rocks, with minor mafic input from the upper continental
crust (UCC), as supported by various discrimination dia-
grams based on quantification of detrital minerals coupled
with sandstone geochemistry. The inputs from metamorphic
sources in subordinate amounts cannot be ruled out, as indi-
cated by quantification of the quartz varieties. These sedi-
ments were found to be sourced from the interior part of a
craton or shield and recycled platformal sediments which
were derived from both passive and active margin settings.
The sediments experienced a wide variance in climatic con-
ditions, from arid to humid, suffering low—moderate-inten-
sity weathering (CIA: 63.43; CIW: 86.18; WIP: 44.84; PIA:
75.37; ICV: 2.39; C-value: 0.42; PF: 0.49; Sr/Cu: 9.23 and
Rb/Sr: 1.68) within the vicinity of the low plains to moder-
ate hills. Additionally, redox-sensitive elements indicate the
deposition of sediments under oxygenated or oxygen-rich
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conditions (U,,: =2.91; Th/U: 7.37; U/Th: 0.18; V/Cr: 1.71;
0U: 0.67 and Ce/Ce*: 0.93).

Keywords Gondwana Group - Arunachal Himalayas -
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1 Introduction

Since their inception, the petrography and geochemistry of
rocks and sediments have been used as preeminent proxies
to decipher sediment sources, tectonic settings, sediment
weathering trends, and paleoconditions, including paleocli-
mate and paleoredox. Geochemical aspects including major
oxide, trace element, and rare earth element (REE) analysis,
as well as petrographic approaches for clastic sedimentary
rocks, are indispensable tools for reconstructing provenance
(Shaw 1968; Basu et al. 1975; Floyd and Leveridge 1987,
Roser and Korsch 1988; Floyd et al. 1989; McLennan and
Taylor 1991; Tortosa et al. 1991; Condie 1993; McLennan
1993; Hayashi et al. 1997; Cullers and Podkovyrov 2002;
Gu et al. 2002; Mongelli et al. 2006; Bracciali et al. 2007,
Nagarajan et al. 2007; Jinliang and Xin 2008; Schoenborn
and Fedo 2011; Tao et al. 2017; Mahanta et al. 2020; Baral
et al. 2021; Mudoi et al. 2022; Tiwari et al. 2023), tectonic
setting (Dickinson and Suczek 1979; Dickinson et al. 1983;
Dickinson 1985; Bhatia and Crook 1986; Roser and Korsch
1986; Toulkeridis et al. 1999; Gu et al. 2002; Jinliang and
Xin 2008; Verma and Armstrong-Altrin 2013, 2016), source
sediment weathering profile, and paleoconditions including
paleoclimate and paleoredox environment (Suttner et al.
1981; Nesbitt and Young 1982, 1989; Suttner and Dutta
1986; Grantham and Velbel 1988; Jones and Manning 1994;
Weltje 1994; Potter et al. 2005; Zhao et al. 2007; Galarraga
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et al. 2008; Ross and Bustin 2009; Cao et al. 2012; Ejeh
2021; Long et al. 2012; Roy and Roser 2013; Moradi et al.
2016).

The Gondwana sediments are exposed in both peninsu-
lar (i.e., Eastern and Central India) and extra-peninsular
India (Sikkim and northeastern Arunachal Himalaya; Bis-
was 1999). Although the peninsular Gondwana sequences
have received international and national attention (Acha-
ryya 2019; Venkatachala and Tiwari 1987; Valdiya 1997,
Wopfner and Jin 2009; Mukhopadhyay et al. 2010; Wang
et al. 2021), the extra-peninsular part has not received much
attention. Studies of sandstone geochemistry and petrogra-
phy regarding the source, setting, and paleoclimatic condi-
tions of the extra-peninsular Gondwana sequences have been
published by various researchers (Priya et al. 2019; Mahanta
et al. 2020; Gogoi et al. 2021). According to these petro-
graphic and geochemical studies, the sediments originated in
the interior of the cratons, and the bulk came from recycled
orogeny with felsic igneous rocks as their source. Active
continental margins, continental island arcs, and passive
margin fields also acted as source areas of the detritus. The
sediments underwent moderate to intense chemical weath-
ering in humid paleoclimatic conditions during deposition.
However, the implications from the above studies require
deliberation, as the present study revealed some contrasting
results, although some coherence with the previous works
was found as well. The majority of the geological sections
that have been studied are located in the West Kameng dis-
trict of the Arunachal Himalayas (Gogoi et al. 2021). The
Garu—Gensi Road sections parallel to the strike in the West
Siang districts of the Arunachal Himalayas (Mahanta et al.
2020) and Sikkim-Darjeeling Himalayas (Priya et al. 2019)
are among the other areas. The present research work was
taken up to reconstruct the nature of sediment sources,
their tectonic settings, and paleoclimate, paleoredox, and
paleoweathering trends of newly exposed sandstones of
the Gondwana Group rocks in parts of West Siang [along
the Likabali—~Garu—Basar (LB) Road section], East Siang
[along the Pasighat—Rengging (PR) Road section], and lower
Dibang valley [along the Bomak—Sisseri (BS) Road section]
of the Arunachal Himalayas. In addition, paleoredox condi-
tions were investigated because this had not been undertaken
in any previous studies.

2 Geological setting of the study area

The Himalayan—Tibetan Orogeny was a result of the conver-
gence of the Indian and Eurasian plates during the Cenozoic
era (Hodges 2000; Najman et al. 2008; Ding et al. 2016). The
NE-SW-trending Eastern Himalayas (Arunachal Himalayas)
show a bend in the regional strike of the major litho-tectonic
units towards NW-SE, terminating at the Namche Barwa

syntaxis across the Siang gorge (Ding et al. 2001; Wadia
1931) (Fig. 1). This syntaxis is a NE-plunging antiform
representing the Eastern Himalayan syntaxis which is com-
posed of Higher Himalayan crystalline rocks (Choudhuri
et al. 2009). The Indus-Tsangpo Suture Zone and the Trans-
Himalayan plutonic band encircle the Namche-Barwa peak
region in southern Tibet, exposing the crest of this syntaxis
farther north (Burg et al. 1997) (Fig. 1). The South Tibetan
Detachment System (STDS), a set of normal-sense faults
and shear zones that run parallel to the orogeny, exposes the
Tethyan sediments in places between the Trans-Himalayan
rocks and Higher Himalayan crystalline (Yin 2006) (Fig. 1).
The Higher Himalayan crystalline overrides the Lesser Him-
alayan crystalline along the Main Central Thrust (MCT) fol-
lowing the syntaxial bend (Choudhuri et al. 2009) (Fig. 1).
In the eastern Arunachal Himalayas, the Siang antiform
(Singh 1993) is located in the SW region of the Namche-
Barwa Syntaxis (Fig. 1). This Siang antiform, plunging to
the NNW, is a significant crustal-scale feature. It represents
the subsurface indenture of the buckled Indian basement
beneath the Asian Plate (Acharyya and Saha 2008). The
Permian Gondwana Group rocks along with the younger
Eocene rocks occupy the core of this Siang antiform. The
Lesser Himalayan Sequence (LHS) marks the periphery of
this antiform along the Bomdila Thrust (Sarma et al. 2020;
Choudhuri et al. 2009) (Fig. 1).

The extra-peninsular Gondwana basin occupies the lesser
Himalayan sequence of the Arunachal Himalayas in parts of
the Garo-Basar area extending up to the Siang valley and in
parts of the Sisseri River of Arunachal Pradesh as its north-
eastern-most limit (Fig. 1). This NE-SW-trending Gondwana
sequence outcrops as discontinuous patches in linear belts
along the Arunachal Himalayas (Kesari 2010). Its northern
limit is bounded by Lesser Himalayan crystalline (Protero-
zoic) rocks, and the southern limit is defined by the Siwa-
liks Group (Miocene) rocks along the Main Boundary Thrust
(MBT) in the Likabali—-Basar Road section (Figs. 1 and 2).
This road section exposes the Miri Formation and Bichom
Formation of the Gondwana Group of rocks. The oldest Miri
Formation comprises arenitic sandstones, quartzites, pur-
ple shale, and gray shale. The Miri Formation overrides the
younger Bichom Formation along the Miri thrust near Daring
village. The Bichom Formation comprises sandstone, car-
bonaceous shale with lenticular coal bands, gray shale, coal
balls, and nodules within carbonaceous shale and gray shale
bands, respectively. This formation has a thrust contact with
the Miocene Dafla Formation along the MBT in this region
(Fig. 2). A cross-fault trending NW-SE offsets the Miri and
Bichom Formation along the Igo River in the region. In the
Siang window, the Gondwana Group rocks are bounded by the
younger Yinkiong Group (Paleocene—Eocene) rocks as faulted
contact and Miocene Dafla Formation in the south along the
Main Boundary Thrust (Fig. 3). The Bichom Formation of the
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Fig. 1 Geological map showing the distribution of the Gondwana sequence in the eastern part of the Arunachal Himalayas (modified by Sharma

et al. 2020; after Singh and Bikramaditya Singh 2012)

Lower Gondwana Group is exposed in this area along the right
bank of Siang River. The oldest Miri Formation which strikes
the frontal part of the Arunachal Himalayas in and around
the Sisseri River over Quaternary deposits (terrace) marks the
northeastern-most limit of the Gondwana Group rocks (Fig. 4).
This formation mainly comprises arenitic sandstone, siltstone,
quartzite, purple shale, gray shale, and limestone bands. These
Gondwana sequences are occasionally cut by intrusive rocks
which are both concordant and discordant in nature (Figs. 2, 3,
4, 5c, and d). A generalized stratigraphic succession (Table 1)
of the Gondwana Group of the Himalayan belt is shown
(Kesari 2010). The current study focuses on the sandstones of
the Miri Formation and Bichom Formation of the Gondwana
Group (Table 1).

3 Materials and methodology
A total of 19 and 24 representative sandstones were selected

for petrographic and geochemical analysis, respectively.
Rock thin sections were prepared from Araldite-impregnated
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sandstones and were used for the petrographic examination
under a Leica DM750 P trinocular polarizing microscope
with a CCD camera and Leica Application Suite (LAS) sys-
tem. Using the Gazzi—Dickinson method, 500 points were
counted per thin section to complete the modal count (Gazzi
1966; Dickinson 1970).

The geochemical analysis including major oxide, trace
element, and rare earth element (REE) studies was carried
out using X-ray fluorescence (XRF) and high-resolution
inductively coupled plasma-mass spectrometry (HR-
ICP-MS) at the National Geophysical Research Institute
(NGRI), Hyderabad, India. Major oxide concentrations
were measured using a Philips Magix PRO PW 2440 XRF
instrument. Boric acid-filled sample pellets were prepared
and distributed uniformly within the sample. After the pel-
lets were subjected to pressing using a hydraulic compres-
sion machine, the main oxides in these pellets were meas-
ured. Five grams of each sample was heated to 800 °C
to determine the loss on ignition (Lol), and both the ini-
tial and final weight were recorded. Using the approach
described by Satyanarayanan et al. (2018), the sandstones
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Fig. 2 Transect geological map along the Likabali-Garu—Basar (LB) Road section

underwent a wet chemical dissolution process for trace and
rare earth element studies. Savillex screw-top vessels were
filled with a test aliquot of each sample (0.05 g), followed
by subsequent addition of an acid combination (10 mL of

7:3 HF-HNO;) and internal standards (5 mL of 1 ng/mL
103Rh). After a thorough swirling process, they were sealed
tightly and incubated for 48 h at about 140 °C on a hot
plate. To confirm that all of the HF had been eliminated
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Fig. 3 Transect geological map along the Pasighat-Rengging (PR) Road section

from the mixture, the containers were then opened and
the contents evaporated at 200 °C to almost dryness using
a few drops of HCIO,. Finally, 10 mL of 1:1 HNO; was
added to further dissolve the mixture and Milli-Q deion-
ized water was added to bring the volume to 250 mL, after
which the mixture was stored in high-density polyethylene
(HDPE) bottles. Using the same procedure, a few proce-
dural blanks were also prepared using the sample batch to
eliminate handling and reagent errors. All trace elements

@ Springer

had validated data for a subset of the geological reference
samples. Every sample produced clear solutions, and the
analysis was carried out using an Attom HR-ICP-MS with
forward Nier—Johnson analyzer geometry (Nu Instruments,
UK). Replica analyses of standards and samples were used
to assess accuracy and precision, and the international ref-
erence sandstone sample (GSR-4) was used for calibration.
The precision for the major, trace, and REE analyses was
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Fig. 4 Transect geological map along the Bomak—Sisseri (BS) Road section

determined to be < 2% RSD (relative standard deviation),
with comparable accuracy.

4 Results
4.1 Petrography of sandstones

In the sandstones of the Gondwana Group, quartz is the
dominant framework grain, represented by both mono-
and polycrystalline varieties. Its concentration ranges
from 15.34% to 97.20% (avg 65.16%). The monocrys-
talline variety comprises both non-undulatory types,
with concentrations ranging from 0.00% to 31.11% (avg
13.53%), and undulatory types with concentrations var-
ying between 2.79% and 77.73% (avg 44.88%), the lat-
ter variety being comparatively dominant. Volumetric

percentages in the range of 0.00%-17.54% (avg 2.40%)
for 2-3 units and 0.00%-21.04% (avg 4.36%) for more
than three units per grain are recorded for the polycrys-
talline quartz. Sheared or stretched metamorphic quartz
and recrystallized metamorphic quartz are typical among
the polycrystalline variations. Plagioclase feldspar and
K-feldspar (microcline) are two types of feldspar miner-
als that are observed, ranging from 0.00% to 9.20% (avg
1.38%) and 0.00% to 2.10% (avg 0.54%), respectively. The
reported mica grains, mainly muscovite, are recorded in
very small amounts (avg 0.11%). Rock fragments of igne-
ous, sedimentary, and metamorphic varieties have been
reported, ranging from 0.00% to 5.53%. Most of the grains
are interlocked by cementing material (avg 1.33%) of sili-
cious type, with ferruginous, argillaceous, and calcare-
ous kinds also acting as binding agents. Matrix occupy-
ing pore spaces between grain boundaries is also present,
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Fig. S Field photographs showing a association of carbonaceous shale, gray shale, and arenitic sandstone within the Gondwana sequence along
the Pasighat-Rengging (PR) Road section; b coal ball within carbonaceous shale along the Pasighat-Rengging (PR) Road section; ¢ discord-
ant intrusive rock forcing into a siltstone bed along the Pasighat—Rengging (PR) Road section; d association of concordant intrusive rock with
sandstone interbedded with minor shale bands along the Bomak—Sisseri (BS) Road section; e reddish-brown or brownish iron oxide banding in
sandstone along the Likabali-Garu—Basar (LB) Road section; f grayish sandstone (medium-grained) along the Bomak-Sisseri (BS) Road sec-
tion; g association of sandstone, coal bands, and gray shale within the Gondwana sequence along the Likabali-Garu—Basar (LB) Road section; h
sandstone interbedded with purple shale along the Likabali-Garu—-Basar (LB) Road section
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Table 1 Stratigraphic succession of the Gondwana Group of the Himalayan Belt (Kesari 2010)

Group Formation Lithology

Age

Yingkiong Group
Gondwana Group Yamne Formation

Abor volcanics

Pale brown ferruginous shale

Porphyritic and aphyric basalt, andesite, Abor volcanic acidic tuffs, agglomer-

Upper Permian

Permo-Carboniferous

ates, aquagene tuff, volcanic sediments

Bhareli Formation/ Upper member: feldspathic sandstone, black and carbonaceous shale with thin

Khelong Forma- impersistent lenticular coal

tion Lower member: arkosic red sandstone siltstone and black carbonaceous shale
with thin impersistent lenticular coal

Lichi volcanics

Light to dark green basic volcanics

Bichom Formation Sesa member: gray to black tuffaceous (?) shale with impersistent bands of

quartzite

Bomte member: Gray to black shale with calcareous and phosphatic chert

nodules

Rilu member: diamictite with subordinate sandstone, shale and grits

Miri Formation

Biotite granite

Purple to pinkish, white to grayish white feldspathic quartzite, purple micaceous Lower Paleozoic
shale, diamictite conglomerate

Fig. 6 Chondrite-normalized
pattern of REE concentration

making up around 0.95% to 32.58% of the volume of the
rock. One of the sandstones (LB 20) has detrital-source
chert in it. Table 2 displays the corresponding percent-
ages of all framework mineral grains. Additionally, detrital
heavy minerals including zircon, tourmaline, sillimanite,
kyanite, epidote, and andalusite are recorded along with
the framework grains in the sandstones. The sandstones
of the Gondwana Group are fine- to medium-grained,

containing sub-angular to sub-rounded to well-rounded
grains (Fig. 7). The sandstones are both quartz arenite
and quartz wacke type. The arenites show moderately to
well-sorted texture (Fig. 7b—d), whereas the wackes show
poorly to moderately sorted texture (Fig. 7e, f, i). The
arenites are texturally mature, which is supported by a
quartz-dominated compact packing of framework grains,
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showing a undulatory monocrystal-
line quartz (yellow arrow); b composite or polycrystalline quartz
(yellow arrow); ¢ stretched metamorphic quartz (yellow arrow); d
monocrystalline quartz with remnant embayments (yellow arrow); e
K-feldspar or microcline; f myrmekite texture; g perthite texture; h
igneous rock fragment (yellow arrow); i sedimentary rock fragment
(yellow arrow); j metamorphic rock fragment (yellow arrow); k zir-
con (yellow arrow); 1 tourmaline (yellow arrow); m sillimanite (yel-
low arrow); n kyanite (yellow arrow); o epidote (yellow arrow); and p
andalusite (yellow arrow)

whereas the immature wacke variety is supported by both
quartz and matrix.

4.2 Chemical analysis of sandstones
4.2.1 Major oxides

The sandstones were investigated for major oxides, namely
Si0,, Al,O;, TiO,, Fe,05, MnO, Na,0, K,0, MgO, and
CaO. Oxide composition in terms of weight percentage
is shown in Table S4. These sandstones are marked by a
higher concentration of SiO, (10.35-93.91wt%, avg 66.66
wt%), followed by the presence of Al,05 (2.39-19.57 wt%,
avg 9.10 wt%), CaO (0.05-31.17 wt%, avg 4.48 wt%), K,O
(0.05-9.47 wt%, avg wt 3.65%), Fe,05 (1.06-6.64 wt%, avg
3.55 wt%), MgO (0.02-11.75 wt%, avg 2.82 wt%), TiO,
(0.11-2.41 wt%, avg 0.69 wt%), Na,O (0.05-1.77 wt%, avg
0.53 wt%), P,05 (0.01-1.24 wt%, avg 0.21 wt%), and MnO
(below detection limit, 0.43 wt%, avg 0.07 wt%). When com-
paring the average wt% of these sandstones with the wt% of
UCC (Rudnick and Gao 2003), it is observed that they show
enrichment in SiO,, TiO,, MgO, CaO, K,0, and P,05 con-
centration, while the remaining oxides, i.e., Al,O05, Fe,0s,
MnO, and Na,O, are depleted in nature.

Al,O; shows a moderate positive correlation with K,O
(R=0.57) and TiO, (R=0.38) and a weak positive correla-
tion with Na,O (R=0.27), Fe,O; (R=0.23), SiO, (R=0.06),
and P,0O5 (R=0.05), whereas it is negatively correlated with
CaO (R=-0.36), MgO (R=-0.30), and MnO (R =—0.04).
A positive correlation of these oxides indicates their enrich-
ment due to their association with rock fragments and/or clay
minerals, while a negative correlation indicates alteration
and/or leaching during sedimentation processes (Nagarajan
et al. 2007). Again, the correlation of Fe,O5 versus TiO,
shows a moderate positive correlation (R=0.50), implying
an enrichment of both elements due to the presence of Fe-
and Ti-bearing heavy minerals and/or diagenetic enrichment
of iron (Baioumy 2014).

4.2.2 Trace elements
The analytical results of the trace elements recorded in the

sandstones have been summarized in Table S5, and a com-
parison of their enrichment/depletion with respect to the

@ Springer

UCC (Rudnick and Gao 2003) is shown. Large-ion lithophile
elements (LILE) recorded include Rb (avg 96.92 ppm), Sr
(avg 88.772 ppm), and Ba (avg 304.97 ppm), among which
RbD is enriched and both Sr and Ba are depleted in nature.
The recorded high-field-strength elements (HFSE) Th (avg
15.53 ppm), Hf (avg 8.33 ppm), and Zr (avg 266.6 ppm) are
enriched, while U (avg 1.97 ppm) is depleted. Transition ele-
ments including Sc (avg 8.45 ppm), V (avg 62.95 ppm), Cr
(avg 33.878 ppm), Co (avg 5.91 ppm), Ni (avg 19.90 ppm),
Cu (avg 16.02 ppm), Zn (avg 16.72 ppm), and Pb (avg
6.58 ppm) are depleted, whereas Y (avg 29.98 ppm) and Nb
(avg 12.857 ppm) are enriched similarly to UCC (Rudnick
and Gao 2003).

4.2.3 Rare earth elements (REE)

The concentration of lanthanides, i.e., REE (from La-Lu)
is shown in Table S5 and is compared with the REE con-
centration of UCC. The REE can be divided into light rare
earth elements (LREE: La-Gd) and heavy rare earth ele-
ments (HREE: Tb-Lu). The chondrite-normalized pattern
of REE concentration (Fig. 6) shows a pattern similar to
the UCC (normalized with chondrite concentrations), where
LREE is enriched over HREE. The enrichment is indicated
by strong fractionation of LREE over weak fractionation
of HREE represented by a flat pattern. The LREE/HREE
ratio ranges from 5.17 to 16.31 (avg 12.788). The chondrite-
normalized ratio (La/Yb)y ranges from 2.72 to 25.64 (avg
9.43), (Gd/Yb)y ranges from 1.05 to 2.41 (avg 1.51), and
(La/Sm)y ranges from 1.49 to 4.77 (avg 3.80). These values
are similar to the UCC values (Taylor and McLennan 1985).
The negative Eu anomaly (Eu/Eu*: avg 0.67), which shows
an analogous pattern to UCC, is indicative of fractionation
of feldspar at the source. A Ce anomaly is a prominent indi-
cator of paleoredox deposition conditions, as it is redox-
sensitive. The studied sandstones have a Ce anomaly ranging
from 0.71 to 1.25 (avg to 0.92).

5 Discussion
5.1 Provenance

The optical characteristics of framework grains such as
quartz, feldspar, and lithic fragments are reliable source indi-
cators. The optical properties and polycrystallinity of quartz,
along with the feldspar types, provide valuable insights into
their igneous and metamorphic sources. Moreover, lithic
fragments also act as direct indicators of their source. The
dominance of undulatory and non-undulatory monocrys-
talline quartz over polycrystalline quartz in the examined
sandstones indicates plutonic and low-rank metamorphic
origins (Folk 1980). Strained quartz with strong undulatory
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Fig.7 (continued)
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Fig. 8 a Diamond discrimination plot after Basu et al. (1975) indicating low/mid/upper-rank metamorphic rocks as source of sediments for the
sandstones of the Gondwana Group. b Diamond discrimination plot after Tortosa et al. (1991) indicating granitic and low-rank metamorphic

rocks as source of sediments for the sandstones of the Gondwana Group

extinction is observed where rocks are subjected to compres-
sion during in situ burial (Basu 1985). However, terranes
with considerable deformation or metamorphism also act
as sources of quartz that have suffered dislocations in the
crystal lattice (Basu 1985). The undulatory quartz (Fig. 7a)
observed here may be indicative of a metamorphic source.
Composite or polycrystalline quartz (Fig. 7b) is indicative of
both igneous and metamorphic origin. However, polycrys-
talline quartz (Fig. 7c) exhibiting elongation of their crystal
lattices with sutured internal boundaries can be referred to
as detrital stretched quartz of metamorphic origin (Krynine
1946; Folk 1980). In the present study, monocrystalline
quartz with remnant embayments with rounded corners have
been observed (Fig. 7d), which indicate detrital quartz of
volcanic source (Krynine 1946; Folk 1980). Detrital feldspar
also functions well as a source indicator. The K-feldspar or
microcline (Fig. 7e) found in this study suggests their origin
from igneous and metamorphic rock (Halder 2020). Addi-
tionally, intergrowth textures such as myrmekite (Fig. 7f)
and perthite (Fig. 7g) point to the source of igneous rock.
Rock fragments originating from lithotypes may inherit their
compositional and textural attributes of the parent rock if
not dissolved. Lithic fragments of igneous, sedimentary, and
metamorphic origin observed in the present study confirm
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their respective sources (Fig. 7h—j). Heavy minerals are good
indicators of provenance (Sengupta 1994; Morton 1985).
The recorded heavy minerals in the rock thin sections of
the sandstones indicate a mixed nature of sources including
acidic to intermediate igneous rocks and low- to high-grade
metamorphic rocks. The presence of zircon grain (Fig. 7k)
suggests derivation from silicic and intermediate igneous
rocks (Mange and Maurer 1992). The tourmaline (Fig. 71)
recorded may be sourced from acid igneous rock or granite
pegmatites (Sengupta 1994; Mange and Maurer 1992). The
presence of sillimanite (Fig. 7m), kyanite (Fig. 7n), epidote
(Fig. 70), and andalusite (Fig. 7p) points to low/high-grade
metamorphic rocks like schists and gneisses (Mange and
Maurer 1992).

In addition, quantified framework grains when put into
discrimination diagrams provide insights into the nature
of their source rock. Basu et al. (1975) and Tortosa et al.
(1991) extensively addressed the use of quartz grains and
their polycrystalline varieties to determine their sources.
The ternary discrimination diagram developed by Basu
et al. (1975) suggests that the sources are mostly from
lower-rank metamorphic rocks, with some originating from
medium- and upper-rank metamorphic rocks (Fig. 8a). Fur-
thermore, Tortosa et al. (1991) modified the aforementioned
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Fig. 9 a Provenance discriminant plot (discriminant function I versus discriminant function II) for sandstones of the Gondwana Group based on
major oxide concentration (Roser and Krosch 1988). b Provenance discriminant plot (discriminant function I versus discriminant function II) for
sandstones of the Gondwana Group based on major oxide ratios (Roser and Krosch 1988)

discrimination diagram. Using this discrimination diagram,
the sandstones show that the sources are granites, with minor
inputs from metamorphic rock of lower, middle, and upper
rank (Fig. 8b). This corroborates the results from Gogoi
et al. (2021).

Major oxide analysis is an important tool for discriminat-
ing various sediment sources by determining their concen-
trations (in wt%) and ratios using discriminant functions.
Roser and Krosch (1988) proposed these discriminant func-
tions (discriminant function I and discriminant function IT)
to separate felsic igneous rocks, intermediate igneous rocks,
mafic igneous rocks, and quartzose sedimentary rocks from
each other. About 90% of the sandstones (Fig. 9a and b)
in the present study correspond to their derivation from
the quartzose sedimentary provenance category, with the
remaining belonging to the felsic, intermediate, and mafic
igneous rock groups. Contrasting inferences were reported
by Mahanta et al. (2020), where a felsic igneous provenance
was found to be the majority source of the sediments. The
indication of a vast majority of quartzose sedimentary ori-
gins of the sandstones in this study can be attributed to sedi-
ments that originated in mature continental regions. This
may be facilitated by sources such as highly worn granites
or gneisses, or it may have been derived from a previous
sedimentary provenance (Roser and Krosch 1986). Moreo-
ver, enrichment of Zr (Table S5) in trace element study sup-
ports the fact that sediment recycling is a direct indication
of quartzose sedimentary provenance (Zimmermann and
Bahlburg 2003).

Elements such as Ca, K, Mg, and Na often leach out to a
certain degree during source rock weathering. But elements

like Al, Ti, and Zr intrinsically inherit their parent rock com-
position without undergoing any kind of leaching. This is
because their oxides and hydroxides have very low solubility
in low-temperature aqueous solutions (Palmer and Weso-
lowski 1992). Thus, the ratio of Al,05/TiO, is quantitatively
nearly equivalent to the rocks that served as their source
(Garcia et al. 1994; Girty et al. 1996; Hayashi et al. 1997).
The range of ratio values of felsic, intermediate, and basic
igneous rocks are > 21, 8-21 and < 8, respectively (Roser
and Krosch 1988). Garcia et al. (1994) and Hayashi et al.
(1997) delineated the ranges as 21-70, 8-21, and 3-8 for fel-
sic, intermediate, and basic igneous rocks, respectively. The
Al,05/TiO, values of the studied sandstones range from 3.51
to 44.76 (avg 19.20). The bulk of the examined sandstone
sediments were produced from felsic and intermediate igne-
ous rocks, with some contributions from basic/mafic igne-
ous provenance as well, as presented in the bivariate plot of
Al,O; versus TiO, (Krzeszowska 2019; Fig. 10). The Zr ver-
sus TiO, bivariate discrimination plot and TiO,/Zr ratio can
also be used as a proxy to characterize the composition and
nature of source rock (Hayashi et al. 1997). With the enrich-
ment of SiO, concentration, the TiO,/Zr wt% ratio often falls
below > ~200, 195-55, and < 55 for mafic, intermediate, and
felsic igneous rocks, respectively (Hayashi et al. 1997). The
bivariate plot of Zr versus TiO, (Fig. 11a) of the present
studied sandstones after Hayashi et al. (1997) indicates that
most sediments are sourced from felsic igneous rocks, with
fair inputs from intermediate igneous rocks. This inference
is well supported by the TiO,/Zr wt% ratio (Table S7). The
Al,O5 versus TiO, bivariate plots indicate the sources to be
felsic and intermediate rocks, with some mafic inputs. This
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Fig. 10 Bivariate discrimination plot of Al,O; versus TiO, (Krzeszowska 2019) depicting the nature of source rocks for sandstones of the

Gondwana Group

is not entirely consistent with the Zr versus TiO, plot and
TiO,/Zr ratio. Thus, there is a certain degree of discrepancy.
This variation can be attributed to the fractionation of TiO,-
and Zr-containing minerals commonly associated during
transit and deposition of clastic rocks (Hayashi et al. 1997).
Furthermore, relatively immobile elements like Ti and Ni
can be used to differentiate juvenile sediments originating
from magmatic precursors from normal mature sediments,
providing an additional chemical check on the initial litho-
logical composition (Floyd et al. 1989). Figure 11b shows
that the studied sandstones are clustered against an acidic
and magmatogenic graywacke field and are indicative of
acidic and intermediate igneous rocks as sources.

Trace element and REE chemical characteristics are
important tools for determining the distinctive nature and
source composition of sediments. Their immobility and
finite fractionation aids in precise determination using their
concentrations in various bivariate and ternary discrimina-
tion plots (Shaw 1968; Floyd and Leveridge 1987; Floyd
et al. 1989; McLennan and Taylor 1991; McLennan 1993;
Hayashi et al. 1997; Cullers and Podkovyrov 2002; Mongelli
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et al. 2006; Bracciali et al. 2007; Jinliang and Xin 2008;
Tiwari et al. 2023). Trace elemental ratios including euro-
pium anomaly (Eu/Eu*), La/Sc, La/Co, Th/Sc, Th/Co, and
Th/Cr are universally used to derive the source region’s
provenance composition (Cullers et al. 1987, 1988; Cull-
ers and Stone 1991; Cullers 1994a, b, 2000; Cullers and
Podkovyrov 2002; Armstrong-Altrin et al. 2004). The range
of elemental ratios of the studied sandstones are compared
with those of sediments derived from felsic and basic rocks
in similar fractions (Cullers 2000). The comparison points to
the dominance of felsic source rocks over those from mafic
source rocks (Table S6). Phillips et al. (2017) proposed
the Th/Sc ratio to represent different source rock fields,
where values > 1 are typical of continental crust enriched in
incompatible elements, > 0.6—1 indicates an andesitic com-
position, and < 0.6 indicates a mafic signature. The major-
ity of the studied sandstones have a Th/Sc ratio > 1, with
two exceptions falling within >0.6—1 and < 0.6 (Table S5).
Thus, they are indicative of sediments derived from conti-
nental crust enriched in incompatible elements with minor
inputs from andesitic and mafic rocks. In addition, elevated
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Fig. 11 a Bivariate plot of Zr versus TiO, (Hayashi et al. 1997); b bivariate plot of Ni versus TiO, (Floyd et al. 1989). Both plots depict the
nature and composition of parent rocks for the sandstones of the Gondwana Group

concentrations of ferromagnesian trace elements such as Cr
and Ni (where Cr> 150 ppm and Ni> 100 ppm) and a Cr/
Ni ratio in the range of 1.3—1.5 indicate an ultramafic rock
source (Garver et al. 1996). The lower threshold concentra-
tions of Cr and Ni and lower Cr/Ni ratio of the studied sand-
stones indicate the absence of ultramafic rocks as source,
with the exception of one sample with elevated Ni concen-
tration (Table S5).

The REE pattern (chondrite-normalized) and Eu anomaly
provide insights into possible source rock characteristics of
sedimentary rocks (Basu et al. 1975; Taylor and McLen-
nan 1985; Armstrong-Altrin 2009; Armstrong-Altrin et al.
2013). Cullers (19944, b) proposed that a high LREE/HREE
ratio and negative Eu anomaly (< 1) indicated felsic source

rocks, while rocks of a mafic source exhibit a low LREE/
HREE ratio and no Eu anomaly. The enrichment of fraction-
ated LREE with unfractionated HREE, pronounced nega-
tive Eu anomaly (Eu/Eu*=0.67; Fig. 6), and higher LREE/
HREE (avg 12.78; Table S5) of the studied sandstones indi-
cates that their source is likely of felsic nature. The Sm/Nd
ratio acts as an alternative source indicator in the absence
of Sm and Nd isotope analysis (Worash and Valera 2002).
This is because the Sm/Nd ratio is close in proportionality
to the '"“’Sm/!**Nd ratio (Andre et al. 1986; Banner et al.
1988). Faure (1986) estimated the Sm/Nd ratio of rocks with
granitic composition to be 0.19. The Sm/Nd ratio (avg 0.19;
Table S5) of the studied sandstone complements the desig-
nated ratio and indicates granitic parent rock.
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Fig. 12 Bivariate plot of La/Sc
versus Co/Th (Gu et al. 2002)
discriminating the source rock
for the sandstones of the Gond-
wana Group
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Apart from considering elemental concentration and their
ratios, researchers (Gu et al. 2002; Mongelli et al. 2006;
Bracciali et al. 2007; Jinliang and Xin 2008; Schoenborn
and Fedo 2011; Tiwari et al. 2023) have widely used various
discrimination diagrams in the form of bivariate and ternary
plots considering both trace element and REE for source
rock evaluation. A bivariate plot of La/Sc versus Co/Th (Gu
et al. 2002) separates felsic volcanic rocks and granites from
mafic (basalts) and intermediate (andesite) rocks with an
elemental ratio of Co/Th=1.27. The predominant clustering
of the studied sandstones within the felsic volcanic rocks
and granites supports their source with two sandstones in
the region of intermediate source as well (Fig. 12). Inter-
mixing of Y/Ni and Cr/V provides source characteristics
where Y/Ni represents granitic rocks and Cr/V represents
ultrabasic rocks (Mongelli et al. 2006). The bivariate plot of
Y/Ni versus Cr/V of the sandstones indicates their source to
be of granitic composition (Fig. 13a). A similar felsic and/
or silicic source rock inference can be derived from ternary
plots of Th*10-V-Ni (Bracciali et al. 2007; Fig. 13b) and
bivariate plot of LREE/HREE versus Eu/Eu*(Tiwari et al.
2023; Fig. 13c). Moreover, source intermixing of granite
and granodiorite, acidic, and intermediate rocks can be
seen from the plots of Sc-La-Th (Jinliang and Xin 2008;
Fig. 14a), Rb versus K (Shaw 1968; Fig. 14b), Sc versus Th/
Sc (Schoenborn and Fedo 2011; Fig. 14c), and Zr/Sc ver-
sus Th/Sc (McLennan 1993; Fig. 14d). Based on the above
whole rock geochemical characterization of the sandstones
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of Gondwana Group, it can be inferred that the source of
sediments is predominantly from granitic/felsic/silicic rocks,
although intermixing of acidic and intermediate rocks with
minor inputs from mafic rocks cannot be ruled out.

5.2 Tectonic setting

The composition of sandstones derived from various source
terrains is governed by plate tectonics (Dickinson and Suc-
zek 1979). QFL (where Q is total quartz, F is total feld-
spar, and L is lithic fragments) and Q_ FL, (where Q,is
monocrystalline quartz, F is total feldspar, and L,s lithic
fragments + chert) ternary discrimination plots were intro-
duced to distinguish different terrains, namely, continental
blocks, magmatic arcs, and recycled orogens. The recalcu-
lated data (Table 3), when plotted in QFL and Q, FL, plots
(Dickinson and Suczek 1979), indicate that the studied
sandstones are products of rocks within the craton interior
setting (Fig. 15a and b), which is denoted as a part of con-
tinental block. The source of sediments is possibly from a
stable part of the craton or shield and recycled platformal
sediments (Dickinson and Suczek 1979; Dickinson 1985).
Moreover, quartzose sand as indicated by major oxide dis-
criminant functions (Roser and Korsch 1988) complements
the derivation of terrigenous detritus from the interior part of
the craton with low relief. This is not consistent with earlier
studies, where the sediments were shown to be derived from
recycled orogeny (Mahanta et al. 2020).
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Fig. 13 Discrimination plots depicting source rocks for sandstones of the Gondwana Group: a bivariate plot of Y/Ni versus Cr/V (Mongelli
et al. 2006), b ternary plot of Th*10-V-Ni (Bracciali et al. 2007); ¢ bivariate plot of LREE/HREE versus Eu/Eu*(Tiwari et al. 2023)

The inferences for tectonic settings of source rocks have
long been studied using geochemical characteristics of
sedimentary rocks (Bhatia 1983; Bhatia and Crook 1986;
Gu et al. 2002; Roser and Korsch 1988; Toulkeridis et al.
1999). Discrimination plots proposed by the above-cited
researchers have been universally used in various sedimen-
tary basins. In the present study, bivariate plots [including
discriminant functions proposed by Bhatia (1983), Roser and
Krosch (1988), and Gu et al. (2002)] have been used. Fig-
ure 16a indicates that the sediments were deposited predomi-
nantly in a passive margin setting, while Fig. 16b denotes the
dominance of detritus originating at the active margin set-
ting, with sediments derived from passive and arc settings as
well. The above long-established plots of Bhatia (1983) and
Roser and Krosch (1988) came into question because of their
resulting accuracy of 0%—23% and 31.5%-52.3%, respec-
tively, when applied to known tectonic settings of world-
wide siliciclastic sediments of the Neogene-Quaternary

period (Armstrong-Altrin and Verma 2005). To overcome
the problem of weakness and inconsistency of traditional
plots, Verma and Armstrong-Altrin (2013) proposed the
use of discriminant functions, i.e., DF1(Arc-Rift-Col)
ml and DF2(Arc-Rift-Col)m2, considering high-silica
[(S10,),4;=63%-95%] and low-silica [(SiO,),4;=35%-63%]
content in siliciclastic sediments for arc, rift, and collisional
settings. The studied sandstones appear to cluster in both
rift and collisional fields for high-silica sediments (Fig. 17a)
and in rift fields for low-silica sediments (Fig. 17b). The
rift field complements the passive margin setting, whereas
the collision field indicates an active margin setting. Verma
and Armstrong-Altrin (2016) further proposed a multidi-
mensional discrimination diagram considering isometric
log-transformed ratios (ilr) of ten major elements and a com-
bination of ten major and trace elements (Cr, Nb, Ni, V, Y,
Zr) to formulate two linear discriminant functions, DF 4 pyy
and DF , p)\ir, With 87%-97% and 84%-86% success rates
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Fig. 14 a Ternary discrimination plot of Sc-La-Th (Jinliang and Xin 2008), b bivariate plot of Rb versus K (Shaw 1968), ¢ bivariate plot of Sc
versus Th/Sc (Schoenborn and Fedo 2011), and d bivariate plot of Zr/Sc versus Th/Sc (McLennan 1993) for the sandstones of the Gondwana

Group

for active and passive margins, respectively, outperforming
the traditional plots (0%—30%). Figure 17c and d shows the
derivation of detritus from both active and passive margin
tectonic settings. The only traditional diagram consistent
with the new multidimensional discrimination diagram is the
ternary plot of La-Th-Sc (Bhatia and Crook 1986; Fig. 18).
Previous researchers did not employ the multidimensional
discrimination diagram (Mahanta et al. 2020; Gogoi et al.
2021). Consequently, their conclusions do not entirely align
with the findings of the current research. Their study indi-
cates derivation of sediments predominantly from passive
margin setting, although inputs from active margin and arc
settings were addressed. On the other hand, the present study
indicates derivations of sediments from active margin set-
tings, which suggests that the detritus had previously been
deposited within the vicinity of pre-existing active margin

@ Springer

zones/orogenic belts (Ziegler 1992) and was later carried
to the basin. The presence of well-rounded grains (Fig. 7a,
b, and d) supports the possible transport of grains from a
region far away from the basin of deposition, which might
have been detritus of the pre-existing active margin zones.
Additionally, the equal presence of sources from passive
margin settings may indicate the syn-rift sedimentation
process involved in rifting of the basin during the Permian
period (Brookfield 1993; Biswas 1999).

5.3 Paleoclimate and source rock weathering

The proportions of framework grains of quartz, feldspar, and
rock fragments are a function of changing climatic condi-
tions (Suttner and Dutta 1986). As the climate changes, their
respective proportions tend to change. Large proportions of
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Table 3 Recalculated

. Sample Quartz Feldspar Rock fragments Monocrystal-  Feldspar Rock frag-
volumetric percentage of modal line quartz ments + chert
count of sandstones of the
Gondwana Group Q F L Qn F L,

PR 06 95.41 3.22 1.35 95.31 3.29 1.38
PR 07 95.50 1.16 332 95.40 1.19 3.40
PR 7A 96.81 242 0.75 96.74 2.47 0.77
PR 10 82.06 13.65 4.28 81.92 13.76 4.32
PR 14 97.51 0.93 1.55 97.46 0.95 1.58
BS 01 93.06 2.06 4.86 90.02 2.97 7.00
BS 07 96.26 1.79 1.93 96.10 1.87 2.02
BS 08 97.16 1.96 0.87 97.01 2.06 0.91
BS 11 91.10 2.82 6.07 90.21 3.10 6.67
LB 07 91.39 3.58 5.01 90.36 4.01 5.62
LB 11 97.30 0.26 2.42 95.34 0.46 4.19
LB 15 97.70 0.41 1.88 97.44 0.45 2.09
LB 16 88.51 4.68 6.80 87.94 491 7.14
LB 19 81.20 9.02 9.77 79.50 9.83 10.65
LB 20 92.68 3.83 3.48 88.74 4.67 6.58
LB 22 95.80 1.63 2.56 95.73 1.65 2.60
LB 24A 94.75 3.96 1.28 94.16 4.40 1.43
LB 29 93.82 2.52 3.65 93.56 2.63 3.80
LB 31 97.82 1.358 0.81 97.61 1.48 0.89

*PR Pasighat—Rengging Road section; BS Bomak—Sisseri Road section; LB Likabali—Garu—Basar Road
section

Fig. 15 a QFL ternary tectonic setting discrimination diagram (Dickinson and Suczek 1979) for sandstones of Gondwana Group; b QmFLt (Qm
= monocrystalline quartz, F = feldspar; and Lt = rock fragment+ chert) ternary tectonic setting discrimination diagram (Dickinson and Suczek
1979) for sandstones of the Gondwana Group

quartz with subordinate proportions of feldspar and quartz ~ 1.93%, respectively. This indicates the prevalence of warm
indicate humid climatic conditions (Suttner et al. 1981).  humid conditions, with the wettest conditions during deposi-
Within the studied sandstones, the average percentages of  tion of sediments (Suttner and Dutta 1986). An alternative
quartz, feldspar, and rock fragments are 94.78%, 3.28%, and which is more sensitive to climate control is to focus on
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Fig. 16 a Bivariate tectonic discrimination diagram for sandstones of the Gondwana Group, SiO, versus K,0/Na,O (Roser and Krosch 1988); b
tectonic discriminant plot (discriminant function I versus discriminant function II) for sandstones of the Gondwana Group (Bhatia 1983)

differences in the ratio of grain types. A log/log bivariate
plot of (Qry/F +RF versus O /F + RF; Suttner and Dutta
1986) when used in the studied sandstones also indicates the
dominance of humid conditions, with a prevalence of semi-
humid climatic conditions (Fig. 19a). A semi-quantitative
weathering index [WI=CXR (WI = weathering index; C
= climate; and R = relief; Grantham and Velbel 1988) cou-
pled with a bivariate plot of In(Q/F) versus In(Q/R) (Weltje
1994) indicates the climate and physiography of sediments
as well as the nature of the source. By considering the broad
tripartite subdivision of climate and relief, the sandstones of
the Gondwana Group suggest weathering indices in fields 2
and 4 (Fig. 19b), indicating sediments undergoing moder-
ate to severe weathering. The fields also imply derivation of
sediments from low plains to moderate hills in regions where
humid to subhumid climatic conditions prevailed.

Geochemical elements record various changes in cli-
mate during sedimentation processes. The study of major
oxides and trace elements provides a good understanding
of paleoclimatic conditions (Akinlua et al. 2010; Cao et al.
2012; Galarraga et al. 2008; Ross and Bustin 2009; Roy
and Roser 2013; Suttner and Dutta 1986; Vosoughi Moradi
et al. 2016). The bivariate plot of Al,05+ K,0 +Na,O ver-
sus SiO, (Suttner and Dutta 1986) separates climate into
humid and arid conditions, with further subdivisions of their
own. Additionally, it serves as the best representation of the
chemical maturity trend as it is controlled by climatic condi-
tions. It may be deduced from the study that a wide range
of climatic conditions, from arid to humid, prevailed during
the deposition of sediments, with a trend towards moderate
to high chemical maturity (Fig. 19c).
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Major and trace elements including Mn, Cr, Ni, V, and
Co (Cao et al. 2012) are considerably enriched under wet
conditions, while Ca, Mg, Sr, Ba, K, and Na are concen-
trated under arid conditions (Cao et al. 2012; Vosoughi
Moradi et al. 2016). The relative abundance of these ele-
ments can provide insights into paleoclimate information
which prevailed during the deposition of sediments. Zhao
et al. (2007), Cao et al. (2012), and Moradi et al. (2016)
proposed the use of the C-value [where C=(Fe+Mn+C
r+Ni+V+Co)/(Ca+Mg+Sr+Ba+K+Na)] as a func-
tion to show how the paleoclimate has changed over time.
The calculated C-value (C-value: 0.09-1.13, avg 0.42) of
the sandstones of the Gondwana Group suggests a wide
range of climatic conditions ranging from arid to subarid,
subhumid, and humid (Table S8; Fig. 19d). An alternative
interpretation function, the paleoclimatic factor (PF) [where
PF=(Fe+V +Ni+Rb+Ti)/(Ca+Mg+ Sr+Ba+ K+ Na)]
(Samad et al. 2020), uses Rb and Ti as substitutes for Mn,
Cr, and Co as paleoclimate indicators. The PF of the studied
sandstones ranges from 0.08 to 1.28 (avg 0.49; Table S8).
When correlated with the C-value, it shows a significant
positive linear association. Complementarily to the above
elements, trace element ratios including Sr/Cu and Rb/Sr
also depict climate variability. In general, the Sr/Cu ratio
increases as drier conditions prevail (Bai et al. 2015; Tao
et al. 2017). Values within the range of 1.3-5.0 indicate
warm, humid climatic conditions, whereas ratios > 5.0 point
towards hot, arid climatic conditions (Bai et al. 2015; Tao
et al. 2017). Contrastingly, the Rb/Sr ratio decreases under
drier conditions. Large values of Rb/Sr reflect cold condi-
tions, and a low ratio implies warm climatic conditions (Jun
et al. 1999; Xu et al. 2010). Table S8 shows that the Sr/
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Fig. 17 a Multidimensional discriminant function diagram [DF1 (Arc-Rift-Col)m1 versus DF2 (Arc-Rift-Col)m1] for high-silica-content sand-
stones of the Gondwana Group (Verma and Armstrong-Altrin 2013). b Multidimensional discriminant function diagram [DF1 (Arc-Rift-Col)
m?2 versus DF2 (Arc-Rift-Col)m2] for low-silica-content sandstones of the Gondwana Group (Verma and Armstrong-Altrin 2013). ¢ Major ele-
ment-based multidimensional discriminant function diagram [DF(A-P)M] for sandstones of the Gondwana Group (Verma and Armstrong-Altrin
2016). d Combined major and trace element-based multidimensional discriminant function diagram [DF(A-P)MT] for sandstones of the Gond-
wana Group (Verma and Armstrong-Altrin 2016)

Cu ratio of the examined sandstones ranges from 0.74 to  and humid climate conditions. The remaining 20% (higher
94.34 (avg 9.04), with over 80% of the sandstones having  ratios) endured significantly drier climate conditions. The
lower ratios closer to 0.5, suggesting a prevalence of warm  Rb/Sr ratio (Table S8) supports the variations in climatic
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Fig. 18 Ternary plot of La-Th-Sc (Bhatia and Crook 1986) depicting the tectonic setting for the sediments of sandstones of the Gondwana

Group

conditions from cold-arid to warm-humid condition as well
(Rb/Sr ratio: 0.00-5.08).

By cumulative interpretation from the above paleoclimate
proxies, it should be emphasized that the studied Gondwana
sediments experienced a wide variety of climate conditions.
This inference can be correlated to the fact that the Gond-
wana deposits of the Indian continental block witnessed a
global climatic shift from icehouse to greenhouse conditions
(Isbell et al. 2003, 2012; Fielding et al. 2008). Furthermore,
separate glacial and interglacial events during the Permian
period support the large variability in climate conditions
(Isbell et al. 2003; Fielding et al. 2008).

Siliciclastic sediments are strongly affected by changes
in mineralogy and composition due to chemical weather-
ing at the source (Fedo et al. 1995; McLennan 1993; Nes-
bitt and Young 1989). Several chemical indexes have been
proposed for measuring the severity of weathering (Ejeh
2021; Long et al. 2012; Nesbitt and Young 1982, 1989;
Parker 1970; Potter et al. 2005). Nesbitt and Young (1982)
proposed the Chemical Index of Alteration (CIA) that has
been extensively used to measure the degree of weathering
of rocks. CIA can be measured (using molecular propor-
tions) as CIA = Al,05/ (Al,05+CaO* 4+ Na,0 + K,0) x 100,
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where CaO* denotes the quantity of CaO integrated into
the sample’s silicate component. It also serves as a pale-
oclimate indicator. More precisely, CIA values within the
ranges of 50-60, 60—-80, and 80—100 indicate low, moderate,
and intense weathering conditions, respectively, with cli-
mates ranging from cool/arid to hot/humid conditions (Fedo
et al. 1995; McLennan 1993; Nesbitt and Young 1982). The
CIA can suggest source rock as well, where values for fresh
basalts range from 30 to 45, for fresh granites and granodi-
orites range from 45 to 50, and for average shales range from
70-80 (Fedo et al. 1995; Nesbitt and Young 1982).

The CIA values of the examined sandstones range from
45.93 to 89.27 (avg 63.43; Table S8), suggesting that the
sediments were subjected to low, moderate, and intense
mechanical breakdown and chemical changes under cir-
cumstances ranging from cold/arid to hot/humid. Despite
its frequent use to assess weathering, however, a significant
drawback of the CIA is the remobilization of K during the
sedimentation and metamorphic processes. Harnois (1988)
proposed an alternative parameter called the chemical index
of weathering (CIW) to minimize this issue. This method
avoids the use of K,O, as K content may be regarded as
a diagenetic product because K-bearing minerals can be
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Fig. 19 a Log/log bivariate plot of (QTotal/F 4+ RF) versus (Qp/F +RF) discriminating paleoclimatic conditions for sandstones of the Gondwana
Group (Suttner and Dutta 1986). b Semi-quantitative weathering index (Weltje 1994; Grantham and Velbel 1988) showing tripartite subdivision
of climate and relief for sandstones of the Gondwana Group. ¢ Bivariate plot of Al,0;+K,0 +Na,O against SiO, (Suttner and Dutta 1986) clas-
sifying paleoclimate for the sandstones of the Gondwana Group. d C-value (Zhao et al. 2007; Cao et al. 2012 and Moradi et al. 2016) as a func-

tion of paleoclimatic variations for the sandstones of the Gondwana Group

formed while entering a solution or can be adsorbed on clay
minerals through ion exchange processes (Harnois 1988).
CIW can be calculated (using molecular proportions) as
CIW = Al,04/ (Al,05 + CaO* +Na,0) x 100. The CIW val-
ues of the studied sandstones range from 61.44 to 98.54 (avg

86.18; Table S8), indicating sediments derived from sources
suffering moderate to intense weathering.

The extent of chemical weathering can also be esti-
mated from the plagioclase index of alteration (PIA) (Fedo
et al. 1995). This function questions the appropriateness of
quantifying the intensity of chemical weathering by CIW,
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Fig. 20 a CIA versus WIP (Bahlburg and Dobrzinski 2011) depicting weathering intensities for source sediments of sandstones of the Gond-
wana Group; b CIA versus PIA (Ejeh 2021) depicting weathering intensities for source sediments of sandstones of the Gondwana Group; ¢ CIA
and ICV (Long et al. 2012) depicting sediment maturity and weathering intensities for source sediments of sandstones of the Gondwana Group;
d ICV versus CIA (Potter et al. 2005) depicting the nature of source rock composition

where fresh potassic granite (CIW: 80) and K-feldspar
(CIW: 100) show similar values for the residual products
after chemical weathering (CIW of smectite: 80, CIW of
kaolinite, illite and gibbsite: 100). This led to the need for
monitoring of plagioclase alone, which can be accomplished
through a modification of the CIA equation, as follows:
PIA =100 X (Al,O5 - K,0)/(Al,05+ CaO* 4+ Na,O — K,0).
A PIA value of 50 implies fresh rocks, and values near 100
denote clay minerals such as kaolinite, illite, and gibbsite,
which is consistent with CIA-derived values (Nesbitt et al.
1997). The PIA values of the studied sandstones range from
15.31 t0 97.78 (avg 75.37; Table S8). This suggests a mod-
erate to intense weathering of plagioclase feldspar, with a
solitary sample exhibiting extremely low weathering.
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Parker (1970) proposed a weathering index (WIP: Weath-
ering Index of Parker) for silicate rocks based on alkali
and alkaline earth metal proportions. The WIP reflects the
changes in the proportions of Na, K, Ca, and Mg, where
feldspars are transformed into clay minerals as prominent
chemical weathering changes. This can be calculated as WIP
=100 X (2Na,0/0.35 + Mg0/0.9 + 2K,0/0.25 4+ CaO*/0.7).
The stronger the chemical breakdown, the lower the WIP
value, which is in contrast to both PIA and CIA. Generally,
WIP value ranges from 0 to 100, with the least worn rocks
having the highest values (Nadtonek and Bojakowska 2018).
The WIP values of the studied sandstones range from 6.40 to
94.07 (avg 44.84; Table S8), indicating variability of chemi-
cal breakdown from moderate to intense weathering, while
a lone sample indicates very low weathering conditions.
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Fig. 21 A-CN-K (Nesbitt and
Young 1989) ternary diagram to
evaluate the composition of par-
ent rock and weathering trend
of sandstones of the Gondwana
Group

The conclusions drawn from the aforementioned weather-
ing proxies are supported by the plots that illustrate the link
between CIA versus WIP (Bahlburg and Dobrzinski 2011;
Fig. 20a) and CIA versus PIA (Ejeh 2021; Fig. 20b).

Cox et al. (1995) introduced the index of compositional
variability [ICV = (Fe,05+ K,0 + Na,0+ CaO +MgO +
MnO +TiO,)/Al,05] to determine the maturity of source
detritus of clastic sedimentary rocks. Non-clay silicate
minerals possess minimal proportions of Al,O; relative to
clay minerals and in general show high ICV values (Cox
et al. 1995). Compositionally immature clastic sedimen-
tary rocks contain a higher proportion of non-clay silicate
minerals and show a higher ICV value than mature sedi-
ments, which show low ICV values dominated by higher
proportions of clay minerals (Cox et al. 1995). The studied
sandstone shows a wide range of ICV values from 0.47 to
2.01 (avg 1.16; Table S8). An interrelation between CIA
and ICV (Fig. 20c) (Long et al. 2012) depicts the presence
of both immature (ICV > 1) and mature (ICV < 1) sediments
as source, experiencing low to moderate degrees of weather-
ing. It is worth noting that when considering the ICV values,
sandstones denoting LOI% > 7 have been excluded, as the
presence of high carbonate content may produce extreme
ICV values (Gaschnig et al. 2016) (Table S8). Addition-
ally, ICV serves as a predictor of source and tectonic set-
ting. The bulk of the sediments in Fig. 20d show an inter-
mediate composition, with inputs from juvenile granitic
and basaltic rocks as a source as well (Potter et al. 2005).
Compositionally immature rocks are likely to be found in

active margin settings, characteristic of first-cycle deposits
(Kamp and Leake 1985), while mature rocks are charac-
teristic of cratonic environments experiencing recycling of
sediments (Weaver 1989). The compositional variation trend
and recycling of sediments of clastic sedimentary rocks can
also be evaluated using the binary plot of Zr/Sc versus Th/
Sc (McLennan 1993). Trend 1 (Fig. 14d) indicates source
rock composition, while trend 2 (Fig. 14d) reveals sediment
recycling processes. According to Fig. 14d, the examined
sandstones are generated from acidic to intermediate igneous
rocks (trend 1) as well as sources that demonstrate sediment
recycling processes (trend 2), as shown by the Zr/Sc ratio.
This is corroborated by enrichment and sorting of Zr (avg
266.598 ppm), which is commonly found in heavy minerals
such as zircon (Basu 1976).

Nesbitt and Young (1989) proposed the A-CN-K (A:
Al,O5; CN: CaO* +Na,O; K: K,O) ternary diagram to eval-
uate the composition of parent rock and weathering trend.
The horizontal line with a CIA value of 50, parallel to the
CN-K axis, depicts the natural feldspar composition, also
known as the feldspar join. This line serves to restrict the
initial composition of source rocks (Fig. 21). The present
study provides information about two trends of weathering
sequences denoted as trend 1 and trend 2 (Fig. 21) within the
compositional zone of A-CN-K. Trend 1 denotes a signifi-
cant non-steady-state weathering process where weathering
and erosion processes go hand in hand, producing sediments
of varying composition over a long period (Nesbitt et al.
1997; Selvaraj and Chen 2006). This trend suggests that the
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sediments were sourced primarily from fresh granitic rock
with a sequential weathering trend of low, moderate, and
intense chemical weathering within the compositional zone
of A-CN-K. The sequence (trend 1) can be compared to an
idealized state of weathering as described by Nesbitt et al.
(1997). In sandstones within the low weathering region (CIA
50-60), there is an abundance of plagioclase feldspar and
dearth of clay minerals. Moving into the moderate weather-
ing region (CIA 60-80), the sandstones show an appreciable
amount of feldspar along with small amounts of clay min-
erals such as smectite, vermiculite, and illite. As the trend
approaches Al,O; in the region of intense weathering (CIA
80-100), a shift in clay mineralogy occurs, favoring minerals
like kaolinite and gibbsite. The non-steady-state weather-
ing trend suggests that the region suffered tectonic activity
favoring erosion associated with chemical weathering and
experienced high rainfall activity in a humid region and a
semi-arid region subjected to periodic storm-enhanced ero-
sion (Nesbitt et al. 1997). Trend 2 can be regarded as the
process of K-metasomatism where aluminous clay such as
kaolinite may convert to illite or plagioclase may be con-
verted to K-feldspar (along the CN-K axis) (Fedo et al.
1995). Both entail the enrichment of K,O, which offsets the
natural weathering trend. The addition of this K through the
conversion of aluminous clay to illite results in decreased
CIA values. However, replacing plagioclase with authigenic
K-feldspar does not affect the CIA readings (Glazner 1984).

5.4 Paleoredox condition of deposition

The oxic and anoxic conditions of the paleodepositional
environment can be evaluated using trace elements such as
V, Cr, Ni, U, Th, Co, and Mo, as they are redox-sensitive
(Yarincik et al. 2000). Authigenic U (U,,=total U-Th/3)
is used to assess the redox condition (Wignall and Myers
1988). In general, U,,>5 and <5 represent sub-oxic or
anoxic and oxic conditions, respectively. The values of
U,, for the studied sandstones range from —10.34 to 0.93
(avg —3.20; Table S9), signifying the prevalence of an oxic
environment. The Th/U ratio is a useful index for inferring
paleoredox conditions (Wignall and Twitchett 1996). Val-
ues between 0 and 2 and between 2 and 8 indicate anoxic
and strong oxidizing conditions, respectively. The Th/U
ratio in the present study lies between 2.8 and 27.07 (avg
7.63; Table S9), indicating a strong oxic environment during
deposition. Additionally, a converse ratio of Th/U (i.e., U/
Th) proposed by Nath et al. (1997) helps in distinguishing
different redox conditions, where values < 1.25 and > 1.25
represent oxic and sub-oxic/anoxic conditions, respectively.
Table S9 depicts the prevalence of oxic conditions of the
sandstones that range between 0.03 and 0.54 (avg 0.18). It
is also possible to differentiate between oxic and anoxic con-
ditions using the V/Cr ratio; values >4.25, 2-4.25, and <2
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indicate sub-oxic or anoxic, dysoxic, and oxic conditions,
respectively (Jones and Manning 1994). In the examined
sandstones, V/Cr values lie within the range of <2 and
2-4.25, with the majority of values <2, indicating oxic and
dysoxic conditions of deposition (Table S9). Yarincik et al.
(2000) introduced the use of 6U [6U =U/(0.5x U +Th/3)] as
an index in anoxic environments, where values>1 and< 1
indicate anoxic and oxygen-rich environments, respectively.
In the present study, the examined sandstones indicate an
oxygen-rich or oxic environment of deposition, with an
average oU value of 0.65 (Table S9).

The Ce anomaly is widely used for evaluating redox
conditions of deposition (Vosoughi Moradi et al. 2016; Cao
et al. 2022). The Ce anomaly is considered to be an indica-
tor of Ce ion exchange during stages of oxidation, which is
responsive to variations in the redox environment (Wilde
et al. 1996). A positive Ce anomaly (> —0.10) results where
Ce is more oxidized to Ce** than its reduced form Ce>*,
indicating an oxic environment. In contrast, an anoxic envi-
ronment will cause a negative Ce anomaly (< —0.10). The
studied sandstones show an average positive Ce anomaly
(0.92; Table S9), indicating a strong oxic environment.

6 Conclusions

Based on the petrographic and geochemical analyses of the
sandstones of the Gondwana Group, the following conclu-
sions regarding provenance, tectonic setting, paleoclimatic
conditions of deposition, source rock paleoweathering, and
paleoredox conditions of deposition can be drawn.

Petrography coupled with geochemical attributes sug-
gests that the source for the sandstones of the Gondwana
Group is predominantly granitic/felsic/acidic and/or inter-
mediate igneous rocks, with limited inputs from metamor-
phic sources. The heavy minerals recorded also support the
derivation of sediments from acidic to intermediate igneous
rocks and low- to high-grade metamorphic rocks. Further-
more, the indication of quartzose sedimentary provenance
can be linked to sediments that originated in mature conti-
nental regions. These regions may have been facilitated by
sources such as highly worn granites or gneisses, or from a
previous sedimentary provenance.

The sandstones of the Gondwana Group indicate that
they are the products of rocks within craton interior settings,
which is denoted as part of a continental block. The source
of sediments is possibly from a stable part of the craton or
shield and recycled platformal sediments. The sources for
the sandstones were predominantly deposited in both rift
and collisional settings, where the rift field complements the
passive margin setting, whereas the collision field indicates
an active margin setting. The derivation of sediments from
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active margin settings, implies that the detritus was brought
to the basin after having previously been deposited within
pre-existing active margin zones or orogenic belts, whereas
sources from the passive margin setting may point to the
syn-rift sedimentation process that occurred during the Per-
mian period when the basin was rifted.

The detritus of sandstones of the Gondwana Group expe-
rienced climatic conditions ranging from semi-arid/arid to
semi-humid and humid conditions and suffered moderate
to intense weathering conditions along with conditions of
K-metasomatism. The wide variation in climate may be
correlated with the shifting between glacial and interglacial
events during the Permian period.

On the basis of the present study, it may be further con-
cluded that the sandstones of the Gondwana Group were
deposited under oxic conditions.
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