
RUSSIAN JOURNAL OF EARTH SCIENCES, VOL. 20, ES2003, doi:10.2205/2020ES000698, 2020

Geochemical signatures of Lower Gondwana sandstones
of eastern Arunachal Himalayas, India: Implications for
tectonic setting, provenance and degree of weathering

Bashab N. Mahanta1, B. R. Syngai2, R. K. Sarmah3, T. K. Goswami3, and Amit Kumar4

Received 24 October 2019; accepted 9 December 2019; published 13 May 2020.

The compositional variability of the sandstones leads to insight about the controlling
sedimentary processes and plate tectonic environments. The geochemical composition
of the Lower Gondwana sandstones exposed along the Main Boundary Thrust in parts
of East Siang and West Siang districts of Arunachal Pradesh, India was determined to
deduce their provenance and tectonic setting governing their deposition. The overall
analyses of the samples from the study area reveals the chemically coherent nature
of the sediments and derivation from rocks of acidic and intermediate compositions.
Trace element concentrations of the rocks of the study area are in concurrence with
average Upper Continental Crust (UCC) whereas the Rare Earth Element (REE)
values indicate felsic source rocks. Discrimination of tectonic setting using oxide
data indicates passive margin setting for the sediments. The Chemical Alteration
Index (CIA) was calculated and indicates medium to high chemical weathering
during sedimentation of the basin. KEYWORDS: Gondwana; sandstone; Himalayas;

geochemistry; tectonic setting; weathering.
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1.1. Introduction

The geochemistry of sedimentary, igneous and
metamorphic rocks is very important apart from
petrographic and isotopic studies in deciphering
the provenance, weathering, diagenesis and trans-
portation. Even though diagenesis may alter orig-
inal chemistry, changes are themselves related to
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plate tectonic environment [Siever, 1979], and bulk
composition reflect tectonic setting and so enable
development of chemically-based discriminant to
supplement the petrographic approach [Roser and
Korsch, 1986]. The compositional variability of
sedimentary rocks especially sandstone commonly
leads to insight about provenance and attendant
sedimentary processes. Key trace elements or iso-
topes systems may be of considerable importance
in understanding tectonic history [McLennan et al.,
1993]. An attempt was made to study the elemen-
tal geochemistry of the Lower Gondwana Group
of rocks exposed in the Eastern Arunachal Hi-
malayas to decipher the possible provenance, tec-
tonic setting, weathering history and the results
are presented in this paper. The major oxide anal-
ysis was used for geochemical classification of the
sandstones and inferences were made on the prove-
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Figure 1. Geological Map of the study area (after Mahanta et al. [2019]).

nance and tectonic setting using various discrimi-
nant functions. Trace and REE compositions were
used to decipher the provenance of the sandstones
and also to understand the degree of source area
weathering.

1.2. Location and Geological Setting

Geographically, the area falls in the Lesser Hi-
malayas and is located at the southwestern part
of the Siang Dome in the districts of East Siang
and West Siang of the state of Arunachal Pradesh,
India (Figure 1). The Gondwana rocks in the
area occur as a linear belt trending WSW-ENE.
They belong to the Bichom Formation of the Lower
Gondwana Group and overlain by the Miri Group
of rocks along Miri Thrust. Towards South, the
Gondwana are thrusted over the Siwalik Super-
group of rocks. The Bichom Formation can be
divided into Rilu and Bomte members. The Rilu
member is represented by diamictite, orthoquartzi-
te, khaki shale, coal, carb shale, siltstone, sand-
stone, concretions with marine fossils and belongs
to the marine facies. The Oscillatory streaky
(deltaic) facies is represented by the Bomte mem-

ber comprising carb shale, grey shale, coal, shaly
coal, sandstone occasionally with marine fossils
[Mahanta et al., 2017, 2019]. A generalised strati-
graphic sequence of the area after GSI, 2010 is
given in Table 1.

2.1. Petrography

Three varieties of sandstones viz. quartz rich
sandstone, ferruginous sandstone and calcareous
sandstone have been recognized by petrography.
The detrital framework grains comprise of high
proportion of quartz, very low proportion of
feldspar and mica with considerable amount of
lithic fragments. The most abundant mineral of
the sandstones is quartz followed by rock frag-
ments and feldspar [Mahanta et al., 2019]. Both
sedimentary and metamorphic rock fragments are
observed in the sandstones with minor amount of
chert and volcanic lithics. Both biotite and mus-
covite of detrital and diagenetic origin are present
in the sandstones. The sandstone is moderate to
poorly sorted, matrix supported and shows textu-
ral sub maturity. The heavy mineral assemblage
includes chlorite, biotite, zircon, ilmenite, epidote,
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Table 1. Lithostratigraphic Succession of the Study Area (After [GSI, 2010])

Age Supergroup Group Lithology

Miocene– Siwalik Micaceous, hard Sandstone and shale intercalated
Pliocene with nodular clay beds, Felspathic sandstone,

claystone, siltstone, shale with calcareous nodules
plant fossils and occasional coal, petrified wood.

Paleocene– Abor Basic volcanics with pyroclast and volcanogenic
Eocene sediments with occasional limestone.
Permian Gondwana Lower Gondwana Diamictite, orthoquartzite, grey shale, coal,

(Bichom Fm) carbonaceous shale, siltstone, sandstone
Carbonaceous shale, grey shale.

Palaeozoic Miri Skolithos bearing pink quartzite, Orthoquartzite,
bands of phyllite and occassional conglomerate.

garnet, amphibole, chloritoid, brown tourmaline,
magnetite, staurolite, rutile, and opaques [Mahanta
et al., 2017, 2019].

2.2. Sandstone Geochemistry

Thirty three sandstone samples were collected
from the study area and were analyzed at Chemical
Division, Shillong and Central Petrological Labo-
ratory, Kolkata of Geological Survey of India for
major oxides by XRF and trace and rare earth ele-
ments by Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS). The analytical results obtained
from sandstones of Lower Gondwana Group of East-
ern Arunachal Himalaya are arranged in four tables
[Mahanta et al., 2020] published in Earth Science
Data Base, created and managed by GCRAS.

2.2.1. Major Oxides. The Gondwana sand-
stones are mainly composed of SiO2 (41.12–76.76%,
avg.57.99%) followed by Al2O3 (5.03–23.86%, avg.
16.19%), Fe2O3 (2.11–32.24%, avg. 6.68K2O
(0.65–8.16%, avg. 2.72%), MgO (1.05–2.49%,
avg. 1.87%), CaO (0.09–22%, avg. 2.70%), Na2O
(0.05–5.57%, avg. 0.93%), MnO (0.01–1.84%, avg.
0.16%), TiO2 (0.31–1.16%, avg. 0.70%) and P2O5

(0.03–2.6%, avg. 0.27%) [Mahanta et al., 2020, Ta-
ble 1].
In the samples, SiO2 shows negative correlation

with all major elements. Positive correlation of
Al2O3 with K2O (𝑟 = 0.64) and TiO2 (𝑟 = 0.58),
TiO2 with K2O (𝑟 = 0.10), Na2O (𝑟 = 0.37), Fe2O3

with MnO (𝑟 = 0.92), P2O5 (𝑟 = 0.84), MgO with
K2O (𝑟 = 0.40) was observed [Mahanta et al., 2020,
Table 3].

2.2.2. Trace and Rare Earth Elements.
Trace element concentrations of the samples are in
agreement with the average upper continental crust
(UCC) with the exception of Th, Sr, K, Nb, Sr, P
and Zr [Mahanta et al., 2020, Table 1]. In the study
area Cr (average value 77.87 ppm) and V (average
value 157.72 ppm) is enriched while Ni (average
value 40.75 ppm) and Co (average value 17.78 ppm)
are depleted with respect to the average composi-
tion of the UCC. The Sr content is in the range of
25–447 ppm. Among the transitional elements (Co,
Cu, Ni, Zn, Cr), Co exhibit positive correlations
with Al2O3 (𝑟 = 0.17), TiO2 (𝑟 = 0.42), Fe2O3

(𝑟 = 0.28), MnO (𝑟 = 0.15), and negative correla-
tion with K2O (𝑟 = −0.21), CaO (𝑟 = −0.05). Cu
shows positive correlations with Al2O3 (𝑟 = 0.148),
TiO2 (𝑟 = 0.23), Fe2O3 (𝑟 = 0.023), negative cor-
relation with MnO (𝑟 = −0.05), K2O (𝑟 = −0.05)
and CaO (𝑟 = −0.08). Ni shows positive correla-
tion with TiO2 (𝑟 = 0.52), Fe2O3 (𝑟 = 0.25), MnO
(𝑟 = 0.13), Na2O (𝑟 = 0.33) and negative correla-
tion with SiO2 (𝑟 = −0.25), Al2O3 (𝑟 = −0.01) and
K2O (𝑟 = −0.36). Zn shows negative correlation
with Fe2O3 (𝑟 = −0.14), MnO (𝑟 = −0.24) and
positive correlation with other major oxides. Cr
shows negative correlation with Fe2O3, MnO, MgO
and CaO, strong positive correlation with TiO2,
Al2O3, and weak positive correlation with SiO2. Cr
shows positive correlations with Ni (𝑟 = 0.124) and
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Zn (𝑟 = 0.518). Ni shows positive correlations with
Co (𝑟 = 0.399) and Cu (𝑟 = 0.41). Co abundances
show significant positive correlation with Ni, V and
positive correlation of Sc with Ni and Al2O3 was
observed [Mahanta et al., 2020, Table 3].
The REE and Sc values in the sediments provide

reliable information on source rock due to their rel-
atively low mobility during sedimentation [Bhatia
and Crook, 1986; Rahman and Suzuki, 2007]. The
ratios of La/Sc, Th/Sc, La/Co, Th/Co, and Cr/Th
also indicate about the provenance of sedimentary
rocks and its mafic or acidic character [Cullers et
al., 1988; Cullers, 1994, 2000; Cullers and Podkovy-
rov, 2000; Rahman and Suzuki, 2007]. The values
of La/Sc, Th/Sc, La/Co, Th/Co, and Cr/Th val-
ues of the Lower Gondwana Group sandstones are
in the ranges of 0.019–6.74, 0.39–3.37, 0.07–15.4,
0.50–14.40 and 0.06–8.83 respectively [Mahanta et
al., 2020, Table 2, 4].

3.1. Discussions

It is indispensable that geochemical characteris-
tics of various modern and ancient sandstone suites
be understood in order to categorize signatures of
source rocks and tectonic settings in their composi-
tions, and to deduce the redistribution of elements
during and after deposition [Bhatia, 1983]. Con-
centration of the major oxides, trace elements and
REEs and some of the ratios were used to deci-
pher important clues regarding the provenance of
the Gondwana sandstones. The different discrimi-
nation diagrams proposed by several workers also
were used to decode the provenance and tectonic
setting as well as source area weathering.

3.1.1 Composition and Classification of
the Sandstones. From the major oxide compo-
sition of the sandstones, it was observed that SiO2

is showing negative correlation with all the ma-
jor oxides which indicate that bulk of the SiO2 is
present as free quartz. The positive correlation of
Al2O3 with K2O suggests that K-bearing minerals
have +ve influence on Al distribution and suggests
that Al and K is primarily contributed by clay min-
erals (e.g., illite) [McLennan et al., 1983]. Higher
values of K2O/Na2O ratio (average = 8.16) [Ma-
hanta et al., 2020, Table 4] indicate the presence
of K-bearing minerals such as K-feldspar, mus-
covite and biotite in the rocks [McLennan et al.,

1983; Nath et al., 2000; Osae et al., 2006]. High
content of Fe2O3 (average 6.68%) indicates that
a part of the Fe2O3 was possibly precipitated as
limonite/goethite during sedimentation and/or di-
agenesis. CaO exhibits negative correlation with
SiO2 (𝑟 = −0.36) suggesting that the carbonates
are primary rather than secondary [Feng and Ker-
rich, 1990].
From the trace element composition, following

inferences can be brought out. The abundances of
Ba (average 459.60 ppm), suggest that the concen-
trations of these trace elements are controlled by
clay minerals and mica [McLennan et al., 1993].
Ba content usually varies between 11 and 300 ppm
[Bellanca et al., 1999]. Ba is sometimes related to
clay minerals or iron oxides. Its richness in sedi-
ments can be considered as an indicator of a high
influx of biogenic material to the sediments and
also of high surface-water productivity [Dymond et
al., 1992; Schmitz, 1987]. Positive correlation of
Co with Ni (𝑟 = 0.29), and positive correlation of
Sc with Ni (𝑟 = 0.21) and Al2O3 (𝑟 = 0.19) infers
that Co and Sc are partly controlled by chlorite
and other accessory nonaluminous silicate miner-
als [Rahman and Suzuki, 2007].
According to the diagram of Herron [1986] based

on the concentration of SiO2, Al2O3 and Fe2O3, the
sandstones are classified mainly as litharenites and
wackes (Figure 2a). In the K2O–Na2O diagram of
Crook [1974], samples are plotted in the quartz rich
field (Figure 2b).

3.1.2. Provenance and Tectonic Setting.
High Values of Al2O3/TiO2 ratio (avg = 23.87)
[Mahanta et al., 2020, Table 4] of the Gondwana
sandstones indicate derivation of the detrital ma-
terial from a continental source [Fyffe and Pick-
erill, 1993]. The enriched Cr and depleted Ni in
the sandstones are suggestive of some ultramafic
source for the rocks [Rahman and Suzuki, 2007]. It
was observed that Th, P, Sm and Y are enriched
and K, Nb, Zr and Sr are depleted in the sand-
stones. Negative anomalies were observed in Rb,
Nb and Tb (Figure 3). These anomalies indicate
both cratonic and quartzose recycled sediments de-
posited in a passive margin tectonic setting [Peter-
son, 2009].
Harker diagrams were used to compare the abun-

dances of the major oxides against SiO2. The dia-
gram shows negative correlation of SiO2 with TiO2,
Al2O3, Fe2O3, MnO, MgO, CaO, Na2O and K2O
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Figure 2. A) Chemical classification of the Lower Gondwana Group sandstones (after
Herron [1986]), B) analysis of the rocks of the study area according to the richness of
quartz (after Crook [1974]).

and the decrease of these elements as SiO2 increases
indicates a passive margin average [Peterson, 2009]
for the sandstones (Figure 4).
Sandstone samples from the study area have uni-

form K/Rb ratios that lie around a typical differen-
tiated magmatic suite or main trend with a ratio of
230 (Figure 5) [Shaw, 1968]. This indicates chem-
ical coherency of the sediments and point towards
acidic and intermideiate rocks as source rocks [Rah-
man and Suzuki, 2007].
Various classifications have been proposed to dis-

Figure 3. Multi-element normalized diagram for the Gondwana sandstones, normalized
against Upper Continental Crust, (after Taylor and McLennan [1985]).

criminate sediments from various origins and tec-
tonic settings using major elements [Maynard et
al., 1982; Bhatia, 1983; Bhatia and Crook, 1986;
Roser and Korsch, 1986, 1988]. Discrimination di-
agram proposed by Bhatia [1983] include the fields
of oceanic island arc, continental island arc, active
continental margin and passive margin in the plots
of Al2O3/SiO2 versus Fe2O3 + MgO: K2O/Na2O
versus Fe2O3 + MgO: Al2O3/(CaO+Na2O) versus
Fe2O3 +MgO and TiO2 versus Fe2O3 +MgO (Fig-
ure 6a, Figure 6b, Figure 6c, Figure 6d). In these
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Figure 4. Harker diagram for major oxides in the study area.

plots, samples were plotted in no well defined field
but in overlapping fields. Most of the samples fall
in fields of continental island arc, active continen-
tal margin, and a few in passive margin fields with
much scatter. However, Peterson [2009] showed
that active continental margins as defined by Bha-
tia [1983] are not the same as continental arc and
cannot be distinguished from cratonic interior sed-

Figure 5. Distribution of K and Rb of the rocks
of the study area (after Shaw [1968]).

iments deposited on a passive margin. Though
extensively used, the plots of Bhatia [1983] could
not provide much information regarding the tec-
tonic setting in this particular study. According
to [Armstrong-Altrin and Verma, 2005], the fail-
ure of this diagram to clearly identify the tectonic
settings is due to use of average values, improper
representaion of the tectonic settings and they in-
dicated that the diagram proposed by Roser and
Korsch [1986] produce better results.
In the diagram of Roser and Korsch [1986] us-

ing log (K2O/Na2O) versus SiO2, the majority of
the sandstones samples plot in the passive margin
field (Figure 7a.) Another discriminants function
diagram proposed by Roser and Korsch [1988] to
distinguish the nature of provenance was used and
the samples dominantly represent the felsic igneous
province and some samples fall in the intermediate
igneous province (Figure 7b).
The Lanthanum-Thorium-Scandium plot of Bha-

tia and Crook [1986] can distinguish arc-derived
sediments and passive margin sediments from each
other but fails to separate active continental mar-
gin and passive margin sediments. On this diagram
(Figure 7c) most of the samples are plotted within
active and passive continental margin environment
which indicate derivation of these sediments from
a predominantly granite and granodioritic source.
Th/Sc ratio in combination with Zr/Sc ratio has

been considered a strong indicator of the prove-
nance. Th/Sc ratio is an index of fractionation of
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Figure 6. Tectonic-setting discrimination diagrams for rocks of the study area. Bound-
aries are after Bhatia [1983], a = Oceanic island arc margin, b = Continental island arc,
c = Active continental margin, d = Passive margin.

magmatic source rocks, whereas, Zr/Sc ratio is a
helpful index of zircon enrichment, because Zr is
highly enriched in zircon [McLennan et al., 1993].
Therefore, Zr/Sc ratios show the grade of rework-
ing of clastic sediments. However, increased Zr/Sc
with constant Th/Sc indicates first cycle recycling
or sediments with plutonic provenance [Roser and
Korsch, 1999; Rahman et al., 2014; Vdacny et al.,
2013]. Thus Th/Sc and Zr/Sc variation diagram
may be used to constrain sorting and recycling pro-
cesses [McLennan et al., 1993]. Th/Sc ratio< 0.8 is
an indicator of source other than the typical conti-
nental crust, probably of mafic source or input from
mature or recycled source if coupled with higher ra-
tio of Zr/Sc > 10 [McLennan et al., 1993]. Th/Sc

ratio range from 0.39 to 3.37 (average = 1.49) and
the Zr/Sc ratio range from 0.50 to 51.875 (aver-
age = 12.95) in the sandstones. When plotted in
Th/Sc Vs Zr/Sc variation diagram of McLennan et
al. [1993] (Figure 7d), it was observed that Gond-
wana sediments represents both UCC and recycled
source.
The values of La/Sc, Th/Sc, La/Co, Th/Co, and

Cr/Th values of the Lower Gondwana Group sand-
stones are more comparable to values for sediments
resultant from felsic source rocks than for mafic
source rocks (Table 2).

3.1.3. Source Area Weathering. The Che-
mical Alteration Index (CIA) proposed by Nes-
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Figure 7. A) Tectonic discrimination diagram for Gondwana sandstones, boundaries
after Roser and Korsch [1986], PM = Passive Continental Margin, ACM = Active Con-
tinental Margin, ARC=Oceanic Island Arc Margin, B) After Roser and Korsch [1988],
F1 = (–1.773 TiO2 + 0.607 Al2O3 + 0.76 (Fe2O3) – 1.5 MgO + 0.616 CaO + 0.509
Na2O – 1.224 K2O – 9.09) and F2 = (0.445 TiO2 + 0.07 Al2O3 – 0.25 (Fe2O3)t – 1.142
MgO + 0.438 CaO + 1.475 Na2O + 1.426K2O – 6.861), FIP = Felsic Igneous Province,
IIP = Intermdeiate Igneous Province, QSP= Quartzose Sedimentary Province, MIP =
Mafic Igneous Province, C) La-Th-Sc ternary plot for Gondwana sandstones. Fields are
after Bhatia and Crook [1986], a = Oceanic Island Arc, b = Continental Island Arc, c =
Active Continental Margin, d = Passive Continental Margin, D) Th/Sc – Zr/Sc variation
diagram of Gondwana sandstones indicating their source (after McLennan et al. [1993]),
UCC = Upper Continental Crust.
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Table 2. Range of Elemental Ratios of Lower Gondwana Group Sandstones Compared to Elemental
Ratios in Sediments Derived From Felsic Rocks, Mafic Rocks, and in the Upper Continental Crust

Elemental Lower Gondwana Ranges in Ranges in Upper
ratio Group sandstones sediments from sediments from Continental

(𝑛 = 33) felsic sources1 mafic sources1 Crust2

La/Sc 0.19–6.74 2.50–16.3 0.43–0.86 2.21
Th/Sc 0.39–3.37 0.84–20.5 0.05–0.22 0.79
La/Co 0.07–15.4 1.80–13.8 0.14–0.38 1.76
Th/Co 0.50–14.40 0.04–3.25 0.04–1.40 0.63
Cr/Th 0.06–8.83 4.00–15.0 25–500 7.76

Note: 1) [Cullers, 1994, 2000; Cullers and Podkovyrov, 2000; Cullers et al., 1988]. 2) [McLennan, 2001; Taylor
and McLennan, 1985].

bitt and Young [1982] was used to understand the
weathering pattern in the source area. The CIA
values for the Gondwana sandstones vary from
46.617 to 99.29, with an average 74.94 which is
above the average CIA value of UCC. It indicates
that the rocks were likely derived from the weath-
ered soil profiles. In the ternary plot much of
the data plot away from the plagioclase-K-feldspar
joining line indicating medium to high chemical
weathering during sedimentation of the basin (Fig-
ure 8a).
Th/U ratio in sedimentary rocks is of impor-

tance, as weathering and recycling result in loss of
U, leading to an increase in the Th/U ratio [McLen-
nan et al., 1993; Rahman et al., 2014]. Th/U ra-

Figure 8. A) CIA ternary diagram, Al2O3 – CaO* + Na2O – K2O (after Nesbitt and
Young [1982]), B) Th/U versus Th plot (after Taylor and McLennan [1985]).

tios in samples of the study area (25 nos) are in the
range of 7.60 to 159.54, with an average of 29.90,
indicating the derivation of these sediments from
recycled crust [Rahman et al., 2014]. The plot of
Th/U versus Th was used and similar distribution
to fine-grained sedimentary rocks as reported by
Taylor and McLennan [1985] and normal weather-
ing trend was observed (Figure 8b).

4. Conclusion

Geochemistry of the Gondwana sandstones of
Arunachal Himalayas indicate chemical coherency
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of the sediments and can be classified as litharenite-
wacke type. However, in petrography, the sand-
stones have been classified as sublith arenite. The
major oxides represent a passive continental mar-
gin average and the trace element abundance is in
concurrence with the average Upper Continental
Crust with the exception of Th, Sr, K, Nb, P and
Zr. The trace element signatures of the sandstones
also indicate felsic igneous provenance and repre-
sents both Upper Continental Crust and recycled
source. Discrimination of tectonic setting on the
basis of major elements was used and it was ob-
served that samples are falling in all the three fields,
viz. active continental margin, continental island
arc and passive margin field of the Al2O3/SiO2

versus Fe2O3 + MgO; K2O/Na2O versus Fe2O3 +
MgO; TiO2 versus Fe2O3 + MgO plots. But other
plots using log (K2O/Na2O) versus SiO2 and La-
Th-Sc concentrations indicate passive margin set-
ting for the sediments. The CIA values indicate
considerable weathering in their source areas. The
plot of Th/U ratio vs Th for the sandstone sam-
ples of the study area suggest derivation of these
sediments from recycling of the crust, however the
uniform K/Rb ratio indicate no or very little ele-
mental redistribution may be due to rapid erosion
of fast rising recycled orogens.
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