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In this paper, we, for the first time, report geochemistry of sandstone from Somanpalli Group from
Pomburna area in the Eastern Belt of Pranhita–Godavari (PG) Valley, central India and studied to infer
their provenance, intensity of paleo-weathering and depositional tectonic setting. Petrographic study
of sandstones show QFL modal composition of arenite. Chemical results show high SiO2 and CIA but
lower Al2O3,TiO2, Rb, Sr, K2O indicating mixed sources. Major elements chemistry parameters such as,
K2O/Al2O3 ratio and positive correlation of Rb with K2O, reflects a warm and humid climate for study
area. The tectonic discrimination plots (SiO2/20–K2O+Na2O–TiO2+Fe2O3+MgO; K2O/Na2O vs. SiO2;
Th–Sc–Zr/20) indicate dominantly passive margin and slight active tectonic setting. Concentrations of
Zr, Nb, Y, and Th are higher compared to the UCC values and the trends in Th/Cr, Th/Co, La/Sc
and Cr/Zr ratios support a felsic and mafic source for these sandstones and deposition in passive margin
basin. Chondrite normalized REE pattern reflects LREE depletion, negative Eu anomaly and flat HREE
similar to UCC, felsic components. ICV value (0.95) also supports tectonically quiescent passive margin
settings. CIA values (74) indicate high degree of chemical weathering and warm and humid paleoclimatic
condition.
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1. Introduction

Sedimentary rocks contain wealth of information
about the composition, tectonic setting, and evolu-
tionary growth of the early continental crusts (Tay-
lor and McLennan 1985; McLennan et al. 1993).
The original composition of weathered source rocks
has a dominant control on the makeup of ter-
rigenous sediments, and therefore, geographic and

stratigraphic variations in provenance can provide
important constraints on the tectonic evolution
of the region (e.g., Clift et al. 2000; McLennan
et al. 2003; Rahman and Suzuki 2007; Absar
et al. 2009; Absar and Sreenivas 2015; Nagara-
jan et al. 2017; Tawfik et al. 2017; Zaid 2017).
The geochemistry of clastic sedimentary rocks is
widely studied to the tectonic setting, weather-
ing, source rock compositions, provenance and
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diagenesis (Dickinson and Suczek 1979; Nesbitt
and Young 1982; Bhatia 1983; Roser and Korsch
1986; McLennan 1989; Condie 1993; Armstrong-
Altrin et al. 2004; Absar et al. 2009; Moosavirad
et al. 2011; Saeed et al. 2011; Randive 2012;
Zaid 2012, 2015; Sharma et al. 2013; Srivastava
et al. 2013; Absar and Sreenivas 2015; Absar et al.
2016; Madhavaraju et al. 2016; Nagarajan et al.
2017; Pandey and Parcha 2017; Periasamy and
Venkateshwarlu 2017; Zaid 2017).

The chemical composition of clastic sedimentary
rocks is a function of a complex relationship of
several variables, including the source rock com-
position, the extent of weathering, transportation
and diagenesis (Taylor and McLennan 1985; Bha-
tia and Cook 1986; Roser and Korsch 1986; Cullers
1995; Sun et al. 2012; Zaid 2012). Besides, the tec-
tonic setting of the sedimentary basin may play
a predominant role over other factors, because
different tectonic settings can provide different
kinds of source materials with variable chemical
signatures (e.g., Sun et al. 2012). Traditional pet-
rographic analyses reveal the processes associated
with provenance, environment of deposition and
transportation of clastic materials (Dickinson and
Suczek 1979; Ingersoll and Suczek 1979; Dickin-
son 1985). However, the framework of grains in
sandstone is liable to be modified under burial and
compaction, which can mislead the final inference.
Whereas, the precision of geochemical data enable
researchers to understand in detail the information
contained in clastic sedimentary rocks (McLennan
et al. 1993; Kroonenberg 1994; Armstrong-Altrin
et al. 2004, 2012, 2015).

The distribution of major elements in sand-
stone provides more insight on tectonic setting
in terms of discrimination diagrams when rocks
are not altered (Bhatia 1983; Roser and Korsch
1986; McLennan 1989; Nesbitt and Young 1989;
Sharma et al. 2013). Trace and rare earth ele-
ments (REE) composition of sandstone and some
elemental ratio can also reflect the provenance and
tectonic settings of sedimentary basin due to their
immobility during weathering, transportation, sed-
imentary processes and metamorphism (Holland
1978; McLennan et al. 1983; Armstrong-Altrin
and Verma 2005; Verma and Armstrong-Altrin
2013; Kassi et al. 2015; Zaid 2015; Periasamy and
Venkateshwarlu 2017).

Significant contributions have been made in
respect of the regional geology, stratigraphy, sed-
imentary facies analysis, tectonics, deformational
structures and volcanism in the Pranhita–Godavari

Valley basin of Western Belt in Telangana as
well as in Eastern Belt of Chhattisgarh–Mahara-
shtra States (Chaudhuri 1985; Chaudhuri and
Howard 1985; Sreenivasa Rao 1987; Chakraborty
1991; Chakraborty and Chaudhuri 1993; Saha and
Chaudhuri 2003; Mukharjee et al. 2007; Saha and
Deb 2014; Amarasinghe et al. 2015; Chaudhuri
et al. 2015; Rao et al. 2017). But so far, the pub-
lished literature of the aforementioned researchers,
including that of Chaudhuri et al. (2015) and Ama-
rasinghe et al. (2015), do not reflect the continuity
of Proterozoic rocks between Dhaba and Pomburna
in the Eastern Belt of the PG Valley in north-
ern extension of Somanpalli Group in Chandrapur
District of Maharashtra (figure 1A). The existence
of Proterozoic sediments in this gap area on the
eastern part of the PG Valley about 210 km from
Nagpur city in Maharashtra were reported by a
team of geologists from Geological Survey India,
Nagpur (figure 1B). However, the stratigraphic suc-
cession, depositional environment, tectonic setting
and geo-chemical signatures of the sediments is
being studied for the first time by the present
authors. The main objective of the study is to eval-
uate the major and trace element geochemistry and
petro-fabric analysis of newly reported sandstones
in order to decipher their provenance, tectonic set-
ting and weathering conditions prevailing in the
provenance.

2. Geological outline of PG Valley

The Pranhita–Godavari (PG) Valley of central
India preserves records of repeated opening and
closing of Proterozoic and Gondwana rifts along
the zone of NW–SE trending Neo-Archaean suture
between the Dharwar and Bastar cratonic nuclei
(figure 1A) (Naqvi and Rogers 1987). The PG
Valley, constituting an important part of Purana
basin in the southern part of the Indian Penin-
sula, has received considerable attention in recent
years. The PG Valley covers parts of erstwhile
Andhra Pradesh, Maharashtra and Bastar region
of Chhattisgarh, formed along a tectonic join
between the Dharwar and Bastar cratons (Naqvi
and Rogers 1987; Chaudhuri et al. 1989; Saha
and Deb 2014), following the general orientation
of the Godavari river valley and preserves a thick
succession of Mesoproterozoic to Neoproterozoic
sedimentary rocks unconformably overlying the
Archaean–Palaeoproterozoic basement. The PG
Valley is a 450 km NW–SE trending major lin-
eament, comprising basin-filled sedimentary rocks
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Figure 1. (A) Generalized regional geological map of the Pranhita–Godavari Valley modified after Chaudhuri et al. (2015)
and Amarasinghe et al. (2015) showing distribution of the Purana sequences and Permian Mesozoic Gondwana Supergroup
occurs along the join of the Bastar and Dharwar cratons. (B) Location map of Pomburna area in the Eastern Belt of PG
Valley, central India, after Naqvi and Rogers (1987).

and extending from the Eastern Ghats Granulite
Belt (EGGB) in the SE to the Central Indian Tec-
tonic Zone (CITZ) in the NW. The average width
of the exposed rock succession of the PG Valley
is about 110 km. The basin is generally referred
to as the Godavari basin and constitutes the
most important Proterozoic rift basin in the South
Indian craton (Basumallick 1967), though there are
dissenting views (Sreenivasa Rao 1987).

The Proterozoic rocks of the PG Valley rep-
resent almost a complete succession between the
Archaean granitic basement and the Palaeozoic
to Mesozoic Gondwana rocks (table 1). The

depositional contacts between the basement and
the Proterozoic succession, as well as the individual
lithological units of Gondwana, are broadly linear
and follow the NW–SE trend of the valley. The
Purana rocks crop out in two NW–SE trending lin-
ear belts along the SW margin (Western Belt) and
NE margin (Eastern Belt) of the valley. The SW
margin of the Western Belt is bounded by granites
and granulites of the Karimnagar Granulite Belt
with a peak metamorphism age of ca. 2600 Ma,
whereas the NE margin of the Eastern Belt is
delineated by the Bhopalpatnam Granulite Belt
with a peak metamorphism age of ca. 1600 Ma
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Table 1. Stratigraphy of the PG Valley after Basumallick (1967), Srinivasa Rao et al. (1979), Saha and Ghosh (1998) and
Chaudhuri et al. (2012).

(Rajesham et al. 1993; Santosh et al. 2004)
(figure 1A). The Eastern Belt occurs as a fault-
slice, bounded by two major NW–SE trending
faults. The faults separate the Purana outcrops
from the Gondwana succession in the west, and
from the Bhopalpatnam Granulite Belt on the east
and merge near Cherla in the SE and the Bijjur–
Devalmari area in the NW (figure 1B) (Saha and
Ghosh 1998; Chaudhuri et al. 2015), named as
Somanpalli Group. Glauconite from the Soman-
palli Group in the Eastern Belt of the Pranhita–
Godavari Valley gave an age of 1620±6 Ma (Conrad
et al. 2011). This belt is much less studied as
compared to the Western Belt, and majority of
the attempts were focused on the classification
of the succession in the Albaka plateau in the
southern part of the belt (Srinivasa Rao et al.
1979). The present study area is confined to cen-
tral part of Eastern Belt in the northern extension
of Somanpalli Group in Pomburna area of Chan-
drapur District of Maharashtra (figure 1A and
table 1).

2.1 Geology of the Dhaba–Pomburna area

The study area comprises of 1000–1500 m
thick deformed and undeformed Proterozoic

sedimentary sequence, exposed over 20 km
strike length, between Pomburna and Dhaba
outlines bounded by Archaean basement rocks in
the east and fault controlled linear Gondwana
rocks in the west (figure 2A). The Archaean
rocks exposed in the east include hornblende-
gneiss, quartzo-feldspathic gneiss, charnockite,
meta-pyroxenite and gabbro intruded by unde-
formed Mesoproterzoic granite (Sashidharan and
Ganvir 2004; Mukharjee et al. 2007; Sashidha-
ran 2007; Dora 2012; Dora and Randive 2015;
Rao et al. 2017). Sedimentary sequences are
similar to Devalmari and Somanpalli Groups,
and comprise a cyclic arenite-pelite-carbonate
association, exposed near Dongargaon, Gondpipri,
Gojoli, Dubarpet, Chintal Dhaba, Kimara,
Dewada Khurd, Dongarhaldi and Jam Tukum
(figure 2A).

A sequence of siliciclastic with preserved thick-
ness of 300 m at the south-eastern extremity of the
Eastern Belt with a basal phyllite and conglomer-
ate grading up to quartz-arenite and subordinate
dolomitic limestone, occurs in a fault bounded
outcrops near Dongargaon (figures 2A and 3A–
B). This lithological assemblage looks similar to
that of the Cherla Formation (Srinivasa Rao et al.
1979) and Devalmari Group (Chaudhuri et al.
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Figure 2. (A) Geological map of the Pomburna–Dhaba area of a portion of Eastern Belt of PG Valley, along the western
margin of Bastar craton, central India (modified after Dora 2012). (B) Lithologic column of Bodela Vagu Formation of
Somanpalli Group along borehole no. DPG 13 at Dubarpet Cu deposit.

2012) in eastern(?) and western(?) extension of
type area of Somanpalli Group (Saha and Ghosh
1998), respectively. The sequence is overlain by
rocks carbonates in lower horizon, arenaceous–
argillaceous in middle and arenaceous in the upper
part (Saha and Ghosh 1998). The Carbonate sedi-
ments have strong similarities to the Bodela Vagu
Formation of Somanapalli Group with lithologi-
cal association of argillaceous limestone, dolomitic
limestone and dolomite breccia exposed near Gojoli
village south of Gondpipari (figures 2B and 3C–
D). This sequence is overlain by limestone-shale
near Kimara (figure 3E). However, the detailed
stratigraphic description is beyond the scope of this
paper.

The present study is confined to middle and
upper sequence of the Somanpalli Group, com-
prising of sandstone, limestone and shale, exposed
between Duberpeth in south and Naleswar Khurd
in the north, occurring unconformably over Pro-
terozoic granite (figure 3F), similar to Somnur and

Po Gutta Formation (table 1). Quartz rich, well
sorted sandstones, cross-bedded and ferruginous
at places is the dominant lithologies exposed in
upper sequence near Jamtukum, Naleswar Tukum,
which is considered as belong to Po Gutta Forma-
tion. Thickness of the sediments varies from 500
to 800 m. At places, pebbly horizon in the mas-
sive sandstone indicate the deposition of sediments
in a tectonically unstable environment. Various
primary sedimentary structures like planar, trough
and herringbone cross stratification and ripple
marks (figure 3G and H) are observed in the study
area. Rip-up clasts are also present in purple sand-
stones, indicating interruptions in deposition with
periods of erosion due to sea level fluctuations.
Facies analysis in this area suggests that these
deposits belong to a tidal flat depositional environ-
ment. The sandstone beds are intensely fractured
and show evidences of malachite, bornite stains,
and at places, filled by secondary calcite veins and
barite veins.
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Figure 2. (Continued.)

3. Material and analytical methods

Field investigations were carried out on the
sandstone members of Somanpalli Group in Pom-
burna area to examine their spatial distribution,
variation in composition and nature of basement.
A few key areas were also mapped in 1:5000;
12,500 and 25,000 scale (Mukharjee et al. 2007;
Mahapatra et al. 2010; Dora 2012). Fresh represen-
tative sandstone samples (4–5 kg) were collected
from the study area, i.e., Dongargaon, Chintald-
haba, Pomburna, DewadaKhurd, Jam Tukum and
Dongarhaldi (figure 2) from outcrops, quarry sec-
tions and drill cores from Dubarpet. One part of
each sample is used for preparation of thin section

and the other part was powdered into − 120 mesh
by using an agate mortar for chemical analysis.
Modal analyses of the samples are carried out
by conventional grain counting method. About
225–385 grains are counted for 12 numbers of
thin sections. A total of 15 samples were con-
sidered for geochemical analysis. Thin sections of
fresh, medium to coarse grained sandstone sam-
ples, collected from the fresh exposed sections. The
chemical analyses were carried out for major, trace
and REE at Chemical Division, Geological Sur-
vey of India, Nagpur. Major oxide and few trace
elements data were analyzed using Wave Length
Dispersive XRF system (XRF-2424, MAGIXS from
M/S Pan Analytical, Netherlands). Major and
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Figure 3. Outcrop features of the Devalamari and Somanpalli Group along Eastern Belt of PG Valley along western margin of
Bastar craton, central India. (A–B) General view of the deformed sandstone along with folded intraformational conglomerate
in the vicinity of near Dongargaon village and the locally faulted boundary with Bodela Vagu Formation of Somanpalli,
(C–D) brecciated limestone of lower sequence of Bodela Vagu Formation west of Dongargaon hill, (E) highly jointed shale
exposed near Chintaldhaba, (F) unconformable contact between purple sandstones of Proterozoic with Mesoproterozoic
granite exposed NW of Naleswar Tukum, (G–H) purple sandstones with steep bed and symmetric as well as branching
ripples near Naleswar Khurd.
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trace elements were analysed using pressed powder
pellet mode of sample preparation and the analyt-
ical accuracy is better than ±0.5%. The total iron
is expressed as Fe2O3. The major and trace ele-
ment data were not recalculated to 100% because
of loss of ignition is very less <1.25%. The concen-
trations of trace elements, such as Cu, Pb, Zn, Ag,
Cr, Ni and Co, were determined by Atomic Absorp-
tion Spectrometry (AAS) (Spectra 220-FS) at
Chemical Laboratory, GSI, Nagpur. Plasma Mass
Spectrometry (ICP-MS; Elan DRC-e Perkin Elmer
SCIEX, AH16901006) was used to acquire REE
data. The details of techniques, procedure, preci-
sion and accuracy of these analyses are described
in Standard Operating Procedure (SOP) (http://
www.portal.gsi.gov.in). Trace and REE data were
normalized to chondrite values and Upper Con-
tinental Crust (UCC) of Taylor and McLennan
(1985) and Sun and McDonough (1989).

4. Results

4.1 Sandstone petrography

The petrographic study revealed that the sand-
stones are characterized by fine to coarse grained
detrital quartz, well sorted and sub-matured with
fair amount of ferruginous and siliceous matrix.
Occasional purple-red colouration is attributed to
iron oxide pigmentation during diagenesis. Round-
ness of grains and maturity of sandstone increases
towards upper horizons in the same section. The
framework grains of sandstones are made of mono-
crystalline quartz (Qm), polycrystalline quartz
(Qp), undulatory monocrystalline quartz (Qu), K-
feldspar, plagioclase and lithic fragments.

Quartz is predominant detrital grains and is of
strained, unstrained and polycrystalline varieties
with high Qm/Qp ratio. Quartz is sub-rounded
to sub-angular with mechanical fractures (fig-
ure 4A–D) and on an average monocrystalline
quartz (85–87%) dominates over polycrystalline
quartz (5–10%) (figure 4E–F). Sub-rounded to
sub-angular feldspars (both plagioclase and K-
feldspar) are present in considerable amount. K-
feldspar is altered and show mainly cross-hatched
twinning (microcline), at places with subordi-
nate orthoclase and plagioclase (figure 4E and
G). Plagioclase shows polysynthetic twinning at
places, on an average lithic fragments in the
samples comprise of 5–7% of the modal per-
centage. The sandstones are cemented with both

siliceous and ferruginous cement (figure 4F).
Overall fining in grain size and increase in
textural maturity is observed in up-section direc-
tion. For instance, the basal portion of sandstone
is gritty and poorly sorted, showing large range
in size of framework grains (0.08–0.6 mm, some-
times reaching up to 8 mm) of sub-angular to
angular quartz passing upward to medium- to
coarse-grained at places. Roundness and sorting
increase upwards, with concomitant reduction in
size of feldspars compared to quartz. The member
successively becomes a well sorted medium to
coarse-grained sub-arkose and quartz arenite
consisting of rounded to sub-rounded grains of
quartz with little feldspar (table 2). Quartzite at
Dongargaon and Jam Tukumis often deformed with
the development of sutured contacts and at places,
parallel alignment of elongated quartz grains.

The dominant accessory heavy minerals are
mainly opaque minerals (ilmenite, magnetite and
hematite). The non-opaque minerals include zircon
and tourmaline (figure 4G and H). The modal per-
centage of quartz, feldspar and lithic fragments
from the studied samples are mono- and poly-
crystalline quartz (85–87%), alkali feldspar (5–
10%, mostly K-feldspar and microcline), and lithic
fragments (5–7%). According to their mineral com-
positions, these sandstones can be classified as
quartz arenite and sub-arkose in QFL diagram (fig-
ure 5A), and also plotted in continental-recycled
orogen provenance (figure 5B) of Dickinson (1985).

4.2 Geochemistry

The major and trace element concentrations of
sandstones of the Somanpalli Group from six
locations are presented in tables 2–4, respectively
and sample locations are given in figure 2. For
comparison in elemental abundances, average
values of Upper Continental Crust (UCC)
after McLennan (2001) and Taylor and McLennan
(1985) are included as a reference. Using the geo-
chemical classification scheme of Blatt et al. (1972),
the sandstones of Pomburna area are classified as
albitized sandstones (figure 5C).

4.2.1 Major oxides

The sandstone contains high concentration of SiO2

(83.58 to 90.75%; average 88%) and Al2O3 con-
tent (ranging from 3.29 to 7.96% and averaging
5.6%, table 3). The Al2O3/SiO2 ratio ranges from
0.03 to 0.08 with an average of 0.06, which is lower

http://www.portal.gsi.gov.in
http://www.portal.gsi.gov.in
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Figure 4. Photomicrographs of sandstones from Pomburna area, Somanpalli Group showing (A–H) Quartz arenite with
monocrystalline quartz (Qm), polycrystalline quartz (Qp), undulose quartz (Qu), K-feldspar (Kf), and iron cement under
PPL; Quartz arenite show subrounded mono-crystalline quartz (Qm), and fresh K-feldspar (Kf), Quartz arenite with large
size grains of monocrystalline quartz (Qm) showing mechanical fracture, Sandstone showing at places zircon and tourmaline
heavies.

as compared to the UCC average (0.23) (table 3).
This reflects the quartz enrichment and moder-
ately mature nature of these sandstones, as was
seen in the petrographic analysis. Plot of major

elements vs. SiO2 content on a Harker Diagram
(figure 6A–F) illustrates the overall limited vari-
ation in major element geochemistry within the
sandstones. Very strong to strong negative linear



90 Page 10 of 27 J. Earth Syst. Sci. (2018) 127:90

Table 2. Detrital modes of 11 selected samples from Pom-
burna sandstones, Eastern Belt, PG Valley.

Sl. Sample Framework grains

no. no. Qp and Qm F L Sum

1 GP4JU-1 330 45 9 384

2 GP4JU-2 236 30 12 278

3 GP4JU-3 262 15 9 286

4 GP4JU-4 240 19 4 263

5 GP4JU-5 335 48 12 395

6 GP4JU-7 268 19 11 298

7 GP4JU-10 196 16 13 225

8 GP4JU-14 260 30 20 310

9 GP4JU-12 220 20 10 250

10 GP4JU-15 300 33 10 343

11 GP4JU-17 200 20 10 230

Average, n = 11 258.8 26.8 10.9 296.54

correlation of SiO2 with the main major (Al2O3,
Fe2O3, K2O, TiO2) and trace elements (Cr, Rb,
Ba, V, Ga) is attributed to sedimentary sorting
and concentration of these elements in the clay
fraction in Al-rich sediments, i.e., illite, which are
depleted in quartz. The K2O and Rb contents
in terrigenous sediments are sensitive to sedimen-
tary recycling processes and have been widely used
as indicators for source composition (Armstrong-
Altrin et al. 2012; Tao et al. 2013). This K/Rb
ratio is higher showing positive correlation along
with Rb/Al2O3.

The K2O/Al2O3 ratios can be used to define
the original composition of ancient sediments
(Ramachandran et al. 2016). According to earlier
researchers, the K2O/Al2O3 ratio for clay miner-
als ranges from 0.1 to 0.3 and for feldspars range
between 0.3 and 0.9. In the present study, the
K2O/Al2O3 ratio ranges between 0.01 and 0.30,
suggests that the rocks contain presence of minor
clay minerals like illite. Sandstone samples reflect
highest SiO2 and low Al2O3, which further sug-
gests presence of quartz and absence of Al-bearing
mineral (Nagarajan et al. 2007). Sandstones, on
an average, are slightly enriched in SiO2 (tables 1
and 2) in comparison with UCC data (McLennan
2001; Taylor and McLennan 1985), whereas aver-
age Fe2O3 (2.6%) and MgO (0.23%) are very less
compared to UCC (5.03 and 2.20%, respectively)
(tables 3 and 4).

The sandstones are greatly depleted in Al2O3

and TiO2, and slightly depleted in Na2O and K2O
relative to UCC. These differences might be due
to quartz dilution related abundance of mono-
and poly-crystalline detrital quartz grains. On the

Al2O3/TiO2 vs. SiO2 adjacent plot of Le Bas et al.
(1986) show that samples of Pomburna sandstone
are felsic in composition (figure 7A).

4.2.2 Trace elements

Trace element concentrations of sandstone samples
from Pomburna area are analysed and presented

Figure 5. (A–B) QFL diagrams showing the mineralogical
classification of the Pomburna sandstones (provenance fields
after Dickinson 1985). (C) Chemical classification of trian-
gular plot showing ferromagnesian Na-sandstone field after
Blatt et al. (1972).



J. Earth Syst. Sci. (2018) 127:90 Page 11 of 27 90

T
a
b
le

3
.

M
a
jo

r
el

em
en

ts
a
n
a
ly

se
s

(o
xi

d
es

in
%

)
o
f
sa

n
d
st

o
n
e

fr
o
m

P
o
m

bu
rn

a
a
re

a
,
E
a
st

er
n

B
el

t,
P
G

V
a
ll
ey

.

S
l.

n
o
.

1
2

4
5

6
7

8
9

1
0

1
1

1
2

1
3

1
4

1
5

*

S
a
m

p
le

n
o
.

B
/
1

B
/
2

B
/
5

B
/
9

G
P

1
0

G
P

-8
G

P
-6

G
P

/
4

G
P

/
2

G
P

/
1

G
P

/
9

G
P

/
7

G
P

/
5

G
P

/
3

U
C

C

R
o
ck

ty
p
e

S
a
n
d
st

o
n
es

S
iO

2
8
9
.4

9
8
7
.3

4
8
9
.5

3
8
6
.8

2
8
3
.5

8
8
9
.6

9
8
6
.0

8
8
8
.4

7
8
8
.7

9
8
9
.7

7
8
8
.4

6
9
0
.2

9
0
.7

5
8
4
.6

9
6
6
.6

A
l 2

O
3

5
.3

5
7
.6

5
.2

7
.2

6
6
.8

8
4
.7

2
7
.9

6
4
.0

1
6
.6

8
5
.1

3
5
.1

5
3
.2

9
3
.6

5
6
.2

7
1
5
.4

F
e 2

O
3

0
.6

5
1
.3

1
0
.8

8
3
.2

8
4
.6

2
1
.9

5
2
.7

1
5
.7

9
0
.5

8
0
.5

3
.5

3
3
.5

6
1
.4

9
6
.4

6
5
.6

C
a
O

0
.1

5
0
.1

5
0
.5

9
0
.1

5
1
.0

3
0
.1

5
0
.1

5
0
.1

5
0
.1

5
0
.1

5
0
.1

5
0
.1

5
0
.1

5
0
.1

5
3
.5

9

M
g
O

0
.3

4
0
.3

4
0
.4

6
0
.1

5
0
.6

8
0
.1

1
0
.2

0
.1

0
.1

0
.3

3
0
.1

4
0
.1

0
.1

0
.1

2
.4

8

N
a
2
O

1
.0

6
1
.0

1
1
.1

1
0
.9

3
0
.9

4
1
.0

3
0
.9

8
1
.0

1
1
.0

3
1
.0

7
1
.0

1
1
.0

6
1
.0

9
1
.0

4
3
.2

7

K
2
O

0
.8

6
2
.6

6
1
.6

9
0
.5

1
1
.0

5
0
.3

8
0
.5

7
0
.0

7
0
.0

5
1
.9

6
0
.3

7
0
.0

6
0
.0

5
0
.0

5
2
.8

T
iO

2
0
.1

0
.1

1
0
.0

5
0
.2

3
0
.0

5
0
.1

6
0
.2

5
0
.1

0
.1

0
.1

0
.8

6
0
.1

0
.1

0
.1

1
0
.6

4

P
2
O

5
0
.0

8
0
.0

4
0
.0

5
0
.0

7
1
.0

9
0
.0

4
0
.0

4
0
.0

3
0
.0

4
0
.0

3
0
.0

6
0
.0

4
0
.0

3
0
.0

3
0
.1

5

M
n
O

0
.0

2
0
.0

2
0
.0

2
2

0
.0

2
0
.0

2
0
.0

2
0
.0

2
0
.0

2
0
.0

2
0
.0

2
0
.0

2
0
.0

2
0
.0

2
0
.0

2
0
.1

L
O

I
0
.6

4
0
.7

8
0
.7

3
1
.1

5
1
.0

1
0
.4

9
1
.2

5
0
.3

8
1
.2

9
0
.2

5
0
.7

3
0
.2

3
0
.3

1
.6

6
–

T
o
ta

l
9
9

1
0
1

1
0
0

1
0
0

1
0
0

9
9

1
0
0

1
0
0

9
9

9
9

1
0
0

9
9

9
8

1
0
0

W
IP

6
1
3

5
9
9

6
4
9

5
3
5

5
4
7

5
9
1

5
6
5

5
7
8

5
8
9

6
2
7

5
8
0

6
0
6

6
2
3

5
9
5

C
IA

7
2
.1

6
6
.5

5
6
0
.5

4
8
2
.0

3
6
9
.4

9
7
5
.1

6
8
2
.4

0
7
6
.5

3
8
4
.4

5
6
1
.7

3
7
7
.1

0
7
2
.1

5
7
3
.8

9
8
3
.4

9

C
IW

8
1
.5

5
8
6
.7

6
7
5
.3

6
8
7
.0

5
7
7
.7

4
8
0
.0

0
8
7
.5

7
7
7
.5

6
8
4
.9

9
8
0
.7

9
8
1
.6

2
7
3
.1

1
7
4
.6

4
8
4
.0

5

P
IA

7
8
.7

7
8
0
.9

8
6
7
.3

7
8
6
.2

1
7
4
.7

4
7
8
.6

2
8
6
.7

4
7
7
.2

5
8
4
.8

9
7
2
.2

1
8
0
.4

7
7
2
.7

5
7
4
.3

8
8
3
.9

4

IC
V

0
.5

9
0
.7

4
0
.9

2
0
.7

3
1
.2

2
0
.8

1
0
.6

1
1
.8

1
0
.3

0
0
.8

1
1
.1

8
1
.5

3
0
.8

2
1
.2

6

U
C

C
:

A
v
er

a
g
e

U
p
p
er

C
o
n
ti

n
en

ta
l

C
ru

st
(T

ay
lo

r
a
n
d

M
cL

en
n
a
n

1
9
8
5
),

W
IP

:
W

ea
th

er
in

g
In

d
ex

P
a
rk

er
,

C
IA

:
ch

em
ic

a
l

in
d
ex

o
f

a
lt

er
a
ti

o
n
,

C
IW

:
ch

em
ic

a
l

in
d
ex

o
f

w
ea

th
er

in
g
,
P

IA
:
p
la

g
io

cl
a
se

in
d
ex

o
f
a
lt

er
a
ti

o
n
,
IC

V
:
in

d
ex

o
f
co

m
p
o
si

ti
o
n
a
l
va

ri
a
b
il
it
y.



90 Page 12 of 27 J. Earth Syst. Sci. (2018) 127:90
T
a
b
le

4
.

T
ra

ce
a
n
d

ra
re

ea
rt

h
el

em
en

ts
(p

p
m

)
a
n
a
ly

se
s

o
f
sa

n
d
st

o
n
e

fr
o
m

P
o
m

bu
rn

a
a
re

a
,
E
a
st

er
n

B
el

t,
P
G

V
a
ll
ey

.

S
l.

n
o
.

1
2

4
5

6
7

8
9

1
0

1
1

1
2

1
3

1
4

1
5

1
6

S
a
m

p
le

n
o
.

B
/
1

B
/
2

B
/
5

B
/
9

G
P

1
0

G
P

-8
G

P
-6

G
P

/
4

G
P

/
2

G
P

/
1

G
P

/
9

G
P

/
7

G
P

/
5

G
P

/
3

U
C

C

R
o
ck

ty
p
e

S
a
n
d
st

o
n
e

B
a

5
0

1
9
2

2
0
9

2
5

2
5

2
5

2
2
8

2
0
6

2
5

6
8
1

2
5

2
0
2

2
5

3
9
1

6
8
2

G
a

2
.5

5
5

5
5

5
7

5
5

5
5

5
5

5
–

R
b

3
4

6
3

3
6

2
9

5
0

2
6

3
7

1
8

1
5

5
3

2
5

1
9

1
6

1
8

8
2

S
r

8
1
4

1
5

9
1
5

8
1
3

1
2

1
2

3
2

8
1
3

8
2
0

3
2
0

V
5

2
6

1
0

2
0

2
5

1
0

2
5

2
1

1
0

1
0

3
2

2
8

1
0

2
1

9
7

Y
1
8

1
6

2
3

4
7

3
3

1
9

2
2

1
6

1
7

1
4

1
1
2

1
7

2
4

2
8

2
1

Z
r

8
5

7
2

8
4

7
5
4

5
7

1
9
9

1
5
9

4
1

6
3

3
5

2
5
2
5

4
9

1
7
3

7
2

1
9
3

C
u

1
5

1
0

3
0

1
0

5
5

1
0

5
1
0

5
1
0

5
1
0

1
0

2
8

P
b

1
0

5
2
0

1
0

5
5

1
0

5
1
5

1
5

1
5

1
5

1
0

5
1
7

Z
n

4
5

3
0

8
0

3
0

3
0

2
0

2
0

4
0

2
0

2
0

2
0

6
0

2
0

3
0

6
7

N
i

1
0

5
1
0

5
1
0

5
5

5
1
0

5
5

5
5

5
4
7

C
o

4
0

2
5

4
5

3
0

5
5

5
5

5
5

5
5

5
5

1
7
.3

C
r

4
0

3
0

3
5

3
5

4
0

3
0

3
0

3
5

2
5

3
5

4
0

3
5

5
0

3
0

9
2

B
e

0
.5

2
8

0
.1

5
0
.1

5
0
.5

3
1

0
.6

6
4

0
.1

5
0
.1

5
0
.4

0
.1

5
0
.1

5
0
.1

5
0
.5

8
2

0
.4

7
6

0
.1

5
–

S
c

1
3
.9

0
1
1
.5

4
4

1
0
.6

7
3

9
.5

6
6

8
.3

8
8

9
.3

9
1

8
.3

0
9

9
.5

6
6

8
.9

3
6

8
.0

5
2

7
.7

5
5

8
.2

7
8
.2

2
7
.8

4
1

1
4

G
e

1
.0

2
8

0
.9

9
2

1
.2

6
1

0
.7

7
7

1
.2

5
7

1
.1

4
1

1
.2

4
6

0
.8

3
7

1
.3

2
4

0
.7

5
1
.1

5
3

0
.8

0
2

1
.4

9
6

1
.7

0
3

–

N
b

5
.6

8
1

3
.4

2
9

3
.9

3
7

8
.7

5
4

3
.2

1
7

4
.9

6
4

6
.5

6
8

3
.7

1
4

2
.6

5
2

0
.9

8
5

3
9
.0

2
1
.2

8
6

3
.0

0
4

4
.1

5
5

–

L
a

1
9
.3

8
3

1
2
.2

3
2

7
.8

4
1
4
.9

5
6

9
.4

4
7

9
.5

2
4

2
4
.3

7
5

5
.4

0
1

1
3
.6

5
6

1
.5

8
6

3
3
.7

9
3

6
.0

2
2

3
.9

0
5

5
.5

4
9

3
1

C
e

3
6
.5

1
9

2
1
.2

7
3

1
3
.6

9
5

2
7
.8

0
9

2
1
.0

5
6

1
4
.3

2
5

4
2
.5

9
4

1
1
.7

5
5

2
3
.5

8
1

3
.3

9
4

6
8
.7

4
5

1
0
.5

4
1

7
.2

8
2

1
4
.3

7
6

6
3

P
r

4
.1

2
3

2
.2

9
9

1
.8

9
3

2
.8

8
7

2
.7

9
1
.4

5
3

4
.9

8
1
.3

1
4

3
.3

0
1

0
.3

9
5

7
.9

6
4

1
.1

3
9

0
.7

1
5

1
.5

6
5

7
.1

N
d

1
3
.5

0
6

7
.1

8
8

6
.5

2
1
0
.1

0
7

1
4
.2

1
3

4
.3

2
5

1
7
.0

8
6

4
.7

8
9

1
0
.2

6
3

1
.3

3
7

2
8
.8

2
4

3
.9

8
3

2
.6

6
6

5
.6

2
5

2
7

E
u

0
.5

5
7

0
.3

8
3

0
.4

9
6

0
.6

3
8

1
.8

5
5

0
.1

6
4

0
.5

5
1

0
.1

8
7

0
.2

6
1

0
.2

3
3

2
.2

5
3

0
.2

0
8

0
.2

2
9

0
.5

3
9

1

S
m

2
.3

6
8

1
.3

0
5

1
.7

2
2

2
.6

0
5

7
.4

9
6

0
.7

4
5

2
.9

6
9

0
.9

9
1
.3

7
3

0
.7

0
3

8
.1

1
1

0
.8

6
9

0
.9

1
8

2
.0

7
2

4
.7

T
b

0
.3

9
2

0
.2

7
8

0
.3

5
7

0
.6

7
2

0
.9

8
5

0
.1

4
2

0
.2

8
2

0
.1

1
8

0
.1

6
1

0
.0

4
9

2
.1

4
5

0
.1

1
1

0
.2

1
1

0
.3

3
5

0
.7

G
d

1
.7

2
2

1
.0

5
7

1
.5

1
1

3
.6

2
9

8
.3

1
9

0
.7

2
9

2
.0

7
4

0
.7

3
2

1
.0

4
6

0
.2

9
6

1
2
.6

9
3

0
.7

2
7

1
.1

7
8

1
.5

4
4

D
y

1
.2

8
1

1
.1

2
1
.6

1
4
.4

8
4

4
.5

9
8

0
.8

7
6

1
.4

6
6

0
.6

0
9

0
.9

0
2

0
.3

0
2

1
2
.4

6
9

0
.7

9
4

1
.4

2
4

2
.3

3
3
.9

H
o

0
.3

8
2

0
.3

1
6

0
.4

1
3

0
.8

6
9

0
.7

0
7

0
.1

8
9

0
.2

8
4

0
.1

2
8

0
.1

7
4

0
.0

7
2

2
.2

6
9

0
.1

6
1

0
.2

8
2

0
.4

8
4

0
.8

3

E
r

0
.7

3
3

0
.6

8
0
.9

4
6

2
.6

6
3

1
.7

5
2

0
.6

0
4

0
.9

3
1

0
.3

2
3

0
.5

1
1

0
.1

8
6

6
.2

8
2

0
.5

1
2

0
.8

0
5

1
.5

6
5

2
.3

T
m

0
.2

9
3

0
.2

2
8

0
.2

8
3

0
.4

3
7

0
.2

2
5

0
.1

0
4

0
.1

6
2

0
.0

5
1

0
.0

7
7

0
.0

3
2

0
.9

3
3

0
.0

8
2

0
.1

2
4

0
.2

8
1

0
.3

Y
b

0
.8

0
9

0
.6

8
3

0
.9

3
7

2
.8

7
1
.4

0
8

0
.7

2
4

1
.1

3
8

0
.3

3
6

0
.5

2
8

0
.2

1
2

6
.3

1
5

0
.5

0
9

0
.8

0
3

1
.8

3
9

2

L
u

0
.2

9
4

0
.2

2
0
.2

8
0
.4

8
0
.2

0
2

0
.1

1
4

0
.1

8
8

0
.0

6
0
.0

8
5

0
.0

3
8

1
.1

2
4

0
.0

8
7

0
.1

2
7

0
.2

8
9

0
.3

1

H
f

3
.6

5
8

3
.2

6
3

3
.6

8
2

2
4
.1

9
7

2
.3

9
5

8
.1

0
9

5
.6

9
7

1
.5

8
3

2
.4

7
5

1
.4

1
5

9
6
.9

7
7

1
.9

9
7

6
.7

9
5

2
.2

3
5

5
.3

T
a

0
.2

6
1

0
.1

0
.5

3
2

0
.6

1
9

0
.1

0
.1

0
.4

3
9

0
.1

0
.1

0
.1

3
.2

6
6

0
.1

0
.1

0
.4

0
7

–

T
h

8
.7

1
3

5
.8

7
4

2
3
.0

9
9

2
6
.4

1
4

5
.9

6
2

6
.1

9
3

9
.2

8
6

4
.7

6
4

4
.4

7
1

1
.5

3
9

1
3
4
.8

3
4
.3

7
3

9
.7

1
7

7
.8

2
8

1
0
.5

U
1
.0

6
5

1
.1

9
5

1
.5

0
5

5
.2

2
7

2
.4

0
8

1
.2

3
1

1
.6

6
4

1
.0

0
3

0
.6

7
9

0
.5

1
1
.8

8
4

0
.8

4
4

1
.1

6
1

1
.2

5
4

2
.7



J. Earth Syst. Sci. (2018) 127:90 Page 13 of 27 90

Figure 6. Harker variations diagram for Pomburna sandstone (A–F) variation of SiO2 vs. all major oxides showing positive
and negative correlations.

in tables 4 and 5. The distribution of trace
elements in all the analyzed sandstone samples dis-
play relatively similar pattern normalized to UCC
with depletion and enrichment of certain elements.
The large-ion lithophile elements (LILE), such as
Rb, Sr, Cs, Ba, Th, and U, are compared with
UCC in which the Rb (15–63 ppm, n = 14),
Sr (8–32 ppm, n = 14) are slightly depleted in
all sandstone types with minor enrichment of Th
(4.37–134.83 ppm, n = 14) and U (0.67–11.88
ppm, n = 14) in sandstone. The Ba (25–681 ppm,
n = 14) concentrations in the sandstones are
lower than in UCC, except one value. The LILE,
i.e., Rb, Sr, and U are showing low positive cor-
relation coefficient (r = 0.49, 0.087, and 0.079,
respectively), Ba and Th are showing low nega-
tive correlation coefficient (r = −0.036 and −0.050,
respectively) with Al2O3. The Rb/Sr ratios of the

Pomburna sandstones (2.34) are higher than the
average post-Archaean Australian shale (0.80; Tay-
lor and McLennan 1985). On the La/Sc vs. Th/Co
and La/Th vs. Hf bivarite diagram, sandstone of
area plot near to silicic rock provenance composi-
tion (figure 7B and C; Floyd and Leveridge 1987).
The distributions of trace elements Th and U in
sandstones show slight enrichment and Sr, Ba show
depletion as compared to UCC (figure 9A).

The concentrations of Zr, and Nb (high-field
strength elements, HFSE) are relatively lower com-
pared to UCC, whereas Hf and Y are higher than
UCC (table 4). Among HFSE, Zr (avg. = 312 ppm)
and Hf (avg. = 29 ppm) are enriched in sand-
stones. Overall ratio of Zr/Hf (22.0–32.2) (table 3)
suggests presence of heavy minerals in the stud-
ied samples, confirmed by petrography study. The
correlation of Zr with Hf (0.99) suggests that these
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Figure 7. Bivariate plot of major and trace elements of
Pomburna sandstones showing nature of felsic source and
provenance: (A) Al2O3/TiO2 vs. SiO2 adj after Le Bas et al.
(1986). (B) La/Sc vs. Th/Co after Cullers (2002). (C) La/Th
vs. Hf diagrams after Floyd and Leveridge (1987).

elements are primarily controlled by zircon showing
trend 2 in figure 8(B).

The distribution of transition trace elements
(TTE) Cr, Ni, Sc, Cu, and V in sandstones show
slight depletion as compared to UCC, which can
be attributed to absence of basic rocks in the
source area. The Cr concentration in the sam-
ples varies from 25 to 40 ppm and show strong T
a
b
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Figure 8. Trace element bivariate plot of Th/U vs. Th plot
for the Pomburna sandstones showing above UCC (3.8).
(B) Th/Sc vs. Zr/Sc diagram (after McLennan et al. 1993);
Trend 1 represents sediments derived from igneous rocks
and are less affected by sedimentary sorting and recycling.
Trend 2 represents heavy mineral accumulation by sedimen-
tary sorting and recycling. Average source rock compositions
are of Proterozoic age (after Condie 1993). GRA, granite;
TTG, tonalite–trondhjemite–granodiorite; PSS, Proterozoic
sandstones. Baslat-HAB, Andesite-And and UCC values.

negative correlation with Al2O3 (r = −0.48, n =
14) implies to be incorporated into a clay minerals.
In addition, Ni (r = 0.16), Sc (r = 0.10), Cu (r =
0.08) and V (r = 0.22) also show low positive
correlation with Al2O3 due to their association
with non-phyllosilicates. The depletion of Ni in the
studied samples indicates absence of mafic.

4.2.3 Rare earth elements

The chondrite-normalized values display pattern
similar to UCC (figure 9A) with slight enrich-
ment and depletion. Chondrite-normalized REE
plot of siliciclastic rocks reflect enrichment of
LREE and slight flat HREE pattern (figure 9B).

Figure 9. Multi-element normalized diagram of trace ele-
ments: (A) N-MORB normalized and (B) Chondrite nor-
malized average REE after Sun and McDonough (1989). (C)
Chondrite normalized average REE patterns for the Soman-
palli Group chondrite normalized values are from Taylor
and McLennan (1985). For comparison the REE patterns of
sandstones from various tectonic settings are also included
(Bhatia 1985; Bhatia and Cook 1986; Kutterolf et al. 2008).
PM, passive margin; ACM, active continental margin; CIA,
continental island arc; OIA, ocean island arc; OWP, oceanic
within-plate.

The average chondrite normalized REE pattern
of the Pomburna sandstone is shown in
figure 9(C).

A positive correlation is observed between La
and Al2O3 suggesting that in the study area
the REE fractionation in the sediment is low
and are derived mainly from the source/detrital
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components (Nath et al. 2000). The determined
REE contents in the sandstones are given in
table 4. The average ΣREE 58.83 concentrations
of all sandstones from the Somanpalli Group
are slightly higher than UCC values. The val-
ues of ΣREE, HREE and LREE when correlated
with Al2O3 show weak positive correlation (n =
14) suggesting that non-phyllosilicates are hosting
REE.

5. Discussion

Sandstones from Pomburna area are classified as
quartz arenite and sub-litharenite based on quanti-
tative petrographic studies. The dominance of dif-
ferent quartz grains (monocrystalline {undulatory
and non-undulatory} and polycrystalline) in these
sandstones show granitic and/or gneissic source.
Moreover, the greater abundance of alkali feldspar
further supports granitic and/or gneissic source.
The dominance of well sorted sediments either
reflects change in water turbulence during depo-
sition or pulses of sediment supply during episodes
of rifting and uplift in PG Valley, in central
India.

5.1 Nature of source rocks and weathering
conditions

Major element geochemistry and mineralogy of
siliciclastic sedimentary rocks is greatly influenced
by the intensity of chemical weathering at the
source region, physical sorting and diagenesis
(Nesbitt and Young 1982; McLennan 1993). Gen-
erally feldspar is the more reactive mineral during
chemical weathering and diagenesis which results
in the formation of clay minerals (Nesbitt and
Young 1982; Taylor and McLennan 1985).

The intensity and duration of weathering in
clastic sediments can be evaluated by examining
the relationships among alkali and alkaline earth
elements (Nesbitt and Young 1996; Nesbitt et al.
1997). Alteration of rocks during weathering results
in depletion of alkali and alkaline earth elements
(Ca2+, K+ and Na+) and preferential enrichment
of Al3+ (figure 10A). The amount of these elements
surviving in soil profile and associated sediments is
a quantitative index of the intensity of weathering
(Nesbitt et al. 1997). In weathering profile larger
cations, e.g., K and Rb, remain fixed in comparison
to lower cations, e.g., Ca, Na, Sr. These chemical

Figure 10. (A) A–CN–K ternary diagram of molecular
proportions of Al2O3–(CaO + Na2O)–K2O for the Pom-
burna sandstones (after Nesbitt and Young 1984). Also
plotted is the average upper continental crust, granite,
tonalite, basalt and granodiorite (Taylor and McLennan
1985), as well as some rock forming minerals important in
silicate rock weathering; shown at the side is the CIA scale.
Arrows A–B represent the weathering trends of granodiorite,
adamellite and granite, respectively and K-metasomatism
trend (Nesbitt and Young 1984). (B) The ICV-CIA dia-
gram (after Potter et al. 2005; Lamaskin et al. 2008) suggests
mixed granite-andesite-basalt composition of source rocks.

signatures are transferred into the sedimentary
record and is useful to define the source area
weathering condition (Nesbitt and Young 1982,
1984; McLennan et al. 1993; Fedo et al. 1995).

Chemical Index of Alteration (CIA) proposed
by Nesbitt and Young (1982), index of composi-
tional variability (ICV) by Cox et al. (1995) and
the chemical index of weathering (CIW) (Harnois
1988) were used to interpret the degree of chem-
ical weathering in source area and compositional
maturity of Pomburna sandstone (figure 10A).
This can be calculated using formula (molecular
proportion)
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CIA = {Al2O3/(Al2O3 + CaO∗ + Na2O + K2O)}
×100 (1)

CIW = 100 × Al2O3/(Al2O3 + CaO∗ + Na2O) (2)

ICV = {Fe2O3 + K2O + Na2O + CaO + MgO

+MnO + TiO2}/Al2O3 (3)

*CaO is the CaO in silicate fraction.
The higher CIA values ranging between 70 and

100 indicate the intensive chemical weathering and
reflect warm and/or humid condition in source
areas (Nesbitt and Young 1982; Fedo et al. 1995),
whereas, values <50 indicate near absence of chem-
ical alteration and reflect cool and/or arid condi-
tions or unweathered source areas (McLennan et al.
1983; Fedo et al. 1995).

In the present study, the analyzed CIA values
range from 60 to 84 with an average of ∼74
(tables 3 and 4) (figure 10A and B), while basal
gritty feldspar rich unit show lower CIA values.
The CIA values of samples indicate moderate to
intensive chemical weathering (Armstrong-Altrin
et al. 2015). The calculated CIW values of the
sandstones range from 73 to 87 (mean = 80,
Mongelli et al. 2006) indicates moderate to inten-
sive weathering under warm and/or humid con-
dition in source areas resulting alteration and
destruction of feldspar and other labile minerals.
Paleo-weathering condition can also be detected
by A–CN–K ternary diagram, which is also used
to evaluate the mobility of elements during
the progress of chemical weathering (Nesbitt and
Young 1984). The CIA values of Pomburna sand-
stone are plotted on A–CN–K ternary diagram
(figure 10A). In the A–CN–K diagram (A = Al2O3;
CN =CaO∗ + Na2O; K = K2O), where few sam-
ples of weathered rocks are clustered along the
left-hand side of the K-feldspar-plagioclase join
(Nesbitt and Young 1984). The Pomburna sand-
stones plot close to granite-TTG parallel to the
A–CN line (figure 10A) and define a non-steady
state weathering trend towards the ‘A’ join. This
non-steady state weathering indicates balanced
rates of chemical weathering and erosion, which
produces compositionally similar sediments over a
long period (Nesbitt et al. 1997). The A–CN–K
plot depicts the scatter of points near the A–
CN edge towards the smectite composition, which
suggests moderate weathering (figure 10A). The
siliciclastic rocks of the present study lie along
a trend line parallel to A–CN axis emerging

from granodiorite, granite and adamelite as a
potential source reaching up to the smectite stabil-
ity zone. The A–CN–K diagram indicates that the
samples were generated from a TTG and minor
mafic-ultramafic source rock of the upper con-
tinental crust affected by moderate intensity of
chemical weathering (Madhavaraju et al. 2016).
Petrography study further confirm that the
presence of plagioclase and alkali-feldspar in
almost similar proportions, at places plagio-
clase is more of K-feldspar indicates that the
main sources of these rocks are of TTG–granitic
composition.

Similarly, sedimentary rocks which show higher
ICV (>1) (tables 3 and 4) are compositionally
immature with the first cycle of sediments
deposited in tectonically active settings. Whereas,
those with ICV <1 are compositionally mature and
are deposited in a tectonically quiescent or cra-
tonic environment (Van de Kamp and Leake 1985;
Cox et al. 1995; Perri et al. 2012). As weathering
progresses, ICV values decreases due to conversion
of feldspar to Al-bearing clay. Thus variability in
ICV values is mainly due to variation in source
rock composition and difference in weathering
(Cox et al. 1995; Potter et al. 2005). The ICV val-
ues of Pomburna sandstone vary from 0.3 to 1.8
(mean=0.95). On the basis of average ICV values,
it can be interpreted that sediments of study area
are compositionally mature and deposited in tec-
tonically quiescent settings, i.e., passive margins
(Armstrong-Altrin et al. 2015). Therefore, wide
range of CIA and average ICV values of Pomburna
sandstones probably indicate that the sediment
originated from mixed source under non-steady
state and moderate to high degree weathering
conditions (figure 10B).

Th/U vs. Th bivariant plot can also be used
to understand the source area weathering, as
surface-weathering process leads to elevate the
ratio between Th and U to above average UCC
value (figure 8A) (Th/U = 3.8; Taylor and McLen-
nan 1985) due to the oxidation of U4+ to the more
soluble U6+. Th/U ratio above 3.8 is expected to be
indicative of weathering history (McLennan et al.
1993; Zaid 2015; Periasamy and Venkateshwarlu
2017). The Th/U ratios of the Pomburna sandstone
(8.0, n = 14) (tables 4 and 5), indicate a moderate
degree of chemical weathering.

Intensive chemical weathering and diagenesis
often leaches Sr compared to Rb (Nesbitt and
Young 1982). This leads to increase in Rb/Sr
ratio and high ratios are indicative of strong
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weathering (McLennan et al. 1993). The Rb/Sr
ratios of the Pomburna sandstones (2.34) are
higher than the average post-Archaean Australian
shale (0.80; Taylor and McLennan 1985).
These high Rb/Sr and Th/U ratios suggest
moderate to strong weathering in the source
area.

The K2O/Na2O ratio increases with weathering
due to more labile nature of plagioclase relative
to K-feldspars (Nesbitt and Young 1984). Thus
the K2O/Na2O values of less than one in some
samples with mature quartz-rich composition (high
SiO2), are related to a source that was domi-
nated by less evolved plagioclase-rich rocks. On the
A–CN–K diagram maximum samples plot along
a trend very near to the A–CN join and seems
to be derived from a source dominated by TTG
(figure 10A). Possibly most of the sediment sup-
ply was from east where TTG and granite are
the main rock types with lesser mafic–ultramafics
(figure 2). The petrographic study provides impor-
tant information on the nature of source area.
The presence of inversion textures (rounder but
poorly to well sorted bimodal grains) in Pomburna
sandstone indicate multiple sources for these rocks
(Folk 1974).

Hydraulic sorting can significantly influence the
chemical composition of terrigenous sediments
(e.g., Garcia et al. 2004; Armstrong-Altrin 2009),
and exert controls on the distribution of some
trace elements (e.g., Th, U, Zr, Hf and Nb).
Trace element ratios such as Th/Sc, Th/Co, and
Th/Cr are significantly different in mafic and fel-
sic source rocks (Cullers 2000). McLennan et al.
(1993) used a Th/Sc vs. Zr/Sc plots to distin-
guish the contrasting effects of source composition
and sedimentary processes on the composition of
clastic sedimentary rocks. The relationship between
Th/Sc and Zr/Sc ratios can be used to infer the
recycling of sediments as well as the source rocks
(Sharma et al. 2013). Th/Sc vs. Zr/Sc plot of
McLennan et al. (1993) shows highly fractionated
ratios and follow trend-1 showing direct contribu-
tion from primary source rocks and one sample fol-
low trend-2, i.e., recycling of sediments (figure 8B).
Similarly, the some sandstones plot in the field
sub-parallel to trend 1 near the Proterozoic sand-
stones (Condie 1993), suggesting compositional
homogeneity and minimal influence of sorting
by heavy minerals. In general, the results sug-
gest that the Pomburna sandstones are influ-
enced by hydraulic sorting and indicate high
maturity.

5.2 Provenance

Several studies have shown that the chemical
compositions of clastic rocks are significantly
controlled by plate tectonic settings of their prove-
nances, and consequently clastic rocks from differ-
ent tectonic settings possess terrain-specific
geochemical signatures (Bhatia 1983; Roser and
Korsch 1988). Roser and Korsch (1988) used major
oxides as variables and established major element
discriminant functions to discriminate four major
provenances field namely felsic, mafic, intermedi-
ate and quartzose recycled, which are frequently
used by many researchers to identify the prove-
nance of terrigenous sediments (Hofer et al. 2013;
Khanchuk et al. 2013; Vdacny et al. 2013) and to
reflect the source rock composition (Shadan and
Hosseini-Barzi 2013).

Discriminant functions used by Roser and Korsch
(1988) are used for Pomburna sandstone. The
discriminant functions (DF-1 and DF-2) are cal-
culated using the following formulae:

DF-1 = (−1.773 TiO2%) + (0.607 Al2O3%)
+(0.76 Fe2O3 Total%)
+(−1.5 MgO%) + (0.616 CaO%)
+(0.509 Na2O%) − (1.224 K2O%)
+(−9.09), (4)

DF-2 = (0.445 TiO2%) + (0.07 Al2O3%)
+(−0.25 Fe2O3 Total%)
+(3 − 1.142 MgO%) + (0.438 CaO%)
+(1.475 Na2O%) + (−1.426 K2O%)
+(−6.861). (5)

This discriminant function diagram favours a
felsic to intermediate igneous rocks with subor-
dinate mature polycyclic continental sedimentary
rocks as a source for Pomburna sandstone (Bhatia
1983; Roser and Korsch 1986). This also suggests
that the source area for the sandstones were derived
from quartz rich or recycled sources, which is con-
sistent with the bivariate plot of Al2O3/TiO2 vs.
SiO2 (figure 7A). The K2O and Rb contents in
terrigenous sediments are sensitive to sedimen-
tary recycling processes and have been widely used
as indicators for source composition (Armstrong-
Altrin et al. 2012; Tao et al. 2013). In addition;
certain trace element ratios also support a silicic
source area of Pomburna sandstones. The Co/Th
(1.56), Cr/Th (5.7) and Cr/Zr (0.43) ratios of the
sandstones (table 3) are lower than the UCC (1.7,
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8.8 and 0.48, respectively), indicating contribution
of sediments from felsic sources. Further, Th/Sc
(2.1) ratios of the sandstones are much higher than
the UCC (0.75), indicating contribution from felsic
sources (figure 8A).

On La/Sc vs. Th/Co bivariate diagram sand-
stone samples plot near to silicic rock provenance
composition (figure 7B). Furthermore, the La/Th
vs. Hf bivariate (figure 7C; Floyd and Leveridge
1987) and V–Ni–Th*10 (figure 11A; Bracciali et al.
2007) and La–Th–Sc (Condie 1993; Roser 2000;
Absar and Sreenivas 2015) ternary diagrams also
suggest that Somanpalli Group sandstone of Pom-
burna area are derived from felsic and mafic source.
This is further supported by presence of felsic
source area by low concentration of Cr and Ni.
Felsic provenance for Somanpalli Group is further
supported by the TiO2 and Ni bivariate plot and
Ni vs. Cr bivariate diagram where present sam-
ples plot in the post-Archaean field (figure 11C)
and suggest that the felsic component was domi-
nant in the source area of the Pomburna sandstone.
The (Gd/Yb)CN ratio also document the nature of
source rocks and the composition of the continen-
tal crust (Taylor and McLennan 1985; Nagarajan
et al. 2007). On Eu/Eu* vs. (Gd/Yb)CN dia-
gram (figure 11D), the Pomburna sandstones plot
in the post-Archaean field and near to PAAS
value, which suggest that the post-Archaean felsic
rocks could be the source rocks for the Somanpalli
Group.

Rare earth elements (REE) are most widely
used as indicator of the source rock composition,
because they are virtually insoluble and immo-
bile during sedimentary processes and preserve the
signature of the source rock (Taylor and McLennan
1985; Cullers 1995; Armstrong-Altrin et al. 2015).
REE patterns and the size of the Eu anomaly
are also used to study the sources of sedimen-
tary rocks (Taylor and McLennan 1985). Generally,
low LREE/HREE ratios and small/absence of
Eu anomalies are indicative of basic rock source,
whereas higher ratio (La/Y) and negative Eu
(Eu/Eu*) anomaly indicates the silicic igneous
rock sources and marine depositional environments
(Cullers 1994; Pandey and Parcha 2017) (fig-
ure 9). The samples of the Pomburna sandstones
show high ratio of LREE/HREE and negative Eu
anomaly (figure 9B), which supports the silicic rock
source and marine depositional environment. For
comparison, average REE patterns of study area
are also included along with other tectonic set-
ting data in figure 9(C). The chondrite normalized

REE patterns for the study area are comparable
to average REE pattern other tectonic setting
taken from published literature (Bhatia 1985; Bha-
tia and Cook 1986; Kutterolf et al. 2008). The
REE pattern suggests that the samples from the
Pomburna area are mainly derived from an old
upper continental crust composed chiefly of felsic
components with minor mafics. Similarly, in the
Eu/Eu* and Th/Sc diagram (figure 12A; Cullers
and Podkovyrov 2000), sandstones of study area
plotted in between the average values of granite
and granodiorite source.

Based on petrographic study, sandstone of study
area are characterised as medium to coarse grained,
moderately sorted and moderately matured nature
are indicating first cycle sediments transported to
a longer distance or sediments might have sup-
plied from recycled source (figure 4C–F) (Amireh
1991; Al-Habri and Khan 2008). However, the
textural and mineralogical features as high pro-
portion of quartz, the dominance of K-feldspar
over the more chemically unstable plagioclase,
unstrained monocrystalline quartz grains, poly-
crystalline quartz grains composed of three or
more crystals with straight to slightly curved inter-
crystalline boundaries, etc., indicate a weathered
crystalline granitic source terrain (Pettijhon 1984;
Roser et al. 1996; Zaid 2015).

The collective petrographic and geochemical
observations suggest that the Pomburna sand-
stones are derived from felsic with minor mafic
source rock of stable continental areas and
deposited in passive continental margin.

Field observations show the existence of igneous
bodies such as granite, dioritic rocks in nearby
Somnur and Po Gutta Formation. The uplifted
shoulders of this rift may have acted as the
proximal source area for these sediments. Our
geochemical results along with petrographical out-
comes are consistent with the idea that the Som-
nur and Po Gutta Formation in this area were
deposited on the trailing edge margin (passive
continental margin) of a post-rift basin.

5.3 Implication for tectonic setting

Many authors have successfully established the
tectonic environment using the proportions of
frame work grains by petrographic studies (Dick-
inson and Suczek 1979; Taylor and McLennan
1985; Periasamy and Venkateshwarlu 2017). The
frame work grain properties of quartz and feldspar
of studied samples are consistent with those of
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sediments deposited in a passive continental
margin (e.g., Zaid 2015, 2017). Pomburna sand-
stones that fall within the passive continental block
are chiefly derived from exposed shield areas of
Bastar craton. The Qt–F–L and Qm–F–Lt dia-
grams (Dickinson and Suczek 1979) for the Pom-
burna sandstones reveal a recycled-orogen prove-
nance and a craton-interior provenance (figure 5B).
Within recycled orogens, sediment sources are
dominantly derived from tectonic settings, where
stratified rocks are deformed, uplifted and eroded
(Dickinson and Suczek 1979; Dickinson 1985). As
pointed out by Dickinson et al. (1983), sandstones
plotting in craton-interior field are mature sand-
stones derived from relatively low-lying granitoid
and gneissic sources, supplemented by recycled
sands from associated platform or passive mar-
gin basins. The detrital modal compositions of
sandstones are plotted in the Q–F–L diagram
(figure 12B; Yerino and Maynard 1984), which indi-
cates that these sandstones are related to trailing-
edge margin.

The tectonic setting discriminant diagrams pro-
posed by many authors can provide reliable results
for siliciclastic rocks because they are not too
much affected by post-depositional weathering/
metasomatism/metamorphism (McLennan et al.
1993). Bhatia (1983), Bhatia and Cook (1986),
Roser and Korsch (1986), Peterson (2009), Lin-
hua et al. (2012), Sari and Koca (2012), Jianghai
et al. (2012), Jorge et al. (2013), Kassi et al. (2015);
Periasamy and Venkateshwarlu (2017), Sun et al.
(2012), Pandey and Parcha (2017).

Bhatia (1983) and Roser and Korsch (1986)
proposed tectonic setting discrimination fields for
sedimentary rocks by using SiO2 content and
K2O/Na2O ratios to identify the tectonic setting
of unknown basins. The present sandstones are

�
Fig. 11. (A) Nature of provenance shown by V–Ni–Th*10
ternary diagram (after Bracciali et al. 2007). Shaded area
represents composition of the felsic, mafic, and ultramafic
rocks. The Somanpalli Group sandstones plot near felsic
source rocks. (B) La–Th–Sc ternary diagram indicating fel-
sic to intermediate source rocks. Various source end members
are also plotted for reference (TTG; G, granite; A, andesite;
B, basalt, after Condie 1993; Roser 2000). (C) Ni–Cr bivari-
ate plot after McLennan et al. (1993), where majority of
the samples plot near the acidic source field; (D) Plot of
Eu/Eu* vs. (Gd/Yb)CN for the samples of the Pomburna
sandstone. Fields showing post Archaean and Archaean are
after McLennan and Taylor (1991).
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Figure 12. (A) Provenance signature discrimination
diagram of sandstone of Somanpalli Group samples plotted
on K2O/Na2O vs. SiO2 and SiO2/Al2O3 vs. K2O/Na2O
after Roser and Korsch (1988) showing TTG and granite
source. (B) Q–F–L tectonic provenance diagram of sand-
stone of Somanpalli after Yerino and Maynard (1984),
maximum plot near the TE field. TE, trailing edge (also
called passive margin); SS, strike-slip; CA, continental-
margin arc; BA, backarc to island arc; FA, forearc to island
arc.

characterized by high K2O/Na2O ratios (0.04 to
2.6 with an average of 0.71), which is typical
for clastic rocks deposited in a passive continen-
tal margin (Roser and Korsch 1986) (figure 13A).
These tectonic setting discrimination diagrams
are still extensively used by many researchers
to infer the tectonic setting of ancient basins
(Saeed et al. 2011 and references there in). How-
ever, on the K2O/Na2O vs. SiO2 and K2O/Na2O
vs. SiO2/Al2O3 tectonic discrimination diagram,
most of the sandstone samples of Pomburna area
fall in the passive margin field (figure 13A, B),

which suggest quartz-rich sediments derived from
adjacent continental stable or rifted margin.
Chemical analyses of the Pomburna sandstone
are plotted on tectonic discriminant diagrams
(K2O/Na2O vs. SiO2; SiO2/20–K2O + Na2O–
TiO2 + Fe2O3 + MgO; Fe2O3 + MgO vs. TiO2

suggested by Kroonenberg (1994); figure 13C–E),
showing passive margin (PM) setting, which indi-
cates that the sediments are derived from stable
continental blocks and deposited in several types
of basins including rift basins (Roser and Korsch
1986). This result is further supported by their
low (MgO+Fe2O3), TiO2 and Al2O3/SiO2 ratio of
the sandstone, (Fe2O3+MgO) vs. Al2O3/SiO2 dia-
gram suggested by Bhatia (1983) (figure 13C–E),
show plot of maximum samples in passive mar-
gin tectonic field. Passive margin sediments are
largely quartz-rich, derived from plate interiors or
stable continental margins. Bhatia (1985) argued
that the sedimentary rocks deposited on passive
margins are characterized by a pronounced nega-
tive Eu anomaly on chondrite-normalized patterns.
The observed negative Eu anomaly in the chondrite
normalized REE patterns in the Pomburna sand-
stones supports a passive margin tectonic setting
(figure 9).

The tectonic setting discrimination diagrams
proposed by Bhatia (1983) and Roser and Korsch
(1986) for clastic sediments were used in many
studies to identify the tectonic setting of unknown
basins (Zaid 2017). Many researchers cautioned
against the use of these previously proposed dis-
crimination diagrams (e.g., Armstrong-Altrin and
Verma 2005). Recently, Verma and Armstrong-
Altrin (2013) proposed two discriminant-function
based major-element diagrams for the tectonic dis-
crimination of siliciclastic sediments from three
main tectonic settings; island or continental arc,
continental rift and collision, that have been cre-
ated for the tectonic discrimination of high-silica
(SiO2 adj = 63–95%) and low-silica rocks (SiO2 adj
= 35–63%). These diagrams were used in present
studies to discriminate the tectonic setting of a
source region, based on sediment geochemistry
(Armstrong-Altrin et al. 2015). According to the
high-silica diagram (figure 13B), all samples of
the study area are plotted in mixed rift and arc
field. The result obtained from this discriminant-
function-based multi-dimensional diagram provides
a good evidence for the PG valley tectonic sys-
tem, which is consistent with the general geology of
Eastern Belt of PG valley shouldering with Bastar
craton.
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Figure 13. Tectonic discrimination diagrams for sandstone of Pomburna area based on major oxides of the sandstone: (A)
after Roser and Korsch (1988) showing passive margin tectonic setting. (B) New discriminant-function multi-dimensional
diagram proposed by Verma and Armstrong-Altrin (2013) for high silica clastic sediments from three tectonic settings
(arc, continental rift, and collision). The subscript m1 in DF-1 and DF-2 represents the high-silica diagram based on loge-
ratios of major-elements. The discriminant function equations are DF-1(Arc–Rift–Col)m1 = (−0.263 × ln(TiO2/SiO2)adj) +
(0.604 × ln(Al2O3/SiO2)adj) + (−1.725 × ln(Fe2O

t
3/SiO2)adj) +(0.660 × ln(MnO/SiO2)adj) + (2.191 × ln(MgO/SiO2)adj) +

(0.144 × ln(CaO/SiO2)adj) +(−1.304 × ln(Na2O/SiO2)adj) + (0.054 × ln(K2O/SiO2)adj) +(−0.330 × ln(P2O5/SiO2)adj) +
1.588. DF-2(Arc–Rift–Col)m1 = (−1.196 × ln(TiO2/SiO2)adj)+ (1.604 × ln(Al2O3/SiO2)adj)+ (0.303 × ln(Fe2O

t
3/SiO2)adj)

+(0.436 × ln(MnO/SiO2)adj) + (0.838 × ln(MgO/SiO2)adj) + (−0.407 × ln(CaO/SiO2)adj) + (1.021 × ln(Na2O/SiO2)adj) +
(−1.706 × ln(K2O/SiO2)adj) +(−0.126 × ln(P2O5/SiO2)adj) − 1.068. (C) Ternary plot after Kroonenberg (1994). (D–E)
bivariate plot after Bhatia (1983) showing passive margin tectonic setting. A: oceanic island arc; B: continental island arc;
C: active continental margin; D: passive margin.

Additionally, except for the above discussed
discrimination diagrams, high chemical
maturity of the sandstones is revealed by
their high ICV values (mean = 0.95), in

combination with the recycled orogenic
provenance (figure 5B), which also supports
their formation in a tectonically stable
environment.



J. Earth Syst. Sci. (2018) 127:90 Page 23 of 27 90

6. Conclusions

The Pomburna area in northern extension of
Somanpalli Group in the Eastern Belt of PG Valley,
central India exposes mainly sandstones alternat-
ing with limestone and shale beds referring to
shallow warm and marine conditions. On the basis
of present studies following conclusions can be
drawn:

1. Chemical analyses revealed that sandstones
have high SiO2 and low Fe2O3, MgO, MnO val-
ues, which are consistent with the modal data.
Also, sandstone samples are enriched in most
trace elements such as U, Th, Nb and Zr and
depleted in Sr, Ba and Ta.

2. The geochemical data interpretation on the
basis discriminate function diagram (Roser and
Korsch 1986) reveals the source material was
deposited in passive continental margin
setting.

3. Trace element (La/Sc vs. Th/Co) and La–Th–
Sc indicate that these sandstones were derived
from felsic and mafic source rocks.

4. Erosion of the pre-rift and syn-rift sedimentary
substratum and erosion of metamorphic base-
ment of Western Bastar craton in later stages
were the main sources for the Somnur and Po
Gutta Formation detritus.

5. The tectonic setting discrimination diagrams
support a passive continental margin or
intraplate environment for the sandstones of
Pomburna area.

6. The high CIA values of the sandstones (60–
84) indicate high degree of weathering, which
is further supported by the high CIW values
(75–87) implying moderate to intensive weath-
ering of the source, which may reflect warm
and humid paleoclimatic condition in source
area.

7. The studied sandstones have quartzo-lithic and
quartzo-sepetro facies pointing to derivation
from a recycled orogen (uplifted shoulders of
rifts and trailing edge provenance) and cratonic
tectonic provenance. These sandstones are pre-
dominantly derived from a felsic source with a
component from pre-existing metamorphic and
sedimentary rocks, which are all located in the
basement along western fringe of Bastar craton.
This might have exposed in Palaeoproterozoic
(initiation of rifting Orogeny) and continued
until the Mesoproterozoic time and supplied
sediments to Pomburna area.
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Godavari and Indrāvati Rivers, south India; Indian J.
Geol. 70(3) 217–230.

Saha D and Chaudhuri A K 2003 Deformation of the
Proterozoic successions in the Pranhita–Godavari Basin,
South India – regional perspective; J. Asian Earth Sci. 21
557–565.

Santosh M, Yokoyama K and Acharyya S K 2004
Geochronology and tectonic evolution of Karimnagar and
Bhopalpatnam granulite belts, Central India; Gondwana
Res. 7 501–518.

Sari A and Koca D 2012 An approach to provenance, tec-
tonic and redox conditions of Jurassic-Cretaceous Akkuyu
Formation, Central Taurids, Turkey; Min. Res. Exp.
Bull. 144 51–74.

Sharma A, Sensarma S, Kamlesh K, Khanna P P and Saini N
K 2013 Mineralogy and geochemistry of the Mahi River
sediments in tectonically active western India: Implica-
tions for Deccan large igneous province source, weathering
and mobility of elements in a semi-arid climate; Geochim.
Cosmochim. Acta 104 63–83.

https://doi.org/10.1007/s12040-017-0803-5
https://doi.org/10.1007/s12040-017-0803-5
https://doi.org/10.1007/s12040-017-0822-2-72
https://doi.org/10.1007/s12040-017-0822-2-72
https://doi.org/10.1016/j.jafrearsci.2011.06.003
https://doi.org/10.1016/j.jafrearsci.2011.06.003


J. Earth Syst. Sci. (2018) 127:90 Page 27 of 27 90

Sashidharan K 2007 Petrology and geochemistry of Mul
granite pluton, Western Bastar Craton, Chandrapur Dis-
trict, Maharashtra; Gondwana Geol. Mag. 10 45–54.

Sashidharan K and Ganvir D V 2000 Geological Report of
Gondpipri, GSI Portal.

Shadan M and Hosseini-Barzi M 2013 Petrography and geo-
chemistry of the Ab-e-Haji Formation in central Iran:
Implications for provenance and tectonic setting in the
southern part of the Tabas block; Rev. Mex. Cienc.
Geol. 30 80–95.

Sreenivasa Rao T 1987 The Pakhal Basin – a perspective;
In: Purana Basins of Peninsular India (ed.) Radhakrishna
B P, Geol. Soc., India Memoir 6 161–187.

Srinivasa Rao K, Sreenivasa Rao T and Rajagopalan Nair
S 1979 Stratigraphy of the upper Precambrian Albaka
belt, East Godavari River in AP and MP; J. Geol. Soc.
India 20 205–213.

Srivastava A K, Randive K R and Khare N 2013 Miner-
alogical and geochemical studies of glacial sediments from
Schirmacher Oasis, East Antarctica; Quat. Int. 292 205–
216.

Sun L, Gui H and Chen S 2012 Geochemistry of sand-
stones from the Neoproterozoic Shijia Formation, north-
ern Anhui Province, China: Implications for provenance,
weathering and tectonic setting; Chem. Erde 72 253–260.

Sun S and McDonough W F 1989 Chemical and isotopic
systematics of oceanic basalts: Implications for man-
tle composition and processes; Geol. Soc. London, Spec.
Publ. 42 313–345, https://doi.org/10.1144/GSL.SP.1989.
042.01.19.

Tao H, Wang Q, Yang X and Jiang L 2013 Provenance
and tectonic setting of Late Carboniferous clastic rocks
in west Junggar, Xinjiang, China: A case from the Hala-
alat Mountains; J. Asian Earth Sci. 64 210–222.

Tawfik H A, Salah M K, Maejima W, Armstrong-Altrin J S
2017 Petrography and geochemistry of the Lower Miocene

Moghra sandstones, Qattara Depression, north Western
Desert, Egypt; Geol. J. 154(1) 1–23.

Taylor S R and McLennan S M 1985 The Continental Crust:
Its Composition and Evolution. Oxford, Blackwell, 349p.

Van de Kamp P C and Leake B E 1985 Petrography and
geochemistry of feldspathic and mafic sediments of the
northeastern Pacific margin; Trans. Roy. Soc. Edinburgh
Earth Sci. 76 411–449.
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