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INTRODUCTION

Precambrian sedimentary rocks are important for understanding the ori-
gin and evolution of the continental crust, its composition, Earth’s surface 
processes, tectonic history, and sediment provenance (Wronkiewicz and 
Condie, 1989; McLennan and Taylor, 1991; Eriksson et al., 1992, 2002). 
Extensive Mesoproterozoic–Neoproterozoic sedimentary successions, 
commonly called the Purana succession in Indian stratigraphy (Holland, 
1907), occur in seven cratonic basins in the peninsular India—Vindhyan 
Basin, Cuddapah Basin, Chhattisgarh Basin, Indravati Basin, Pranhita-
Godavari Basin, Bhima Basin, and Kaladgi Basin (Fig. 1). These basins 
occupy large areas of cratonic blocks (Rogers, 1986). These Proterozoic 
basins are comparable with the Proterozoic basins of North America, Aus-
tralia, and the Siberian platform with respect to age, duration of basin his-
tory, size, sediment thickness, and depositional systems (Preiss and Forbes, 
1981; Kale and Phansalkar, 1991; Patranabis Deb, 2004). Among these 
seven Mesoproterozoic–Neoproterozoic sedimentary basins of the Indian 
Peninsula, the Chhattisgarh and Indravati Basins occur in the Bastar craton.

A variety of sediments deposited in the Chhattisgarh and Indravati Basins 
of the Bastar craton have sampled the continental crust of that period and, 
therefore, act as a repository of evidence and clues regarding the composition 
of the Proterozoic continental crust, and the tectonic environment prevailing 
at the time of deposition of the rocks of the Chhattisgarh and Indravati Basins.

Sandstone petrography is widely considered to be a powerful tool for 
determining the origin and tectonic setting of ancient terrigenous deposits 
(Blatt, 1967; Dickinson, 1970; Pettijohn et al., 1972). Shale geochemistry 
has been considered to represent the average crustal composition much 
better than any other detrital sedimentary rock because of its grain-size 
homogeneity and postdepositional impermeability (McCulloch and Was-
serburg, 1978; Bhat and Ghosh, 2001). Proterozoic shales have been stud-
ied in different parts of the world to understand the nature of the upper 
continental crust, which developed by the close of the Archean (Taylor 
and McLennan, 1985; Wronkiewicz and Condie, 1990). In the present 
paper, we studied the petrography of the sandstones and geochemistry of 
the shales from the Chhattisgarh and Indravati Basins of the Bastar craton 
to determine their provenance, tectonic setting, and paleoredox condi-
tions. Further, we draw comparisons between present geochemical data 
on shales and the available geochemical data from NASC (North Ameri-
can Shale Composite; Gromet et al., 1984), UCC (upper continental crust; 
Taylor and McLennan, 1985), granite and gneiss of the Bastar craton 
(Mondal et al., 2006), and the Archean mafi c volcanic rocks of the Bastar 
craton (Srivastava et al., 2004) to identify source-rock characteristics.

GEOLOGICAL SETTING

The Singhbum, Dharwar, and Bastar nuclei together constitute the 
southern peninsular block of India (Radhakrishna, 1989). Toward the 
north, the Bastar craton was accreted with the Aravalli–Bundlekhand 
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Figure 1. (A) Geological map of India showing distribution of the Mesoproterozoic–Neoproterozoic basins of the Indian peninsula. (B) Geological map 

of the Indravati Basin (Ramakrishnan, 1987) and (C) geological map of the Chhattisgarh Basin (Murthi, 1987) of the Bastar craton from which samples 

were taken. Numbers refer to sample locations.
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craton along east-northeast– to west-southwest–trending Narmada-Son 
Lineaments, which together constitute the Central Indian Shield (Bando-
padhaya et al., 1995). The Bastar craton lies in the southern corner of the 
Central Indian Shield. It is bounded on the east by the high-grade East-
ern Ghat mobile belt and on the north and south by the Mahanadi and 
Godavari rifts, respectively. The Chhattisgarh and Indravati Basins of the 
Bastar craton contain unmetamorphosed conglomerate, sandstone, shale, 
limestone, chert, and dolomite (Table 1). The age of the Chhattisgarh and 
Indravati Basins has been assigned to be Mesoproterozoic–Neoproterozoic 
(Chaudhuri et al., 1999). The origin of the basins of the Bastar craton is 
poorly constrained, though a riftogenic origin has been invoked for them 
(Naqvi and Rogers, 1987; Kale and Phansalkar, 1991; Takashi et al., 2001; 
Chaudhuri et al., 2002).

METHODOLOGY

In order to represent the maximum possible stratigraphical, spatial, and 
lithological variations of clastic rocks, fresh sandstone and shale, samples 
were collected from outcrops and mine sections in the study area. Twenty-
one sandstone samples from the Chandarpur Group and the Tiratgarh 
Formation, which stratigraphically form the lower parts of the Chhattis-
garh and Indravati Basins, respectively, were selected for modal analysis 
(Fig. 2). Mineralogical composition of the sandstones was determined by 
modal analysis. Point counting was carried out using the Gazzi-Dickinson 
method (Dickinson, 1970; Le Gazzi, 1966; Ingersoll et al., 1984). More 
than 500 points were counted for each thin section, using the maximum 
grid spacing to give full coverage to the thin section slide. Petrographic 
examinations were done for the shale samples from the point of view of 
secondary alterations. After careful petrographic studies, shale samples 
from the Gunderdehi Formation and the Tarenga Formation of the Raipur 
Group, which stratigraphically form the upper part of the Chhattisgarh 
Basin, and also the Jagdalpur Formation, which forms the upper part of 
the Indravati Basin (Fig. 2), were selected for geochemical analysis to 
obtain analytical data for major, trace, and rare earth elements (REEs). 

Major elements were analyzed on WD-XRF (Wavelength Dispersive 
X-Ray Fluorescence Spectrometer) (Siemens SRS 3000) at the Wadia 
Institute of Himalayan Geology, Dehradun, India. The precision of XRF 
major oxide data is better than 1.5%. Details of the analytic techniques 
and precision and accuracy of the instrument are described in Saini et 
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showing the rock formations (indicated by dark circles) from which the 

samples were taken.

TABLE 1. THE GENERAL STRATIGRAPHIC SUCCESSIONS OF THE CHHATTISGARH AND INDRAVATI BASINS OF THE 
BASTAR CRATON (NAQVI AND ROGERS, 1987; RAMAKRISHNAN, 1987; MURTHI, 1987)

tnemnorivne lanoitisopeDygolohtiLnoitamroF

Chhattisgarh Basin (Chhattisgarh Supergroup)

Raipur Group
   Tarenga Formation Purple shale and purple limestone

nisab ot epolSenotsemil knip dna yarGnoitamroF idnahC   
nisab ot epols ,nigram mroftalPelahs yarg/elahs elprup dna kniPnoitamroF ihedrednuG   

mroftalPsyalc ffub ot etihw/enotsemil yarGnoitamroF airumrahC   
Chandrapur Group

fl dniw dna rab ecaferohSenotsdnas etihWnoitamroF rahtapasnaK    ats
flehs gnidargorp dna atledorPenotsdnas neerg evilo dna nworb hsiddeRnoitamroF hidaropahC   

xelpmoc atled-naFenotsdnas ylbbep etihWnoitamroF hidrahoL   

Unconformity
Archean granites, gneisses, and older supracrustals (Sonakhan greenstone belt)

Indravati Basin

flehs etanobrac-citsalcicilis wollahSyarg dna elprup htiw selahs suoeraclaCnoitamroF rupladgaJ   
mroftalp etanobrac retaw-peeDenotsemil yarg ,enotsemil elpruPenotsemiL regnaK   

   Cherakur Formation Purple shale with arkosic sandstone and chert pebble 
conglomerate, grit

Intertidal to subtidal

   Tiratgarh Formation Chitrakot sandstone member  (quartz arenite) Beach, fan-delta
Mendri sandstone member (subarkose and conglomerate)

Unconformity
Archean granites, gneisses, and older supracrustals (Sonakhan greenstone belt)
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al. (1998). Trace elements, including REEs, were analyzed on an induc-
tively coupled plasma–mass spectrometer (ICP-MS) (Perkin Elmer Sciex 
ELAN DRC II) at the National Geophysical Research Institute, Hyder-
abad, India. The precision of ICP-MS trace-element and REE data is bet-
ter than 5%. Details of the analytic techniques and accuracy and precision 
of the instrument are described in Roy et al. (2007).

RESULTS

Petrography of Sandstones

Chandarpur Group (Chhattisgarh Basin)

Lohardih Formation. Sandstones of the Lohardih Formation are dom-
inated by quartz (71% on average). Monocrystalline quartz is a dominant 
type, averaging 68%. Feldspar content of this formation exceeds that of 
any other formation documented here, and the entire feldspar population 

averages 4% for the sample set. Microcline dominates over plagioclase. 
The P/K ratio (plagioclase/ K-feldspar ratio) averages 0.5. The rock frag-
ments in these sandstones are made up of chert, and this stratigraphic unit 
has the highest representation of chert grains (5% on average) (Table 2).

Chaporadih Formation. Sandstones of the Chaporadih Formation 
are characterized by high values of quartz (82% on average). Quartz is 
strongly dominated by monocrystalline quartz, with an average of 77%. 
Polycrystalline quartz generally constitutes 5% of quartz grains. Micro-
cline dominates over plagioclase (P/K ratio averages 0.25). Glauconite 
pellets are very common in the Chaporadih Formation (up to 11%) (Table 
2). The cementing material is mostly silica cement (quartz overgrowth).

Kansapathar Formation. Sandstones of this stratigraphic unit have the 
highest amount of quartz grains (average 95%). The framework grains 
of sandstones of the Kansapathar Formation are composed dominantly 
of monocrystalline and polycrystalline quartz, with insignifi cant feldspar 
and rock fragments, including chert, which is 1% on average. Stretched 

TABLE 2. SANDSTONE COMPOSITIONS OF THE CHANDARPUR GROUP OF THE CHHATTISGARH BASIN AND THE TIRATGARH FORMATION OF 
THE INDRAVATI BASIN

Sample no. Qm
(%)

Qp
(%)

K-feldspar
(%)

Plagioclase
(%)

Feldspar total
(%)

Chert
(%)

Glauconite
(%)

Silica cement
(%)

Calcite cement
(%)

Iron cement
(%)

Rock fragment
(%)

Others
(%)

Total
(%)

Chandarpur Group

   Lohardih Formation

RD-406 76.33 5.12 6.18 3.18 9.36 0 0 0.55 6.53 0.7 1.23 0.18 100
RD-420 37.46 0.65 0.65 1.6 2.25 9.65 0 0.16 33.44 16.07 0 0.32 100
RD-421 57.64 1.05 1.91 0.52 2.43 4.68 0 0.52 33.15 0.35 0 0.18 100
RN-438 79.37 3.37 2.52 1.05 3.57 6.53 0 5.06 0 1.05 0 1.05 100
RD-509 85.9 4.51 0.37 0 0.37 6.02 0 2.07 0 0.94 0 0.19 100
RD-523 68.36 5.68 3.84 1.38 5.22 3.32 0 0 15.55 0.3 0.77 0.8 100
Average 68 3 3 1 4 5 0 1 15 3 0.5 0.5 100
Average P/K ratio of the Lohardih Formation is 0.5

   Chaporadih Formation

RD-404 80.47 9.19 1.34 0 1.34 2 3.01 0.66 0 0.83 1.83 0.67 100
RN-423 67.26 4.19 0 0 0 3.07 21.77 2.09 0 1.45 0 0.17 100
RN-425 82.01 1 2.02 0.86 2.88 2.44 9.06 1.73 0 0.59 0 0.29 100
Average 77 5 1 0.3 1.4 2.5 11 1.5 0 0.6 0.7 0.4 100
Average P/K ratio of the Chaporadih Formation is 0.25

   Kansapathar Formation

RD-405 87.28 6.66 0 0 0 2.37 0 2.52 0 0.29 0 0.88 100
RD-408 86.76 3.63 0.9 0.55 1.45 0.72 0 1.99 0 5.27 0 0.18 100
RD-409 91.54 4.94 0 0 0 0.58 0 2.12 0 0.23 0.36 0.23 100
RD-410 80 16.5 0 0 0 2.17 0 0.49 0 0.24 0.24 0.36 100
RN-424 88.89 5.48 0.81 0 0.81 0.16 0 4.02 0 0.32 0 0.32 100
RD-510 85.33 7.81 0 0 0 2.43 0 1.14 0 0.72 2.28 0.29 100
RD-520 93.79 1.77 0 0 0 0 0 4.14 0 0.15 0 0.15 100
Average 88 7 0.2 0.1 0.3 1 0 2 0 1 0.4 0.3 100
Average P/K ratio of the Kansapathar Formation is 0.3
Average of all the three formations of the Chandarpur Group:

77 5 1.4 0.4 2 2.5 3 1.5 5 1.3 0.5 0.4 100
Average P/K ratio of all the three formationss of the Chandarpur Group is 0.44 

Indravati Group

   Tiratgarh Formation

JC-541 3.28 85.8 5.47 1.09 6.56 0 0 0 3.83 0.18 0 0.35 100
JC-542 79.83 1.8 0.36 1.26 1.62 3.61 0 0.36 10.61 0.9 0.54 0.73 100
JC-543 89.79 5.83 0 0 0 0 0 0.36 3.05 0.36 0.48 0.13 100
JT-547 50.42 32.1 1.53 0.41 1.94 2.08 0 0 10.42 1.12 1.38 0.54 100
JT-548 86.14 5.82 0 0 0 5.54 0 1.25 0 0.69 0.28 0.28 100
Average 62 26 1.5 0.6 2 2 0 0.4 6 0.6 0.5 0.4 100

        73.0 si noitamroF hragtariT eht fo oitar K/P egarevA

Note: Qm—monocrystalline quartz, Qp—polycrystalline quartz, P/K—plagioclase/K-feldspar. Others include heavy minerals and mica.
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metamorphic quartz is very common among the polycrystalline quartz. 
The intragranular space is entirely fi lled with the quartz cement, which 
constitutes ~2% on average (Table 2).

Indravati Group (Indravati Basin)

Tiratgarh Formation. Sandstones of the Tiratgarh Formation of the 
Indravati Group are also dominated by quartz (88% on average). Mono-
crystalline is the dominant quartz type (62% on average); however, in two 
samples, polycrystalline quartz dominates. K-feldspar dominates over pla-
gioclase, except in one sample (P/K ratio averages 0.37), and the entire 
feldspar population averages 2% for all samples (Table 2). The sandstones 
are mainly cemented by carbonate and silica minerals. Heavy miner-
als and opaques are rare and are dominated by zircon and iron oxides, 
respectively. Quartz cement occurs primarily as overgrowth around quartz 
grains. Rock fragments are rare and are dominated by chert fragments.

The general petrographic attributes show similarity between the 
Lohardih Formation and the Tiratgarh Formation, which form the basal 
part of the Chandarpur Group and the Indravati Group, respectively. 
These formations are somewhat feldspathic and weakly quartz cemented. 
The decreasing feldspar content at the top of the Chandarpur Group 
(Kansapathar Formation) is accompanied by a corresponding increase 
in the framework quartz as well as quartz cement. Monocrystalline and 
polycrystalline quartz varieties exhibit a positive correlation in their con-
tents. The frequency of feldspar gradually declines while monocrystalline 
quartz and polycrystalline quartz increase upward at the top of the Kansa-
pathar Formation and the rock becomes a supermature quartz-arenite with 
quartz cement up to 2.34%.

Geochemistry of Shales

Major Elements

Petrographic observation reveals that the shales of the Bastar craton 
display compositional variation, from calcite-rich shale to a typical shale. 
This is best depicted by the abundance of CaO concentrations in these 
shales. Therefore, we can classify the shale samples of the Gunderdehi 
Formation of the Chhattisgarh Basin into calcareous shales (>6% CaO) 
and the shale samples of the Tarenga Formation of the Chhattisgarh Basin 
and the Jagdalpur Formation of the Indravati Basin into noncalcareous 
shales (<0.3% CaO). The major elements and trace elements, including 
REE data of the shale samples, are given in Table 3.

In comparison to NASC, the noncalcareous shales are enriched in 
Al

2
O

3
, Fe

2
O

3
, and K

2
O and slightly depleted in other elements (Fig. 3). 

The calcareous shales are enriched in CaO and MnO and depleted in other 
elements. The mean concentrations of major elements in the calcareous 
shales are characterized by lower values of SiO

2
 and higher values of CaO 

compared to the noncalcareous shales. Mean values of immobile elements 
like Al

2
O

3
, TiO

2
, and Fe

2
O

3
 are higher in the noncalcareous shales com-

pared to the calcareous shales. Mean values of mobile elements like K
2
O 

are higher in the noncalcareous shales compared to the calcareous shales. 
This difference in major-element compositions between the shales has 
proved to be signifi cant for SiO

2
, TiO

2
, Al

2
O

3
, Fe

2
O

3
, MnO, CaO, K

2
O, 

and loss on ignition using the Student’s t-test at better than 95% confi -
dence level (p < 0.05) (Table 3).

Trace Elements

In comparison to NASC, the noncalcareous shales are enriched in Rb, 
Cs, Th, Ta, and Nb and are slightly depleted in other trace elements. The 
calcareous shales are enriched in Sr, Cs, Ba, and Th and strongly depleted 
in most of the trace elements compared to the NASC. In comparison to the 
calcareous shales, the noncalcareous shales have higher mean values of 

transition elements like Cr and Ni. In both the calcareous and noncalcare-
ous shales, Al

2
O

3
 shows positive correlation with most of the transition 

elements, like Cr (r = 0.99 for the calcareous shales and r = 0.77 for the 
noncalcareous shales), indicating their clay mineral control. Mean values 
of large ion lithophile elements (LILEs), such as Rb and Cs, and high fi eld 
strength elements (HFSEs), such as Th, Zr, Hf, Nb, and U, of the noncal-
careous shales are higher as compared to the calcareous shales. Exceptions 
are the values of Ba, Sr, and Y, which are higher in the calcareous shales. 
However, the difference in trace-element concentrations between the cal-
careous and the noncalcareous shales is insignifi cant for Sc, V, Cr, Co, Ni, 
Y, Zr, Sc, and Ba, while it is signifi cant for Rb, Sr, Nb, Hf, and Ta using 
the Student’s t-test at better than 95% confi dence level (p < 0.05) (Table 3).

Rare Earth Elements

In comparison to NASC, the noncalcareous shales have higher REE 
abundances compared to the calcareous shales. Total REE (ΣREE) con-
centrations are variable in the shale samples, with higher mean value in 
noncalcareous shales (263 ppm) and lower value in the calcareous shales 
(180 ppm). The difference in REE concentrations between the calcareous 
and noncalcareous shales has been found to be signifi cant for elements such 
as Ce, Pr, Nd, and Gd using the Student’s t-test at better than 95% confi -
dence level (p < 0.05) (Table 3). On the chondrite-normalized REE diagram 
(Sun and McDonough, 1989) (Fig. 4), light (L) REE patterns of the non-
calcareous and calcareous shales are fractionated, with LREE enrichment 
(La/Yb)

n
 = 19.1 for the noncalcareous shales and 6.71 for the calcareous 

shales, fl at heavy (H) REE (Gd/Yb)
n
 = 1.95 for the noncalcareous shales and 

1.35 for the calcareous shales, and a signifi cant negative Eu anomaly (Eu/
Eu* = 0.61 for the noncalcareous shales and 0.81 for the calcareous shales).

DISCUSSION

Tectonic Setting

The Bastar craton of the Central Indian Shield and its Proterozoic 
sedimentary basins are very signifi cant with regard to Proterozoic tectonic 
evolution. There has not been any signifi cant study of the Proterozoic 
tectonic evolution of the Chhattisgarh and Indravati Basins of the Bastar 
craton using petrography and geochemistry of clastic rocks. Sandstone 
petrography is widely considered to be a powerful tool for determin-
ing the origin and tectonic setting of ancient terrigenous deposits (Blatt, 
1967; Dickinson, 1970; Pettijohn et al., 1972). Quite a few of the stan-
dard methods for analyzing petrographical and geochemical data of clas-
tic rocks are essentially based on Phanerozoic data sets. Applications of 
these methods to Precambrian rocks have to be made with some caution, 
because one cannot always assume uniformity in tectonic styles between 
the Precambrian and Phanerozoic. However, a recent study by Cawood 
et al. (2006) using paleomagnetic, geochemical, and tectonostratigraphic 
data established that plate tectonics have been active since at least 3.1 Ga, 
and the tectonic regime of Precambrian lithospheric plates was similar 
to Phanerozoic Earth. In the absence of standard methods for unraveling 
crustal evolution processes based on petrological and geochemical data of 
Precambrian sedimentary rocks, we employed techniques and methods 
based on Phanerozoic data sets for our rocks of Precambrian age.

To identify the provenance and tectonic setting of the sandstone sam-
ples, the recalculated parameters of Folk (1980) and Dickinson and Suc-
zek (1979) were plotted on standard ternary diagrams given by Dickinson 
and Suczek (1979). In the QtFL diagram (Dickinson and Suczek, 1979) 
(Fig. 5A), most of the sandstone samples of the Lohardih Formation, the 
Chaporadih Formation, and the Kansapathar Formation of the Chandar-
pur Group, and the Tiratgarh Formation of the Indravati Group, plot in 
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TABLE 3. CHEMICAL COMPOSITIONS OF THE CALCAREOUS AND NONCALCAREOUS SHALES OF THE CHHATTISGARH AND INDRAVATI BASINS

 selahs suoeraclacnoN selahs suoeraclaC

Sample 
number

Gunderdehi Formation 
(CB)

Mean Std

Tarenga Formation 
(CB)

Jagdalpur 
Formation (IB)

Mean Std
Mean 

difference t value P value945TJ045CJ38BS18BS215DR614DR214DR114DR204DR

Major elements (wt%)

SiO2 56.71 50.28 37.77 39.93 29.03 42.74 10.86 73.86 70.05 58 54.07 63.99 9.45 –21.25 –3.1 0.018
TiO2 0.6 0.5 0.29 0.36 0.29 0.4 0.13 0.63 0.65 0.74 0.76 0.69 0.06 –0.29 –3.8 0.007
Al2O3 14.23 12.82 8.01 9.37 7.01 10.28 3.11 11.93 18.27 18.59 20.04 17.2 3.6 –6.92 –3.1 0.017
Fe2O3* 5.33 4.27 2.59 2.78 1.66 3.32 1.45 6.7 3.89 7.95 11.04 7.39 2.96 –4.07 1.64 0.144
MnO 0.06 0.06 0.06 0.07 0.04 0.05 0.01 0.02 0.02 0.02 0.01 0.01 0.005 0.04 6.78 0
MgO 2.02 2.03 1.44 1.64 1.08 1.64 0.4 1.33 0.86 1.66 1.19 1.26 0.33 0.38 1.52 0.172
CaO 6.84 9.27 26.51 27.25 35.07 20.98 12.3 0.28 0.07 0.04 0.04 0.1 0.11 20.88 3.35 0.012
Na2O 0.34 0.38 0.11 0.26 0.02 0.22 0.15 0.15 0.37 0.14 0.12 0.19 0.11 0.03 0.29 0.78
K2O 3.72 3.56 2.07 2.48 1.39 2.64 0.99 4.47 4.18 6.51 6.81 5.49 1.35 –2.85 –3.7 0.008
P2O5 0.08 0.1 0.12 0.1 0.07 0.09 0.01 0.14 0.04 0.07 0.06 0.07 0.04 0.02 0.77 0.468
LOI 10.06 15.98 20.42 15.34 24.2 17.2 5.36 0.52 1.2 6.26 5.46 3.36 2.91 13.84 4.6 0.002
Total 99.99 99.25 99.39 99.58 99.86 ND ND 100 99.6 99.98 99.6 ND ND ND ND ND

Trace and rare earth elements (REEs) (ppm)

Sc 17.4 15.7 13.3 13.3 7.3 13.4 3.8 11.7 16.1 14.8 16.7 14.8 2.231 –1.4 –0.6 0.543
V 96.3 98.3 62.9 69.0 33.1 71.9 26.84 59.4 95.3 80.5 90.7 81.5 15.95 –9.6 –0.6 0.552
Cr 81.6 67.1 41.8 51.1 31.1 54.5 20.06 50.8 63.3 119.1 134.3 91.9 41.02 –37.4 –1.8 0.114
Co 16.3 17.3 15.5 12.6 3.2 13.0 5.725 13.4 9.6 14 5.4 10.6 3.975 2.4 0.71 0.502
Ni 38.9 36.9 28.8 30.9 8.6 28.8 12.05 43.5 23 38.8 50.8 39 11.76 –10.2 –1.3 0.242
Rb 175.9 153.6 93.6 111.3 64.8 119.8 44.91 159.7 198.2 228.1 316.4 225.6 66.7 –105.8 –2.9 0.025
Sr 89.0 147.5 200.7 211.6 181.5 166.1 49.48 43 57.8 22.9 33.5 39.3 14.8 126.8 4.89 0.002
Y 27.3 26.1 25.1 26.0 17.9 24.5 3.781 15.2 30 24.4 21.9 22.9 6.112 1.6 0.49 0.667
Zr 144.4 118.1 71.3 85.1 54.9 94.7 36.18 240.7 179.6 3.1 189.5 153.2 103.6 –58.5 –1.2 0.272
Nb 12.9 10.2 6.9 8.2 5.6 8.7 2.881 37.2 17.1 19.6 19.5 23.3 9.291 –14.6 –3.4 0.012
Cs 13.0 10.0 6.0 7.8 6.7 8.7 2.838 11.8 10.9 12.3 16.4 12.9 2.414 –4.2 –2.3 0.052
Ba 2091.3 427.6 4255.7 2515.5 1.4 1858.0 1712 412.7 528.9 495.9 0.9 359.6 244.1 1498 1.71 0.13
La 31.5 25.4 24.3 22.4 18.0 24.3 4.888 44.8 56.3 69.9 101 68 24.28 –43.7 –4 0.005
Ce 63.4 52.8 43.7 43.9 20.5 44.9 15.86 93.8 100 112.7 131.2 109.4 16.48 –64.5 –6 0.001
Pr 8.7 7.2 6.2 6.3 3.4 6.4 1.932 9.7 12.6 13.3 16.8 13.1 2.887 –6.7 –4.2 0.004
Nd 32.3 27.7 24.1 24.8 12.6 24.3 7.286 34.5 45.5 45.5 55 45.1 8.384 –20.8 –4 0.005
Sm 6.6 5.8 5.7 5.7 3.5 5.4 1.173 5.7 8.3 7.8 8.9 7.7 1.353 –2.3 –2.6 0.033
Eu 1.3 1.1 1.4 1.3 1.0 1.2 0.176 1 1.5 1.4 1.5 1.3 0.261 –0.1 –0.2 0.384
Gd 5.2 4.7 4.4 4.5 2.5 4.2 1.022 4.4 6.5 6.7 6.5 6 1.104 –1.8 –2.5 0.047
Tb 0.9 0.8 0.7 0.7 0.4 0.7 0.162 0.6 1 1 0.9 0.9 0.187 –0.2 –1.6 0.164
Dy 4.9 4.5 4.4 4.4 2.8 4.2 0.835 3.3 5.7 5.2 4.4 4.7 1.035 –0.5 –0.7 0.505
Ho 1.0 0.9 0.9 0.8 0.6 0.8 0.142 0.6 1.1 1 0.8 0.9 0.25 –0.1 –0.4 0.712
Er 2.8 2.6 2.4 2.4 1.7 2.4 0.4 1.6 3.3 2.7 2.4 2.5 0.693 –0.1 –0.3 0.743
Tm 0.4 0.4 0.4 0.4 0.3 0.4 0.063 0.2 0.5 0.4 0.4 0.4 0.12 0 –0 0.962
Yb 2.9 2.9 2.5 2.6 1.9 2.5 0.402 1.5 3.5 2.7 2.7 2.6 0.818 –0.1 –0.2 0.872
Lu 0.4 0.4 0.4 0.4 0.3 0.4 0.063 0.2 0.5 0.4 0.4 0.4 0.132 0 –0.1 0.896
Hf 4.4 3.5 2.2 2.6 1.7 2.9 1.064 6.5 5.5 6.4 6.2 6.1 0.418 –3.2 –5.7 0.001
Ta 1.4 1.1 1.4 0.8 0.4 1.0 0.442 2.8 2 1.5 1.5 1.9 0.613 –0.9 –2.6 0.033
Th 18.7 15.1 11.3 12.4 7.8 13.0 4.095 12.3 19.5 29.9 31.5 23.3 9.089 –10.3 –2.3 0.057
U 2.3 2.1 1.4 1.6 0.6 1.6 0.656 1.1 2.6 1.4 1.4 1.6 0.678 0 –0.1 0.936
Eu/Eu* 0.7 0.65 0.87 0.8 1.04 0.812 ND 0.6 0.64 0.6 0.61 0.613 ND ND ND ND
(La/Yb)n 7.66 6.28 6.9 6.09 6.66 6.718 ND 20.37 11.31 18.58 26.17 19.11 ND ND ND ND
(Gd/Yb)n 1.47 1.34 1.44 1.42 1.08 1.35 ND 2.3 1.51 2.06 1.95 1.955 ND ND ND ND
Ce/Ce* 0.93 0.95 0.86 0.9 0.63 0.854 ND 1.09 0.91 0.9 0.78 0.92 ND ND ND ND
Mn* –0.01 0.07 0.29 0.33 0.31 0.198 ND –0.59 –0.35 –0.66 –1.11 –0.68 ND ND ND ND

Note: Total iron as Fe2O3*; LOI—loss on ignition; CB—Chhattisgarh Basin; IB—Indravati Basin; ND—not determined; Std—standard deviation.
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the craton interior fi eld. In the QmFLt diagram (Dickinson and Suczek, 
1979) (Fig. 5B), the majority of the samples of all three formations of the 
Chandarpur Group and the Tiratgarh Formation of the Indravati Group 
plot in the craton interior provenance fi eld; however, some samples plot 
on or near the quartzose recycled orogen. It is evident from QmFLt and 
QtFL plots that the sandstone samples from all three formations of the 
Chandarpur Group of the Chhattisgarh Basin, and the Tiratgarh Formation 
of the Indravati Basin, plot in the intracratonic fi eld.

When combined, the chemical approach and petrographic analysis 
become a powerful tool for examination of provenance and determination 
of tectonic setting of a sedimentary basin. Some authors have described 
the usefulness of major-element geochemistry of sedimentary rocks to 
infer tectonic setting based on discrimination diagrams (Bhatia, 1983; 
Roser and Korsch, 1986), although others have pointed out the diffi cul-
ties in using geochemistry to interpret tectonic setting (Armstrong-Altrin 
and Verma, 2005; Milodowski and Zalasiewicz, 1991; Nesbitt and Young, 
1989; Van de Kamp and Leake, 1985). On the SiO

2
 versus K

2
O/Na

2
O 

ratio diagram of Roser and Korsch (1986) (Fig. 6A), all the noncalcar-
eous and calcareous shale samples plot exclusively in the PM (passive 
margin) fi eld. According to Roser and Korsch (1986), PM sediments are 
quartz-rich sediments derived from plate interiors or stable continental 
areas that were deposited in intracratonic basins or passive continental 
margins. Intracratonic basins are formed on a thick continental crust and 
are included in the passive-margin type tectonic setting (Bhatia, 1983). 
Hence, in the present case, the terms intracratonic tectonic setting and 
passive-margin tectonic setting are interchangeable and interrelated; 
therefore, both terms can be used to represent a single stable tectonic set-
ting. A similar plot to that of the K

2
O/Na

2
O versus SiO

2
 diagram (Roser 

and Korsch, 1986) was used by Maynard et al. (1982) in their study of 
modern sand. Modern sands of known tectonic settings exhibit system-
atic variations in framework mineralogy and chemistry as a function of 
provenance type and tectonic setting (Valloni and Maynard, 1981). Thus, 
the composition of modern sedimentary rocks is useful for recognizing 
the nature of ancient continental margins and ocean basins (Bhatia, 1983). 
The SiO

2
/Al

2
O

3
 versus K

2
O/Na

2
O plot (Maynard et al., 1982) (Fig. 6B) 

for the calcareous and noncalcareous shale samples further suggests that 
the sediments were deposited in a passive-margin setting. Trace elements, 
particularly those with relatively low mobility and low residence times 
in seawater, such as Th, Sc, Ti, Nb, and Zr, are transferred quantitatively 
into clastic sediments during primary weathering and transportation and 
are thus useful tools for provenance and tectonic setting discrimination 
(Bhatia and Crook, 1986; McLennan, 1989; McLennan and Taylor, 1991; 
Taylor and McLennan, 1985). On the Th-Sc-Zr/10 diagram of Bhatia and 
Crook (1986) (Fig. 7), the calcareous and noncalcareous shale samples 
of the Chhattisgarh and Indravati Basins plot near the active continental 
margin and continental arc fi elds, which is contradictory to the results of 
the major-element analysis (Fig. 6). The wide scattering of the noncalcare-
ous and calcareous shale samples between active continental margin and 
continental arc fi eld on the Th-Sc-Zr/10 plot (Fig. 7) may be due to the 
effect of sorting. According to Roser and Korsch (1986), interpretation of 
many immobile elements (e.g., Th and Zr) is hampered by their residence 
in high-density accessory minerals such as zircon and apatite, which may 
not be necessarily evenly distributed throughout the sediments. So, char-
acteristic geochemical signatures may be diffi cult to determine using trace 
elements (Roser and Korsch, 1986).

Therefore, we infer from the petrography of the sandstones and major-
element geochemistry of the shales that a stable and intracratonic tectonic 
setup existed during the deposition of the Chhattisgarh and Indravati sedi-
ments. Ash-fl ow tuffs intercalated with the Gunderdehi shale of the Chhat-
tisgarh Basin, as reported by Chaudhuri et al. (1999), point to intrabasinal 
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volcanism or local instability. However, overall, the passive-margin tec-
tonic setting of the Chhattisgarh and Indravati Basins indicates stability 
of the Bastar craton in the Mesoproterozoic–Neoproterozoic. The stable 
environment is also indicated by the uniform patterns of stromatolites 
(lateral linked hemispheroidal stromatolites and stacked hemispheroidal 
stromatolites; Logan et al., 1964) over extensive areas of the Chhattis-
garh and Indravati Basins (Murthi, 1987). In the Bundlekhand and the 
Bastar blocks, tectonothermal reactivations appear to have ceased by the 
Neoarchean. However, in the Indian Peninsula, several radiometric data 
indicate major thermal/tectonic events around 1000–941 Ma in the Sat-
pura mobile belt in the Bastar craton (Sarkar, 1983). The Satpura orog-
eny, which is believed to have been contemporaneous with the Grenville 
orogeny (Chaudhuri et al., 1999), deformed the Paleoproterozoic Sakoli 
and Sausar Basins of the Bastar craton (Volpe and Macdougall, 1990). 
Therefore, it is evident that sedimentation in the undeformed and unmeta-
morphosed Mesoproterozoic–Neoproterozoic basins has mostly occurred 
after the Grenville orogeny.

Provenance

The similarities in the mineralogy of the sandstone samples of the 
Chandarpur Group and the Tiratgarh Formation, which form the lower 
parts of the Chhattisgarh and Indravati Basins, respectively, do not refl ect 
any change in the provenance for these sandstones. In the QtFL and 
QmFLt ternary diagrams (Dickinson and Suczek, 1979) (Fig. 5), all the 
sandstone samples of the Chandarpur Group of the Chhattisgarh Basin and 
the Tiratgarh Formation of the Indravati Basin plot in the stable cratonic 
fi eld, and the samples also suggest craton interior provenance. However, a 
few samples plot on or near quartzose recycled provenance. According to 
Dickinson (1985), the main sources for the craton-derived quartzose sands 
are low-lying granitic and gneissic exposures, supplemented by recycling 
of associated fl at-lying sediments. The mineralogy of these sandstones, 
such as high quartz content and presence of K-feldspar, is also consistent 
with their derivation from granitic and gneissic sources.

In comparison, the NASC, LILEs like Rb, Sr, Cs, and Ba, and HFSEs 
like Ta, Nb, and Th, which are believed to be enriched in felsic source 
rocks (Feng and Kerrich, 1990), have higher values for the calcareous 
and the noncalcareous shales. However, compatible elements like transi-
tion elements, which are believed to be enriched in mafi c source rocks, 
e.g., Sc, Ni, Cr, and Co, have lower values in both the calcareous and the 
noncalcareous shales compared to the NASC. This general geochemical 
trend indicates that felsic sources were dominant during the deposition of 
the calcareous and noncalcareous shales, and also implies that the source 
rocks were felsic in composition and evolved similar to the NASC.

Generally, it is believed that post-Archean shales have smaller con-
centrations of mafi c elements, particularly Ni and Cr, when compared to 
Archean crust (McLennan et al., 1983). On the Ni-Cr diagram (Taylor and 
McLennan, 1985) (Fig. 8), it is evident that both the calcareous and non-
calcareous shales fall in the post-Archean fi eld, which again indicates their 
derivation from a felsic source. It should be noted here that the noncalcare-
ous shales that are depleted in Ni and Cr are enriched in Fe

2
O

3
 (7.39%) 

compared to NASC (Fig. 3). The higher Fe
2
O

3
 in the noncalcareous shales 

can be due to derivation of Fe from Fe-rich chemical precipitates derived 
from the Archean banded iron formation of the Bastar craton.

Contrary to the Archean, the post-Archean sedimentary rocks are 
generally enriched in LREEs, depleted in HREEs, and have Eu/Eu* <1 
and (Gd/Yb)

n
 <2 (McLennan et al., 1993). When the calcareous shales 

are compared to the noncalcareous shales, the latter have higher ΣREE 
abundances (Table 3). The REE patterns of both the calcareous and the 
noncalcareous shales show LREE enrichment, fl at HREE, and a negative 

Eu anomaly. The Eu/Eu* value of the noncalcareous shales is close to the 
Eu/Eu* value of the granite (0.40) and gneiss (0.65) of the Bastar cra-
ton (Mondal et al., 2006). The higher Eu/Eu* value (1.1) of the sample 
(RD-512) of calcareous shales suggests that it might have source rock like 
basalt or tonalite. The Bastar gneisses, which are tonalitic in composi-
tion (Hussain et al., 2004), might be the source rock rather than basalt, as 
this sample is depleted in transition elements. It is also evident from the 
chondrite-normalized (Sun and McDonough, 1989) REE patterns (Fig. 9) 
that both the calcareous and noncalcareous shales have REE patterns simi-
lar to the granite and gneiss (Mondal et al., 2006) of the Bastar craton and 
do not match with the REE patterns of the Archean mafi c volcanic rocks 
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(Srivastava et al., 2004) of the Bastar craton. Further, it is considered that 
the REEs generally reside in minerals like zircon and allanite (McLennan, 
1989). The positive correlation between REE and Zr in the calcareous 
shales (r = 0.9) and between REE and Th in the noncalcareous shales (r 
= 0.91) suggests that the REEs in noncalcareous shales and calcareous 
shales are controlled by zircon and allanite, which are accessory minerals 
in the granitoids. The REE budget in clastic sedimentary rocks is chiefl y 
controlled by granitoids (Jahn and Condie, 1995).

The elemental concentrations of the calcareous shales are lower than 
those of the noncalcareous shales due to calcite dilution in the former. So, 
we infer that the elemental concentrations of the calcareous shales should 
deviate from the source rock. However, elemental ratios of the immobile 
trace elements in these calcareous shales may be more representative of 
the source than their elemental concentrations (Cullers, 2000; Cullers and 
Podkovyrov, 2002). To evaluate the extent to which the elemental ratios 
vary with calcite dilution in the calcareous shales, we plotted certain key 
elemental ratios like Th/Co, Th/Sc, La/Sc, La/Co, Ni/Cr, Cr/Th, Eu/Eu*, 
and (Gd/Yb)

n
 of the calcareous shales against CaO% (Figs. 10A and 10B). 

It is evident from the plot that these elemental ratios do not vary over a 
range of CaO% in the calcareous shales. Thus, these ratios are not affected 
by calcite dilution in the calcareous shales. Therefore, this study attests the 
importance of these elemental ratios in determining source rock character-
istics of the calcareous shales and the noncalcareous shales.

To further understand the nature of the provenance of the calcareous 
shales and the noncalcareous shales, we normalized different key elemen-
tal ratios like (La/Yb)

n
, LREE/HREE, La/Sc, Th/Sc, La/Co, Th/Co, Sc/Cr, 

Sc/Ni, (Gd/Yb)
n
, Th/U, Zr/Hf, Zr/Th, La/Th, and also the Eu/Eu* ratio 

of these calcareous and noncalcareous shales with those of the UCC. It 
is evident from the Figures 11A and 11B that most of the key elemental 
ratios of the calcareous and the noncalcareous shales that are thought to be 
characteristic for provenance determination are similar or show very little 

variation as compared to UCC, suggesting that both the calcareous and the 
noncalcareous shales were derived from the evolved source similar to the 
UCC. Overall, the petrology of the sandstones (which form stratigraphi-
cally the lower parts) and the geochemistry of the shales (which form 
stratigraphically the upper parts) of the Chhattisgarh and Indravati Basins 
indicate homogeneity in the source rock composition (felsic rocks) during 
the Mesoproterozoic–Neoproterozoic. The source rocks have been found 
to be felsic in nature and are identifi ed to be the granites and gneisses of 
the Bastar craton.

Paleoredox Conditions

Knowledge about paleoredox conditions is essential for reconstruct-
ing the way in which the oxygenation of Earth’s surface environment 
has changed through time and affected the evolution of life on our planet 
(Severmann and Anbar, 2009). The ratio Ce/Ce* has been used in sedi-
mentary rocks to interpret the redox conditions in seawater at the time 
when the REEs were incorporated into the marine sediment (German and 
Elderfi eld, 1990). Ce may oxidize in seawater from the 3+ to the more 
insoluble 4+ oxidation state, thus enriching the sediment in Ce relative to 
the other REEs (Bellanca et al., 1997; German and Elderfi eld, 1990; Cull-
ers, 2002). The calcareous shales analyzed in this study contain lower Ce/
Ce* (average 0.86) (Table 3) compared to the noncalcareous shales (0.93). 
Present seawater is characterized by Ce/Ce* values of 0.4–0.7 (Table 3) 
(Elderfi eld and Greaves, 1982), whereas the average shales typically yield 
Ce/Ce* values of ~1.0 (Cox et al., 1995; Cullers and Berendsen, 1998). 
Therefore, the Ce/Ce* values of calcareous shales are slightly lower com-
pared to the noncalcareous shales and slightly higher compared to those of 
present ocean water. This indicates suboxic conditions for the calcareous 
shales and oxic conditions for the noncalcareous shales. The Mn* value 
has also been used by a number of workers as a paleochemical indicator 
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of the redox conditions of the depositional environment (Bellanca et al., 
1996; Cullers, 2002; Machhour et al., 1994). The Mn* value can be calcu-
lated as: Mn* = log ([Mn

sample
/Mn

shales
]/[Fe

sample
/Fe

shales
]).

The values used for Mn
shales

 and Fe
shales

 are 600 ppm and 46,150 ppm, 
respectively (Wedepohl, 1978). The manganese tends to accumulate in 
more oxygenated conditions above the redox boundary (Bellanca et al., 
1996). Thus, the less positive Mn* values for the calcareous shales suggest 
that they were mostly formed in suboxic conditions. The noncalcareous 
shales with the highest Ce/Ce* values (0.93) have negative Mn* values 
(average −0.68), again suggesting that the noncalcareous shales may have 
been deposited in oxic conditions. The inverse correlation of the Ce/Ce* 
values and Mn* values in the calcareous shales suggests that redox of Ce 
was linked with that of Mn and Fe.

These interpretations are consistent with the presence of glauconites 
in the calcareous shales (Gunderdehi shales) (Murthi, 1987). The glau-
conites are well developed mostly in suboxic environments (Kelly and 
Webb, 1999). The pink color of the calcareous shales (Gunderdehi shales) 
may further support formation in a suboxic environment. This indicates 
that the Chhattisgarh and Indravati Basins must have experienced fl uctua-
tions between oxidizing and reducing environments, probably due to the 
sea-level change.

CONCLUSIONS

The petrology of sandstones and the geochemistry of the shales of 
the Mesoproterozoic–Neoproterozoic Chhattisgarh and Indravati Basins 
indicate homogeneity in the source rock composition. The sandstone 
petrology suggests that sediments were derived from granite and gneiss of 
a continental block or intracratonic tectonic setting. The geochemistry of 
shales suggests that the sediments were mainly derived from felsic rocks, 
and the source rocks have been identifi ed as the Archean granites and 
gneisses of the Bastar craton. The study also points to the absence of mafi c 
rocks in the provenance during the Mesoproterozoic–Neoproterozoic or 
their complete removal before the sedimentation in the Chhattisgarh and 
Indravati Basins of the Bastar craton. The study suggests that sedimen-
tation in the Chhattisgarh and Indravati Basins took place in passive or 
intracratonic tectonic settings. This indicates stability of the Bastar craton 
in particular, and peninsular India in general, and also suggests that the 
Indian peninsula was set for intraplate tectonics in the Mesoproterozoic–
Neoproterozoic. The Ce/Ce* values and Mn* values of the calcareous 
shales and the noncalcareous shales suggest that the Chhattisgarh and 
Indravati Basins must have experienced fl uctuations between oxidizing 
and reducing environments.
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