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The Neoproterozoic Bhander Group in the Son Valley, central India conformably overlying the Rewa
Group, is the uppermost subdivision of the Vindhyan Supergroup dominantly composed of arenites,
carbonates and shales. In Maihar-Nagod area, a thick pile of unmetamorphosed clastic sedimentary
rocks of Bhander Group is exposed, which provides a unique opportunity to study Neoproterozoic
basin development through provenance and tectonic interpretations. The provenance discrimination
and tectonic setting interpretations are based on modal analysis and whole rock geochemistry. The
average framework composition of the detrital sediments composed of quartz and sedimentary lithic
fragments are classified as quartz arenite to sublitharenite. The sandstone geochemically reflects
high SiO,, moderate Al,O3 and low CaO and Na,O type arenite. The high concentration of HFSE
such as Zr, Hf, and Th/Sc, Th/U ratios in these sandstones indicate a mixed provenance. The
chondrite normalized REE pattern shows moderate to strong negative Eu anomaly which suggests
that major part of the sediments were derived from the granitic source area. The sandstone tectonic
discrimination diagrams and various geochemical plots suggest that the provenance of the lower

and upper Bhander sandstone formations was continental interior to recycled orogen.

1. Introduction

Sandstone compositions have been widely used by
sedimentologists during the past few decades to
decipher the provenance and tectonic setting of
source areas (Pettijohn et al 1972; Dickinson and
Suczek 1979; Dickinson 1982, 1985, 1988; Dickinson
et al 1983; Potter 1986). Provenance in turn
is important to understand the geologic history,
tectonic setting and crustal evolution during
the deposition of sediments. The Neoproterozoic
Bhander Group of sedimentary rocks exposed in
central India consists of a wide variety of arenites,
carbonates and shales and therefore provide a
unique opportunity for interpreting the tectonic

setting of the Precambrian Vindhyan sedimentary
basin. The petrography of the Bhander sand-
stones has been only partially studied (Basumallick
1962; Singh 1976; Bose and Chaudhuri 1990;
Bhattacharyya 1993). A detailed analysis will
add knowledge to our understanding of relation-
ship between the sandstone composition and the
tectonic settings of the source terrain.

Several workers have tried to document the rela-
tionship between the framework mode of the sand-
stone, the major and trace element geochemistry,
the provenance type and the tectonic setting of
a sedimentary basin (Schwab 1975; McLennan
et al 1983; Condie et al 1991; Cullers 1994). It is
however true that framework grains, on its own,
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sometimes fail to reflect the true crustal setting,
because the sediment particles get modified during
diagenesis and weathering. Hence, a judicious
combination of petrographic data and chemical
analyses of sedimentary rocks provide important
information about the characteristics of the prove-
nance as well as tectonic setting. In this paper,
we have used the modal composition and the geo-
chemical characteristics of the clastic units of the
Bhander Group exposed near Maihar township in
central India (figure 1) for interpreting the nature
of the provenance. The major elements as well

Simplified local geological map of the Maihar-Nagod area, Son Valley, central India.

as various immobile trace elements like La, Th,
Zr, Hf (enriched in silicic rocks) and Sc¢, Cr and
Co (enriched in basic rocks) have been exten-
sively used to understand and estimate the rela-
tive contributions of the silicic and basic rocks to
the sandstones representing different tectonic envi-
ronments (Bhatia and Crook 1986; Condie 1993).
The provenance in turn, is important to under-
stand the geologic history, tectonic setting and
crustal evolution during the deposition of sedi-
ments. The relative REE patterns and the extent
and nature of Eu anomalies have been widely used
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in the provenance discrimination studies (Taylor
and McLennan 1985). Because there are no selec-
tive losses of any REE during weathering, Eu
anomalies could not have been produced by weath-
ering alone. In addition, we present here the first
ever reported trace and rare earth elemental geo-
chemical data for the sandstones of the Bhander
Group.

2. Geologic setting

Rocks comprising the Vindhyan Supergroup
formed in a spectacular crescent-shaped intracra-
tonic central Indian Proterozoic basin and strati-
graphically classified under four subdivisions
namely the Semri, the Kaimur, the Rewa and
the Bhander each with a group status. The Vin-
dhyan basin has Bundelkhand Granite to the
north limiting its northward extension. The Son—
Narmada lineament with metamorphic rocks of
the Mahakoshal group restricts its extension to
the south and the northwestern part of the basin
is truncated by the rocks believed to be equiva-
lent of the Aravalli Supergroup (Auden 1933). The
sedimentary rock piles conformably overlying the
Rewa Group constitute the uppermost subdivision
of the Vindhyan Supergroup and are known as
the Bhander Group named after the Bhander hill
range. The Bhander Group is exposed in the
Maihar—Nagod area of central India, represents a
thick sedimentary pile made up of sandstone, lime-
stone and shale and constitutes the largest propor-
tion of the total exposures of the Vindhyan rocks.
This group shows extensive lateral facies variation
and consists of five identifiable formations namely
the Ganurgarh Shale, the Nagod Limestone, the
Lower Bhander Sandstone, the Sirbu Shale and the
Upper Bhander Sandstone in the Maihar—Nagod
sector, the area of the present study.

In view of the age of Vindhyan rocks (Craw-
ford and Compston 1970) dated the UBS by K/Ar
method, which gave the age as 550 Ma. Srivastava
and Rajgopalan (1988) dated the LBS by FT
method and suggested an age of 625+ 25Ma.
According to Ray et al (2002), the 8Sr/%0Sr ratio
of Bhander Limestone is consistent with Late Neo-
proterozoic age (650-770 Ma), while Chakrabarty
et al (2007) dated the porcellanites of the Semri
Group by using the Nd isotope technique and sug-
gested ~1.6 Ga age. Stromatolite assemblage in the
carbonate units and trace and dubiotraces in the
siliciclastic rocks of the Bhander Group indicated
a Late Riphean (Neoproterozoic) age for these
rocks (Kumar 1976; Rao et al 1977; Chakrabarti
1990). Recent paleomagnetic study combined with
detrital zircon geochronology (Malone et al 2008)
has painted an altogether different picture by
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suggesting 1000-1070 Ma age range for the Upper
Vindhyans which contradicts all previous esti-
mates and assumptions. Assuming this age esti-
mate to be correct, the Upper Vindhyan succession
becomes time contemporaneous to the sedimentary
sequence of the Raipur Group in Chattisgarh basin
of central India (Basu et al 2008).

The sandstone in succession occurs at two levels
representing the Lower (LBS) and Upper forma-
tions (UBS). While the lowermost unit of the
Bhander Group, the Ganurgarh Shale is most
impersistent over the area, the LBS is a com-
paratively better exposed unit but often mistaken
for the overlying Sirbu Shale which is typically
brown to greenish in colour and therefore helps
in separating it from the shaly units of the LBS.
It is believed that the lenticular stromatolitic car-
bonate bed within the Sirbu Shale unit separates
the shale unit from the sandstone. The LBS is
made up of hard, fine grained, dirty white, highly
indurated arenites and can be petrographically
classified as sublitharenite. The subrounded well
sorted quartz grains reflect prolonged transporta-
tion and reworking on a stable seafloor. The UBS,
on the other hand, occurs as a persistent horizon
occupying the top-most position in the Vindhyan
stratigraphy. It occupies an almost entire axial
position of the Vindhyan basin and consists of
thick, mildly deformed sequence of terrigenous rock
and forms steep vertical escarpments. The UBS
is less indurated than the LBS and is moderately
hard, reddish in color and attain up to 50 to 60 m
thickness in some sections. Petrographically, the
sandstone is classified as quartz arenite to sub-
litharenite. The contact between the Sirbu Shale
and the UBS is gradational indicating uninter-
rupted sedimentation, although the contact is often
marked by a stromatolite bearing carbonate unit
of variable thickness. The blanket type deposition
with characteristic primary sedimentary features
has led some researchers to interpret tidal flat to
lagoon type depositional environment for the sand-
stone formations (Chanda and Bhattacharya 1974;
Singh 1976) while Bhattacharya et al (1980) and
Bose and Chaudhuri (1990) inferred coastal playas
with prominent influence of storm in the deposi-
tional basin of LBS (Bose et al 2001) and the UBS
was interpreted as eolian deposit by Bose et al
(1999).

3. Methods

Thirty representative arenite samples were col-
lected from 14 well constrained stratigraphic
lithologs near Maihar township (figure 1) rep-
resenting the Lower Bhander Sandstone (LBS)
and the Upper Bhander Sandstone (UBS). Modal
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Table 1. A generalized stratigraphic scheme
of Maihar, Satna and Nagod area of the Son
Valley, central India after Auden (1933) and
Bhattacharyya (1993).

Bhander Group
Upper Bhander Sandstone Formation (UBS)
Sirbu Shale Formation
Lower Bhander Sandstone Formation (LBS)
Bhander Limestone Formation
Ganurgarh Shale Formation

analyses of 57 samples were carried out using
Leica Qwin V3 Image Analyzer. In each thin
section, 500 grains were counted according to the
Gazzi-Dickinson method (Ingersoll et al 1984).
Framework constituents were determined using the
nomenclature advocated by Dickinson and Suczek
(1979); Dickinson et al (1983) and Dickinson
(1985). This includes identification and record-
ing the amount of monocrystalline quartz (Qm),
polycrystalline quartz (Qp), (Qm and Qp make
together makes the total quartz Qt), feldspar (F),
lithic sedimentary and metasedimentary clasts (Ls)
and lithic volcanic clasts (Lv), (Ls and Lv consti-
tute together with lithic clastics L). Result of the
point count is given in table 2 and the ternary plots
are shown in figures 3—6.

Major element concentrations were determined
with X-ray Fluorescence Spectrometer. Fused
beads of the samples were used for major ele-
ment analyses while pressed pellets were used for
analyzing Na. The data obtained with the in-house
NGRI reference standards that were analyzed dur-
ing the same runs as unknown samples show that
the accuracy of the determinations were better
than 95%. Loss on ignition (LOI) was estimated
by firing the sample at 1000°C. Trace and rare
earth element concentrations were determined by
ICP-mass spectrometry (ICP-MS) following the
standard procedure (Balaram et al 1999). Rock
standard GSR-4 was used and analyzed in tripli-
cate so as to restrict the maximum error to 5% for
major, trace and rare earth elements and 7% for
Na,O and K,O.

4. Petrography
4.1 Lower Bhander Sandstone Formation (LBS)
4.1.1 Modal analysis

Nearly 70% of the total framework grains com-
prise quartz and lithic fragments. These grains
are subangular to subrounded, moderately sorted
and show textural maturity (figure 2A, 2B) and
range in between 0.02mm and 0.5mm in size.
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The proportion of monocrystalline grains is higher
(74-84%) than the polycrystalline quartz grains
(15-17%). The non-undulatory monocrystalline
variety (Qn) is more common than undulatory
variety (Qu). The plots on a QtFL diagram
(figure 4A) show a higher percentage of quartz
grains (Qt81F6L12) due to deficiency of feldspar.
The dataset plot in the recycled orogen field of
Dickinson (1985). The distribution as Qm78F6L14
is prominent (figure 5A), while the QpLvLsm
plots diagram indicate a collisional suture and fold
thrust belt as the provenance (figure 6A). Potash
and plagioclase feldspars account for 3% of the bulk
and shows lamellar twining (figure 2C). Feldspars
show greater roundness index than quartz grain
although partial dissolution and alteration is com-
mon in constituent feldspars. Lithic fragments are
more rounded than quartz and feldspar grains.
Sedimentary fragments are abundant (9.7-15.7
modal %) and 60% of the total lithic fragments are
represented by shale (these are mud clasts accord-
ing to some workers), and siltstone (figure 2B)
while the remaining fragments are chert. Cement
comprises nearly 4.3% of the rock volume and
is identified as rim cement of siliceous and fer-
ruginous composition. In some thin sections, tiny
grains of muscovite, zircon, tourmaline and epi-
dote are recorded. Rare grains of euhedral zircon
(figure 2G, H) and flakes of muscovite indicate a
plutonic source rock with short transport to the
depositional basin. Relative abundance of various
detrital components suggests quartz rich recycled
sedimentary source area for the LBS.

4.2 Upper Bhander Sandstone Formation
(UBS)

4.2.1 Modal analysis

Quartz grains are subangular to subrounded,
well sorted and show authigenic growth rims.
Monocrystalline quartz (Qm) is more abundant
than the polycrystalline variety (Qp) (figure 2E)
and the non-undulatory monocrystalline quartz
(Qn) exceeds undulatory monocrystalline quartz
(Qu). The detrital grains invariably are coated with
thin brown rim of iron oxide. The amount of quartz
in UBS framework (81 + 10%) is greater than those
in LBS. The QtFL diagram (figure 4B) reflects
high percentage of quartz grains (Qt90F2L8), while
the QmFLt plot illustrates (figure 5B) the domi-
nance of lithoclasts (some researchers interpret
them as rip-up clasts) and relatively low amount
of feldspar (Qm88F2L10). The UBS has less poly-
crystalline quartz compared to the population
of sedimentary lithic fragments (Qp65Lv0Ls35).
Concavo-convex grain contacts are observed in the
thin section (figure 2D), caused by compaction
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Table 2. Modal analyses and recalculated data for selected sandstone samples, (LBS) for Lower formation while (UBS) for

Upper formation.

Sample no. Qt F L Total Qm
LBS1 79 9 12 100 77.4
LBS2 81.8 6 12.2 100 79.3
LBS3 78.2 7 14.8 100 75.2
LBS4 79.5 5 15.5 100 75.6
LBS5 82 5 13 100 79
LBS6 82.3 4 13.7 100 79.3
LBS7 78 8 14 100 74.7
LBS8 78.3 9 12.7 100 75.5
LBS9 81 7 12 100 76.5
LBS10 83 6 11 100 81.7
LBS11 76.7 9 14.3 100 75.3
LBS12 80.5 8 11.5 100 78.7
LBS13 83.3 7 9.7 100 80.5
LBS14 85.2 4 10.8 100 82.5
LBS15 85.3 5 9.7 100 83
LBS16 84.6 4 11.4 100 80
LBS17 88.7 3 8.3 100 84.7
Average 81.6 6.2 12.1 100 78.7
Std Dev. 3.1 1.9 1.94 3.05
UBS1 89 2 9 100 88.3
UBS2 85.9 3 11.1 100 85
UBS3 90 1 9 100 88.8
UBS4 92 1 7 100 91.3
UBS5 91.5 1 7.5 100 89.7
UBS6 92.5 1 6.5 100 90.5
UBS7 91 1 8 100 83
UBSS8 89 3 8 100 88
UBS9 92.5 1 6.5 100 91.7
UBS10 88.7 2 9.3 100 87.5
UBS11 92.8 1 6.2 100 91.7
UBS12 93 1 6 100 89.7
UBS13 89.8 3 7.2 100 88
UBS14 90.2 2 7.8 100 88.3
UBS15 88.3 1 10.7 100 85
UBS16 93.3 1 5.7 100 91.3
UBS17 94 1 5 100 92.7
UBS18 87.2 4 8.8 100 85
UBS19 89.4 2 8.6 100 87
UBS20 88 3 9 100 84
Average 90.4 1.75 7.8 100 88.3
Std Dev. 2.24 0.96 1.62 2.82

F Lt Qp Lv Ls CT
9 13.6 46.7 0 53.3 5.8
6 14.7 56.3 0 43.7 4.8
7 17.8 51.6 0 48.4 4.3
5 19.4 55 0 45 5.5
5 16 58 0 42 4.4
4 16.7 55 0 45 3.7
8 17.3 55.5 0 44.5 3.9
9 15.5 55.7 0 44.3 3.5
7 16.5 56.3 0 43.7 4.6
6 12.3 53 0 47 4.2
9 15.7 424 0 57.6 4.8
8 13.3 58.5 0 41.5 5.1
7 12.5 56 0 44 4.5
4 13.5 64 0 36 4.7
5 12 64 0 36 3
6 14 59.1 0 40.9 3.7
5 10.3 69.3 0 30.7 3.1
6.4 14.7 56.2 0 43.7 4.3
1.69 2.38 6.25 0 6.25 0.78
2 9.7 43 0 57 3
3 12 41.5 0 58.5 3.8
1 10.2 56.5 0 43.5 4.0
1 7.7 53.3 0 46.7 3.9
1 9.3 72.3 0 27.7 4.6
1 8.5 76.7 0 23.3 4.3
8 9 66.6 0 33.4 5.3
3 9 55.5 0 44.5 5.6
1 7.3 61.3 0 38.7 4.5
2 10.5 53.3 0 46.7 4.5
1 7.3 71.8 0 28.2 6.6
1 9.3 67.6 0 324 3
3 9 73.6 0 26.4 3.2
2 9.7 70.8 0 29.2 4.2
1 14 68.2 0 31.8 4.7
1 7.7 81.4 0 18.6 4.9
1 6.3 80 0 20 4.5
4 11 68 0 32 4.8
2 11 70.9 0 29.1 6.1
3 13 64 0 36 6.3
2.1 9.58 64.8 0 35.1 4.6
1.68 1.95 11.21 0 11.21 1.01

Note: Qt = quartz total, Qm = quartz monocrystalline, Qp = quartz polycrystalline, F = feldspar, L. = lithic fragments,
Lv = lithic fragments (volcanic), Ls = lithic fragments (sedimentary), Lt = lithic fragments total (volcanic + sedimentary),

CT = cement.

of quartz grain. Orthoclase is more abundant
than microcline but constitutes a small propor-
tion (1-3%) of the rock. These grains are well
rounded and show clay and iron oxide coatings.
Plagioclase is rather rare. Lithic fragments include
siltstone, shale, sandstone and chert in decreasing

order of abundance. Volcanic fragments are sub-
ordinate (Qp65Lv0Ls35). Cement (3-6%) occur as
dust rims (figure 2F) and are mainly Fe-oxides
and partly siliceous. Secondary iron oxides, detri-
tal biotite, zircon and tourmaline are accessory
minerals.
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Figure 2. (A, B) Photomicrographs of LBS showing overgrowth of monocrystalline quartz with polycrystalline quartz
grain. Grains are compacted with concavo-convex sutured boundaries. Recrystalline feature like triple junctions are common
in the polycrystalline quartz grain. Lithic fragments consist mainly of reworked sedimentary grain. Bar scale 200 pum.
(C) Detrital grain of plagioclase feldspar exhibiting lamellar twin. Bar scale 200 um. (D, E) Photomicrographs of UBS
showing population of undulated quartz grain of metamorphic source. Bar scale 200 to 250 um. (F) Digital image analysis
of cement occupied area in thin section. Cements are mainly ferruginous to silica in composition. Bar scale 200 ym. (G, H)
Pristine detrital zircon exhibits different zoning and at the centre development of rectangle rims is prominent. Bar scale 25
to 250 pm.
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Figure 3. QtFL plot (after Folk 1968) for the Lower and
Upper Bhander sandstones. Key to the field: 1. Quartz
arenite; 2. Subarkose; 3. Sublitharenite; 4. Arkose; 5. Lithic
arkose; 6. Feldspathic litharenite; 7. Litharenite.

5. Geochemical characteristics
5.1 Major element

Geochemistry of sedimentary rocks has been
related to plate tectonic setting (Bhatia 1983;
Roser and Korsch 1986, 1988; Naqvi et al 1988;
McLennan et al 1990; Banerjee and Bhattacharya
1994) and therefore provides insights to the
tectonic evolution of the terrain. Major element
chemistry gives clue to the provenance type as
well as weathering conditions which in turn con-
trolled by the tectonic setting of the basin. Major
element oxide composition of the Bhander sand-
stone is given in table 3. The average SiO, content
for UBS (78.05%) and for LBS (70.16%) reflects
high quartz content of these supermature sand-
stones. SiO, increases with Al,O3, TiO, and K,O
whereas MgO, CaO and Na,O decreases in both
the sandstone units. The absolute amount of quartz
and the chemically unstable grains determine the
extent and range of chemical variations. Small
amount of CaO and Na,O contents are clearly
contributed by the plagioclases, and such low con-
centrations corroborate the petrographic observa-
tion. Moderate values of K,O reflect derivation
from K-feldspars and micas. TiO, values in the
LBS suggest derivation from the TiO, containing
opaque minerals. High Al,Os; is due to the pre-
sence of clays and subordinate micas. The UBS
contain substantial Fe,O3; derived from the iron
oxide in the grain boundary cement, while MnO
and P,Os; do not show any significant varia-
tion pattern. Very low MnO content in all sand-
stone samples reflect low Eu of the depositional
basin.
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5.2 Trace element

Most of the trace elements given in table 4, like Sr
and ferromagnesian elements (Ti, Sc, and V) show
negative correlation with Si, whereas large cation
elements (Rb and Pb), highly charged cation ele-
ments (La and Nd) and HFSE elements like Zr and
Hf show increasing trend with silica. This indicates
that clastic detritus was associated with quartzose
source component. Sr is depleted due to the recy-
cling of feldspar with increasing maturity.

5.2.1 Ferromagnesian trace elements

In most mafic igneous rocks Cr, Co, Ni, T and
V show similar chemical behaviour, which on
a weathering regime gets fractionated. In LBS
sample, Cr content 97-111 ppm is lower than the
concentration in the UBS samples (103-227 ppm)
suggesting slight enrichment with respect to
chromium during the weathering of the Upper
Sandstone. A moderately positive correlation of
Cr with Ni (figure 7E) in the UBS suggests local
control of the source rocks, whereby basic rocks
provided additional inputs during the sedimenta-
tion of the UBS. High Th/Sc ratios (figure 7C)
in both sandstone formations point to substan-
tial input from highly differentiated rocks such as
granites (Th/Sc = 4.06). Similar observations were
also made by Paikaray et al (2008).

5.2.2 LILE and HFSE trace elements

Some LILE and HFSE elemental ratios like Rb/Sr,
Zr/Hf given in table 4, are often used for tec-
tonic setting interpretations. Similarly, LBS with
3867 ppm of Zr and UBS with 600 ppm reflects
granite rich source rock. HFSE elements like Zr,
Nb and Ta belong to an important group of ele-
ment which provides monitoring the provenance.
The average Th/U ratio in the Bhander sand-
stones (4.4 ppm) is similar to that of PAAS (4.7),
whereas La/Th ratios vary between 1.6 and 2.2
which is lower than the PAAS (2.6). Elements like
Zr, Nb, Hf, Th and U are partitioned in the igneous
melt during crystallization and as a result these ele-
ments are found in abundance in the felsic rocks.
Th and U are highly incompatible elements and
remain unfractionated during the diagenesis and
therefore used for the discrimination of provenance
types. A unique correlation of Zr to Hf (figure 7F)
points to high Hf content of the associated zircon.
A moderately positive correlation of Yb and Zr
(figure 7J) in both sandstone formations suggests
that heavy REE in these rocks are governed by
the zircon population (table 4). Being resistant to
weathering and alteration these elements impart a
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Figure 4(A and B). Ternary QtFL plots of the framework mode of the Lower and Upper Bhander sandstones, showing dif-
ferent provenance fields proposed by Dickinson (1985). Key to the provenance field: BU — basement uplift; TC — transitional
continental; CI — craton interior; RO — recycled orogen; DA — dissected arc; TA — transitional arc; UA — undissected arc.

Lower Bhander Sandstone Formation
Upper Bhander Sandstone Formation

F A) Lt F ®) Lt
Figure 5(A and B). QmFLt plots for framework modes of the Lower and Upper Bhander sandstones showing different
provenance fields by Dickinson and Suczek (1979); Dickinson et al (1983). Key to provenance field: BU — basement uplift;
TC — transitional continental; CI — craton interior; QR — quartzose recycled; TA — transitional recycled; LR — lithic recycled;
DA — dissected arc; TA — transitional arc; UA — undissected arc.
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Figure 6(A and B). QpLvLs plots for framework modes of the Lower and Upper Bhander sandstone formations showing
different provenance fields by Dickinson and Suczek (1979).
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Table 3. Major element compositions of representative UBS and LBS samples in the Maithar—Nagod area, from central Vindhyan basin. Major oxides in wt %, LOI: loss

on ignition.

LBS2 LBS3 LBS4 LBS5 Mean UBS1 UBS2 UBS3 UBS4 UBS5 UBS6 Mean

LBS1
72.12

Element
SiO;

78.05

83.42

85.09

84.25

71.35

70.73

73.48

70.16

66.80
13.09
1.93
1.28
0.41
1.28
2.13
4.70
0.11
0.13
7.38
99.24
5.10
0.16
1.66
0.15
0.36

68.76 69.31

73.79
10.78
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7.53
0.29
0.30
0.19
1.06
2.19
6.27
0.10
0.07
3.74
99.79

7.15
0.08
0.81
0.20
0.77
1.87
3.15
0.03
0.06
2.38

99.92

5.39
0.09
0.14
0.17
1.40
1.43
3.09
0.05
0.06
3.16

100.07

5.47
0.08
0.14
0.18
1.42
1.93
2.97
0.03
0.07
3.21

99.75

9.52
0.51
0.22
0.22
1.20
2.97
9.73
0.17
0.09
4.03

100.01

9.88
0.53
0.25
0.21
0.85
2.08
10.05
0.16
0.08
4.73

99.55

7.75
0.47
0.21
0.17
0.71
2.85
8.61
0.15
0.08
4.95

99.43

11.42

10.11

12.01

11.10

Al;O3
TiO2
CaO

1.85
1.11
0.45
1.11
2.76
4.62
0.12
0.13
5.78
99.49

2.01
1.24
0.42
1.24
2.06
5.11
0.12
0.16
7.26
99.04

1.90
1.05
0.49
1.05
3.91
4.70
0.15
0.10
5.08
99.20

1.71
0.97
0.46
0.97
1.78
4.06
0.11
0.14
5.19
99.96

1.68
0.99
0.45
0.99
3.92
4.51
0.13
0.12
4.01

100.02

MgO

NaQO
K20

Fez 03
MnO
P20s
LOI

SUM

11.17

11.67
0.26
2.43
0.01
0.44

15.79

15.40
0.35
1.36
0.01
0.54

7.49
0.31
2.48
0.05
1.02

7.16
0.21
2.45
0.05
1.02

9.48
0.37
4.01
0.06
1.11

6.21
0.24
2.57
0.16
0.41

6.86
0.20
1.66
0.20
0.51

5.73
0.33
3.72
0.16
0.39

6.85
0.17
1.84
0.16
0.38

6.50
0.35
3.96
0.15
0.41

Si02 /AL 03

0.29
2.29
0.04
0.78

0.27
1.02
0.02
0.57

Ko O/A1203

KzO/NaQO

TiOQ/AlQ O3

Fez 03/A12 03

distinct chemistry to the rock. Some significant dif-
ferences in the elemental ratios in two sandstone
populations suggest local control of sediment com-
position. The Cr/Th ratio in the rocks of UBS is
significantly higher (13-38) while La/Sc ratio is
significantly lower (5-7) than that of LBS. In con-
trast, the average Cr/Th ratio (3) is significantly
lower and the La/Sc ratio (8-9) is significantly
higher in the LBS formation suggesting more sili-
cic source for the latter, than in the former. The
plots between Th/U, Th/Sc, Cr/Ni, Zr/Hf, La/Zr,
La/Sc, La/Yb and Yb/Zr (figure 7B, C, E, F, G, H,
I, J) indicate distinct division between two groups
of sample population.

5.3 Rare earth elements

The REE abundance and the distribution pattern
of the analytical data are useful in understand-
ing the petrogenesis of different types of arenites
(Bhatia 1985; Bhatia and Crook 1986; McLennan
1989; Condie 1991; McLennan and Taylor 1991).
REEs are among the most important group of ele-
ments in terms of provenance indicator. Total rare
earth elemental concentration of UBS is (mean
76 ppm) is lower than PAAS (183 ppm) whereas
LBS (mean 275ppm) is greater than PAAS
(table 5). The chondrite normalized REE distri-
bution in LBS and UBS show LREE enrichment,
significant negative Eu anomaly and a flat smooth
distribution pattern for the HREE (figure 8). The
LREE enrichment (2.6 to 4.17 La/Sm) is reflected
in the analytical data and near constant value
of HREE Gd/Yb ranges between ~0.8 and —1.2.
REE is generally not lost during weathering; hence
the Eu anomaly seen in the sandstone samples may
not be attributed to effects of weathering. The neg-
ative Eu anomalies are therefore attributed to the
presence of Eu depleted felsic rocks, such as gran-
ite in the source region (Gao and Wedepohl 1995).
The arenites of the LBS show very strong negative
Eu anomaly (figure 8) similar to those of PAAS
(Taylor and McLennan 1985). High enrichment of
LREE in LBS is controlled mainly by the abun-
dance of heavy minerals like zircon which is cor-
roborated by the presence of high amount of Zr
element (mean 3875 ppm; see table 5) and partly
by the micaceous minerals (muscovite and biotite),
whereas in UBS samples LREE are controlled in
part by the micaceous minerals and partly by the
clay minerals. The chondrite normalized REE pat-
terns of the Bhander sandstones are characterized
by the presence of pronounced negative Eu anom-
aly and high La/Yb ratio (6.5 to 7.8, figure 71I).
These values resemble the craton derived rocks
(Bhatia 1985). The modal percentage of detrital
zircons in thin sections (1-3.5%) of both the sand-
stone types validates this observation.
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Figure 7.

(A—J) show various bilinear plots of trace element ratios of sandstone samples of the Bhander Group.
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Figure 8.
Group in the central Vindhyan basin.

6. Interpretation
6.1 Petrographic modal interpretation

A series of ternary diagrams are used to plot the
sandstone detrital mode data for the LBS and UBS
using (Dickinson 1985) plots QtFL. Both LBS and
UBS can be inferred to have received its sand
grains from a mixed provenance, represented by
the craton interior to recycled orogen. Similarly,
the QmFLt ternary plots for the same set of sam-
ples suggest derivation from the craton interior to
quartzose recycled terrain. Greater abundance of
monocrystalline quartz over polycrystalline quartz
reflects an increase in the maturity index. Lower
abundance of feldspar as well as volcanic frag-
ment also supports the dominance of a recycled
sedimentary source. Feldspar depletion is appar-
ently caused by intense recycling. The QpLvLs
plots (figure 6A, B) for both the formations point
towards minor contribution of the collision suture
and fold thrust belt. Muscovite in LBS is suggestive
of recycled orogenic provenance where as biotite in
UBS seems to reflect aridity in the source region.
Relatively more aridity in the depositional site
is indicated by the ubiquitous iron oxide cement
(3-6%).

Modal analysis given in previous pages indicates
60% of the total lithic fragments are siltstone.
Shale and sub-rounded abraded chert consti-
tutes the rest. The rounded lithic fragments are
obviously derived from the recycled sedimentary
sources. Compaction by cement formation is evi-
dent from interpenetrative grain contacts mostly
concavo-convex and sutured (figure 2B). These
features indicate progressive nature of the com-
paction process, which seem to have started at
the sediment-water interface and continued till the
burial. Angularity of zircon grains indicate short

Chondrite-normalized (sample/chondrite) (REE) distribution pattern of the sandstone samples of the Bhander

transport of the sand constituents which appear to
be derived from a granitic source. It is apparent
that sandstone samples plotting into the recycled
orogen field of the Dickinson diagrams (figures 4, 5)
are typical of an intracratonic basin deposit where
immature sediments are derived from the adjacent
tectonically active highlands.

6.2 Geochemical interpretation

Geochemical interpretation of the sandstone analy-
sis is adequately supported by the petrographic
data generated from the detrital constituents. The
sandstones of the Bhander Group by and large
contain a fairly high amount of SiOy (70-78%),
and Al,Oj (7.53-11.42%). Presence of significant
amount of HFSE such as Zr (570-3875 ppm), Hf
(16.44-119 ppm) and REE (> _REE 70-275 ppm) is
noteworthy. The source rocks seem to have high
concentration of immobile elements like Th and
La and low abundance of elements like Sc, Co
and Cr. Ferromagnesian elements (Fe, Ti, Mg, Sc
and V) and small cation elements (Na, Ca and
Sr) show negative correlation with SiO,, whereas
large cations (K, Rb and Pb) and highly charged
cations (La and Nd) and high field strength ele-
ments like Zr and Hf show positive correlation with
silica. This indicates that detritus was derived from
quartz rich source and strongly influenced by the
silicic nature of source rocks. It is evident from
the petrography and geochemistry of the LBS and
UBS formations, that two compositional groups
can be identified. The geochemical gap shown by
trace and rare earth elements suggests a variety
of provenance types for the two formations of the
Bhander Group. This compositional characteris-
tic of different lithological units of the Bhander
Group is closely influenced by the tectonics in the
depositional basin.
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7. Conclusion

A critical evaluation of contrasting view points and
detailed field study of the Bhander Group of sedi-
ments has prompted an invocation of a hypothe-
sis that the Bhander sandstones from the central
part of the Vindhyan basin are quartz rich arenite
to sublitharenite and inferred to have been derived
from the interior craton and some sort of recycled
orogen. As demonstrated in the previous pages, the
detrital mode and the element distribution pat-
tern point to a dual source for sediment parti-
cles. On one hand, the continental interior with
granitic/gneissic rocks of the Mahakoshal Group
acted as a prominent source terrain, the other
source terrain appear to be the recycled sedimen-
tary prism of the exhumed sandstones of the Rewa
and Kaimur Groups.

High SiO, content of Lower Bhander Sandstone
in the range of 70-85% reflect derivation from a sta-
ble craton where granitic source rocks are evident,
characterized by high Zr content (600-3867 ppm)
and characteristic Zr/Nb and Z/Th ratios. The
samples of LBS with Cr/Th ratio of ~3 : 1 suggest
derivation from a silica rich terrain of granites and
other related silicate rocks. The negative Eu anom-
alies in these rocks are also attributed to the pre-
sence of Eu depleted felsic rocks such as granites in
the source region. The interelemental bilinear plots
for trace elements (figure 7TA—J) show three types
of population.

e disseminated scattered type,

e linear with positive correlation, and

e two population clusters. The third type of trace
element clustering signifies the overall discrimi-
nating character between LBS and UBS. Such
distribution patterns further corroborate the
fact that the LBS sediments were derived from
granite rich cratonic terrain whereas UBS was
derived from mixed terrain and from time to
time received detrital supplies from local sources
due to recycling.

The QpLvLsm discrimination diagrams (figure
6A, B) after Dickinson and Suczek (1979) for the
mineral constituents of the Bhander arenites indi-
cate that the source area rocks to be the fold
thrust belt, the evidence for which are found in
the Mahakoshal Group of metamorphics in the
Son Valley. Some geophysical studies (Mishra et al
2002) across the Satpura Mountain belt suggest
that the Satpura fold belt represents a Proterozoic
collision zone between the Bundelkhand Craton in
the north and the Bhandara Craton in the south.
If such a tectonic scenario was a reality, the sand-
stones of the Bhander Group could have formed
as a foreland intracratonic sedimentary succession
deriving its detritus from the Satpura fold belt.
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