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Geochemical and isotopic investigation of Proterozoic clastic and chemical sedimentary rocks provide insights
into surface conditions of the early Earth. The mid-Proterozoic Vindhyan Basin of central India, comprising
~5 km thick, mostly undeformed and unmetamorphosed clastic and chemical sediments, is one such archive
which is exposed in two sub-basins, the Son Valley Vindhyan sub-basin in the east (SVV) and Chambal Valley
Vindhyan sub-basin in the west (CVV). Geochemical and Nd isotopic compositions of siliciclastic sedimentary
rocks from the CVV sub-basin are reported in order to understand the provenance of the Vindhyan sediments
in this sub-basin and the results are compared with the provenance of the sediments exposed in the SVV sub-
basin to evaluate whether the two sub-basins had shared a common provenance. Elemental ratios, such as
Th/Co, La/Sc suggest that the clastic sedimentary rocks from the CVV have dominantly upper crustal silicic/felsic
provenances and are broadly similar to those of equivalent stratigraphic horizons from the SVV. Initial Nd isotopic
composition (εNd(t)) of the siliciclastic rocks from the Lower Vindhyans of the CVV, calculated at their respective
times of deposition, suggest sediment derivation from the Banded Gneissic Complex, Berach Granitoids, 1.82 Ga
continental arc granitoids of the Aravalli Range and the Hindoli Volcanics. In contrast, the εNd(t) values of the
Upper Vindhyan siliciclastics suggest that the Delhi Belt granitoids were the primary source of detritus during
the deposition of these sediments. Paleo-depositional environment and connectivity between the SVV and CVV
sub-basins are evaluated using geochemical, radiogenic Nd, and stable Ca isotopic compositions of carbonates
from both sub-basins. Non-redox sensitive REY anomalies and Y/Ho ratios of carbonates from the two sub-
basins suggest deposition in an epeiric seawith limited connection to the open ocean. Neodymium isotopic com-
positions of the carbonate units suggest that the two sub-basins were connected during the deposition of both
Lower and Upper Vindhyan sediments. Carbonates from both sub-basins record a significant shift towards
more radiogenic Nd isotopic compositions around 1.6 Ga, possibly as a result of an Andean-type arc magmatism
in near vicinity of the Son Valley sub-basin. The δ44/40Ca compositions of the SVV carbonates are typically lower
than the CVV carbonates. This difference is likely due to greater freshwater input in the SVV sub-basin which is
consistent with the existence of paleo-gradients in the Vindhyan Basin.

© 2021 Published by Elsevier B.V.
1. Introduction

Drastic environmental changes during the Paleoproterozoic (Great
Oxidation Event, GOE) and the Neoproterozoic (Neoproterozoic Oxida-
tion Event, NOE) significantly modified the biogeochemical cycles on
the Earth's surface (e.g., Och and Shields-Zhou, 2012). In contrast, the
mid-Proterozoic (1.8 Ga–0.8 Ga) was a period of tectonic and climatic
stability (e.g., Cawood and Hawkesworth, 2014) and is labelled as the
s, Indian Institute of Science,
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‘boring billion’ (Brasier and Lindsay, 1998). The ‘boring billion’ is charac-
terized by the absence of high amplitude δ13C excursions in inorganic
carbonates suggesting a stable marine biogeochemical cycle (Brasier
and Lindsay, 1998). Additionally, eukaryotic diversification rates were
sluggish, possibly due to limited oxygen production in the
mid-Proterozoic oceans (e.g., Planavsky et al., 2014). Apart from being
a period of climatic, biogeochemical, and evolutionary stasis, the mid-
Proterozoicwas characterized by lithospheric stability, which is inferred
from the paucity of passive margins, absence of significant Sr isotope
anomalies in the paleoseawater record, and stability of core compo-
nents in the configuration of Columbia and Rodinia supercontinents
(Cawood and Hawkesworth, 2014). The mid-Proterozoic also recorded
development of epicontinental seas with extensive shelf sedimentation
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over the stable cratons (Gilleaudeau andKah, 2013) and these sedimen-
tation sites are preserved in the Kaapvaal Province, Superior Province,
Pilbara Craton, Baltic Shield, and the Indian Shield.

The Indian Shield hosts a suite of intra-cratonic Proterozoic sedi-
mentary basins that are distributed in the Western and Eastern
Dharwar, Bastar, Bundelkhand, and Singhbhum cratons and are referred
to as the ‘Purana’ basins (e.g., Basu andBickford, 2015). The opening and
closing of these basins are thought to be related to the assembly and
break-up of the supercontinents Kenorland, Columbia, and Rodinia
(Basu and Bickford, 2015). Among the Purana basins, the Vindhyan
Basin (Fig. 1a) is the largest in size with an aerial extent of approxi-
mately 178,000 Km2 and comprising a ~ 5 km thick pile of dominantly
undeformed and unmetamorphosed siliciclastic and carbonate sedi-
ments belonging to four groups which from the base to the top are
Semri (Lower Vindhyans), Kaimur, Rewa, and Bhander (Upper
Vindhyans) (Tandon et al., 1991). The ~2.5 Ga old Bundelkhand Granite
Massif occurs at the centre of the basin and divides it into two sub-
basins: The Son Valley Vindhyan (SVV) sub-basin in the east and the
Chambal Valley Vindhyan (CVV) sub-basin in the west (e.g., Basu and
Chakrabarti, 2020) (Fig. 1a).

Radiometric age estimates suggest that sedimentation in the
Vindhyan Basin commenced during the late Paleoproterozoic and
continued up to early Neoproterozoic in the CVV (e.g., George et al.,
2018; Gopalan et al., 2013), while in the SVV, sedimentation possibly
Fig. 1. (a) A generalised geologicalmap of theVindhyan Basin (modified after Prasad, 1984, Shu
SonValley Vindhyan (SVV) sub-basin in the east separated by theBundelkhandGranite and the
Vindhyan) groups of rocks. (b) Simplified stratigraphy of the two sub-basins (after Shukl
stratigraphically correlated. A detailed stratigraphy of the two Vindhyan sub-basins is shown
analysed in this study.
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ceased ~1000 Ma ago (Malone et al., 2008; Turner et al., 2014)
(Fig. S1). Hence, the Vindhyan Basin sediments are valuable archives
of paleo-depositional and paleo-redox conditions prevalent during
the mid-Proterozoic and preserve valuable information about prove-
nance and ancient tectonic activities in the Indian sub-continent.
These sediments also document evidence of early life preserved in
the form of trace fossils (Chakrabarti, 1990), as well as microbially
mediated stromatolites (e.g., Ray et al., 2003) and carbonaceous
megafossils (Kumar, 2016).

The Vindhyan sedimentary successions in CVV and SVV are consid-
ered as stratigraphically correlated based on lithological similarities, rel-
ative stratigraphic positions, and relations to unconformities
(e.g., Prasad, 1984). Both sub-basins have three prominent carbonate
horizons (Fig. 1b). The uppermost Bhander Limestone from the SVV
shows overlapping Pb–Pb ages with that of the stratigraphically equiv-
alent Lakheri Limestone and the overlying Balwan Limestone of the CVV
suggesting contemporaneous deposition of these carbonate horizons
(Gopalan et al., 2013). However, there are no similar age constraints
for the older limestone horizons and hence, their stratigraphic correla-
tion is debatable. Additionally, based on contrasting Sr and C isotopic
compositions of the limestone horizons, the stratigraphic correlation
of these carbonate horizons, and that of the two sub-basins in general,
has been questioned (Gilleaudeau et al., 2018; Kumar et al., 2002; Ray
et al., 2003). For the siliciclastic sediments, contrasting provenances
kla et al., 2019) showing the Chambal Valley Vindhyan (CVV) sub-basin in thewest and the
spatial distribution of the Semri (LowerVindhyan), and Kaimur, Rewa andBhander (Upper
a et al., 2019) showing three prominent carbonate horizons which are thought to be
in Fig. S1. (c) Locations of samples from the Chambal Valley Vindhyan sub-basin (CVV)
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have been suggested for the SVV and CVV sub-basins (e.g., Chakrabarti
et al., 2007a; Shukla et al., 2019).

Paleocurrent data suggest that the SVV sediments were mostly de-
rived from the evolving Satpura orogen towards the south with addi-
tional contributions from the Bundelkhand Granite Gneiss Complex
(BGGC), Bijawar and Gwalior Group of rocks (Chakraborty, 2006)
while geochemical and Nd isotope data of the SVV sediments suggest
that the sediments were dominantly derived from a now extinct
Andean-type arc that was located to the south of the basin
(Chakrabarti et al., 2007a). Geochemical data for SVV shales further sug-
gest that there was an influence of a basaltic source for the Upper
Vindhyans (Paikaray et al., 2008). In contrast, geochemical composi-
tions of CVV siliciclastic rocks suggest that the Archean Banded Gneissic
Complex (BGC) and the BGGC occurring to the north and east of the
basin, respectively, as well as the Chotanagpur Granitic Gneiss Complex
(CGCC) of the Eastern Indian Shield are the main sediment sources
(Raza et al., 2010; Raza et al., 2012). Additionally, Nd isotopic composi-
tions of CVV siliciclastic rocks suggest that the Lower Vindhyan sedi-
ments were derived from the Banded Gneissic Complex (BGC) and a
younger differentiated magmatic arc, while the Upper Vindhyan sedi-
ments were derived from the >1.7 Ga old rocks of the Aravalli and
Delhi supergroups (Shukla et al., 2019) (Fig. 1a).

The siliciclastic sediments of inner Lesser Himalayan (iLH) sedi-
ments show similar detrital zircon age distribution as Lower and
Upper Vindhyan rocks (McKenzie et al., 2011). Additionally, the
~1.6 Ga old phosphorite-bearing stromatolitic Gangolihat Dolomite of
the inner Lesser Himalaya (iLH) shows similar lithological features as
the Semri Group carbonates (TirohanDolomite). The similar detrital zir-
con age distribution and lithological similarities between the Vindhyan
and iLH sediments suggest that they have shared a similar provenance
(McKenzie et al., 2011) and hence, an overall understanding of the sed-
iment sources of the Vindhyan Basin has implications for the prove-
nance of the Himalayan sediments.

In this study, geochemical and isotope data for both siliciclastic and
carbonate rocks are used to evaluate the evolution of the CVV and SVV
sub-basins of the Vindhyan Supergroup. Elemental concentrations and
Nd isotopic compositions of siliciclastic rocks from the CVV are reported
and compared with those from the SVV (Chakrabarti et al., 2007a) to
understand their provenances; additionally, the REY (REE+ Y) compo-
sitions of the carbonate rocks from both sub-basins are reported and
interpreted in terms of paleo-depositional conditions. The connectivity
between the sub-basins is evaluated using radiogenic Nd and stable Ca
isotopic compositions of carbonate horizons from both the CVV and
SVV sub-basins.
2. Materials and methods

Siliciclastic and carbonate sampleswere collected from the CVV sub-
basin centred around the town of Chittorgarh (Fig. 1a, c). These samples
cover major stratigraphic horizons from the Lower and Upper
Vindhyans and include, stratigraphically from the bottom to the top,
Khardeola Sandstone and Bhagwanpura Limestone from the Satola
and Sand groups, shales, sandstones and Nimbehera Limestone from
the Khorip Group (Fig. S1). The Satola, Sand, and Khorip Group rocks
are part of the Lower Vindhyans, equivalent to the Semri Group in the
SVV (Fig. S1). From the Upper Vindhyans, samples of sandstones from
the Kaimur Group, shales and sandstones from the Rewa Group, Lakheri
Limestone and Bhander Sandstone from the uppermost Bhander Group
were collected and analysed (Fig. S1). In addition to the sedimentary
rocks fromCVV, carbonate rocks from SVV,whichwere previously char-
acterized for their geochemical and Nd isotopic compositions
(Chakrabarti et al., 2007a), were also analysed. Additional samples of
the Kajrahat, Bhagwanpura, and Lakheri limestones were obtained
from the Birbal Sahni Institute of Paleosciences. All the sedimentary
rocks analysed in this study are unmetamorphosed and unweathered.
3

Hand specimen-sized rock samples were first broken into cm-sized
chips using a geological hammer, and approximately 5 g of rock chips,
without any surface alteration, were ultra-sonicated with 18.2 mΩ-cm
water, air-dried, and then powdered using an agate mortar and pestle.
Subsequently, ~25 mg of the powdered siliciclastic samples along with
selected carbonate samples were dissolved using a mixture of inorganic
acids (HF + HNO3 + HCl) for 24–40 h at 115 °C. Elemental concentra-
tions were measured using a quadrupole inductively coupled plasma
mass spectrometer (ICPMS, Thermo Scientific X-Series II) at the Center
for Earth Sciences (CEaS), Indian Institute of Science (IISc), Bangalore.
For whole-rock Nd isotopic measurements of these samples, approxi-
mately 100–150 mg of samples were dissolved using a combination of
HF, HNO3, and HCl. Neodymium was purified from the rock matrix
using a three-step ion-exchange chromatographic separation technique
followed by Nd isotopic measurements using a thermal ionizationmass
spectrometer (TIMS, Thermo Triton Plus) at CEaS, IISc Bangalore. Addi-
tional details of whole rock geochemcial and Nd isotopicmeasurements
are provided in Banerjee et al. (2016).

The carbonate rocks were visually inspected to avoid surface alter-
ations and secondary calcium carbonate veins and subsequently
crushed and powdered using the same protocol as described above. To
rule out the contributions of silicate detritus, carbonate samples from
CVV and selected carbonate samples from the SVV (same samples
analysed in Chakrabarti et al., 2007a) were treated with 10% (1.67 N)
acetic acid at 80 °C, which selectively dissolves carbonates. The dis-
solved samples were centrifuged, and the supernatant solution was
analysed for elemental concentrations using the ICPMS at CEaS, IISc.
Neodymiumwas separated from an aliquot of the same supernatant so-
lution using a three-step ion-exchange chromatographic procedure
followed by isotopic measurements using the TIMS at CEaS, IISc. The
carbonate samples from both CVV and SVV were also analysed for
their stable Ca isotopic compositions. The powdered carbonate samples
were dissolved using 1.5 M HCl and ~ 10 μg of Ca from the sample
was mixed with specific amounts of a 43Ca–48Ca double spike; calcium
was purified from this sample-double spike mixture using ion-
exchange chromatography and subsequently analysed for isotopic
measurements using the TIMS at the CEaS, IISc, following established
laboratory protocols (Mondal and Chakrabarti, 2018).

3. Results

Trace element compositions of siliciclastic samples from the CVV
sub-basin are reported in Table S1. All samples show light-Rare Earth El-
ement (LREE) enriched patterns with the chondrite-normalized (CN)
(La/Yb)CN ranging from 4.04–33; highest (La/Yb)CN values are observed
in rocks from the Kaimur Group (Table S1, Figs. 2, 3c). All the siliciclastic
rocks are characterized by negative Eu anomaly [(Eu/Eu* = Eu/
(Sm*Gd)0.5] with Eu/Eu* ranging from 0.38–0.83 (Table S1, Figs. 2,
3b). In the Upper Continental Crust (UCC) normalized multi-element
concentration plots (Fig. 2), CVV siliciclastic rocks show enrichments
in Th and U, and noticeable depletions in Ba and Sr. In both REE and
UCC normalized multi-element plots (Fig. 2), gritstones from the
Semri Group show lower elemental concentrations and variable pat-
terns compared to sandstones and shales. The Th/Co values in the CVV
siliciclastic rocks range from 0.02 to 66, La/Sc ranges from 1.19 to 31
and Th/Sc ranges from 0.69 to 8.6 (Table S1, Fig. 3a, d).

Neodymium isotopic compositions of representative siliciclastic
samples belonging to the different stratigraphic horizons of the CVV
are reported in Table S1. The measured 143Nd/144Nd ratio, expressed
as εNd(0) (εNd(0) = [(143Nd/144Nd)sample/(143Nd/144Nd)CHUR-1] × 104)
ranges from −25.4 to −15.4 for the Semri Group rocks (Table S1,
Fig. 4a). Samples from the lowermost horizons of Semri (Satola) typi-
cally show less radiogenic εNd(0) (−25.4 to −20.6) (Table S1, Fig. 4a).
Rocks from the Semri (Khorip) Group show significant variation in
εNd(0) (−25.4 to −15.4). The siliciclastic rocks of the Kaimur and
Rewa groups show overlapping εNd(0) ranging from −18.3 to −16.0



Fig. 2.CI chondrite normalized REEplot (left panel) andUpper Continental Crust (UCC) normalizedmulti- element plot (right panel) of siliciclastic rocks fromthe Semri, Kaimur, Rewa, and
Bhander groups of theChambal Valley sub-basin (CVV). The samples include gritsones (open triangles), sandstones (filled squares) and shales (filled triangles). Also shown for comparison
are published geochemical data for siliciclastic sediments from the Son Valley sub-basin (SVV, darker grey shade) and CVV (light grey shade) (Chakrabarti et al., 2007a; Raza et al., 2010,
2012; Shukla et al., 2019). Chondrite and UCC data are taken from Taylor and McLennan (1985) and Rudnick and Gao (2003), respectively.
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(Table S1, Fig. 4a). The fSm/Nd value, which is a measure of the fraction-
ation of Sm and Nd with respect to the bulk silicate Earth, ranges from
−0.50 to −0.18 for the rocks of the Semri Group, −0.50 to −0.39 for
the Kaimur Group, −0.39 to −0.33 for the Rewa Group and − 0.56 to
−0.48 for the Bhander Group of rocks (Table S1, Fig. 4b). Values of the
depletedmantle Ndmodel age (TDM) range from 1.7 to 4.3 Ga (Table S1,
Fig. 4c). There is a decrease in the TDM values across the boundary be-
tween the Semri (2.0–4.3 Ga) and the Kaimur Group (1.8–2.2 Ga)
(Fig. 4c). The Rewa Group rocks show a slight increase in TDM
(2.3–2.5 Ga) while the overlying Bhander Group rocks show lower
TDM values (1.7–2.1 Ga) (Table S1, Fig. 4c). The εNd(t) values for the dif-
ferent litho-units, calculated based on available sedimentation age esti-
mates, are reported in Table S1 and shown in Figs. 4d and 5. The mean
ages of the crust that provided detritus to the CVV, calculated by
subtracting the depositional ages from the TDM, range from
0.38–2.55 Ga (Table S1, Fig. 6).

Major and trace element compositions of acetic acid dissolved car-
bonate rocks from CVV and SVV are reported in Table S2. Additionally,
major and trace element compositions of few carbonate units from
the CVV, dissolved using inorganic acids, are also reported in Table S2
for comparison. The CVV carbonates dissolved using inorganic acids
show higher concentrations of detritus associated elements (e.g., Al,
Rb, Zr and Th) and total REY compared to their acetic acid dissolved
4

counterparts (Table S2, Fig. S2a). However, the values of Y/Ho and (La/
La*)SN (SN = Shale Normalized) do not vary significantly between
acetic acid and inorganic acid dissolved fractions (Figs. S2b, S2c). As
whole rock dissolution process resulted in higher concentrations of de-
tritus associated elements, only the data from the acetic acid dissolved
carbonate rocks are used for further discussions on paleo-depositional
environment and sub-basin connectivity. The Bhagwanpura Limestone
shows relatively high Mg/Ca ratio (0.008 to 0.56), while the Kajrahat,
Rohtas, Nimbahera, Lakheri and Bhander limestones show lower Mg/
Ca (~0.003–0.014). The Bhagwanpura Limestone samples also show
high Mn/Sr (12.0–47.1) and Fe/Sr (49.4–140.2) while the other lime-
stone horizons show relatively low Mn/Sr (0.1–21.9) and Fe/Sr
(2.1–41) (Table S2). In Post Archean Australian Shale (PAAS) normal-
ized REY plots (Fig. 7), the Vindhyan carbonates show moderate HREE
enrichment with (Pr/Yb)SN (SN = Shale Normalized) ranging from
0.48–1.04 (Table S2). The REY anomalies are calculated as: La/La* =
La/(3Pr–2Nd); Ce/Ce* = Ce/(2Pr–Nd), Gd/Gd* = Gd/(2 Tb-Dy)
(Bolhar et al., 2004). The Vindhyan carbonates show (La/La*)SN values
from 0.88–1.62, (Gd/Gd*)SN from 0.94–1.20, (Ce/Ce*)SN from
0.80–1.06, and superchondritic Y/Ho values ranging from 28 to 40-
(Table S2, Figs. 7, 8). One limestone sample from the Rohtas Format-
ion shows high Y/Ho (54) as well as positive La and Gd anomalies
(Figs. 7, 8).



Fig. 3. Elemental ratios and initial Nd isotopic compositions (εNd(t)) of siliciclastic rocks from the Chambal Valley sub-basin (CVV, coloured squares) are plotted alongwith rocks from the
Son Valley sub-basin (SVV, dark grey field) for comparison. The SVV data are taken from Chakrabarti et al. (2007a). (a) In the plot of Th/Co vs. La/Sc (modified after Cullers, 2002), the CVV
(barring RV10) and SVV rocks showoverlapping compositions, both suggesting derivation from a silicic provenance (open black rectangle). (b) In the plot of (Eu/Eu*)CN vs. (Gd/Yb)CN, the
CVV and SVV siliciclastic rocks show similar Eu/Eu* values, while some of the CVV rocks show higher (Gd/Yb)CN. (c) In the plot of (La/Yb)CN vs. (Gd/Er)CN, Kaimur Group of rocks from the
CVV show higher LREE and HREE fractionation compared to SVV rocks. Interestingly, the compositions of the Kaimur Group of rocks from the CVV overlap with the compositions of global
TTGs (data compiled fromHalla et al., 2009;MoyenandMartin, 2012). These rocks also show similar geochemical signature of local basements rocks (BandedGneissic Complex andBerach
Granitoids) (Ahmad et al., 2018; Mondal and Raza, 2013). (d) In the plot of εNd(t) vs. Th/Sc (modified after McLennan et al., 1995), compositions of most CVV and SVV siliciclastic rocks
overlap with that of recycled upper crust with Th/Sc >1.
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Neodymium isotopic composition of the acetic acid dissolved car-
bonates from CVV and SVV are reported in Table S2.Whole rock Nd iso-
topic compositions for selected carbonate rocks from the CVV are also
reported for comparison (Table S2). As the acetic acid dissolution tech-
nique results in lower concentration of detritus associated elements, Nd
isotopic compositionmeasured in carbonates dissolvedusing acetic acid
are considered for further discussions. The εNd(0) values of the acetic
acid dissolved carbonates range from −13.9 to −24.0 in the CVV
(Table S2). In the SVV, εNd(0) values of the acetic acid dissolved carbon-
ates range from−15.1 to−25.6 (Table S2). The initial Nd isotopic com-
positions (εNd(t)) of the carbonate rocks, calculated at the estimated
time of deposition of the sediments, are also reported in Table S2 and
shown in Fig. 9.

Stable Ca isotope compositions of Vindhyan carbonates from Cham-
bal Valley and Son Valley sub-basins, expressed as δ44/40CaSRM915a

(‰) = (44/40Casample/44/40CaNIST SRM915a – 1) × 1000, are reported in Ta-
ble S3. The δ44/40CaSRM915a of a solitary sample of theKajrahat Limestone
from the SVV (0.61‰) is lower than that of samples from the
stratigraphically equivalent Bhagwanpura Limestone from the CVV
(0.82 to 1.09‰) (Fig. 10). The δ44/40CaSRM915a of Rohtas Limestone
from the SVV (0.81‰) is lower compared to that of the Nimbahera
Limestone from the CVV (0.97 to 1.21‰). In the Upper Vindhyans, car-
bonate samples from the Bhander Limestone from SVV also show lower
δ44/40CaSRM915a (0.79–0.85‰) compared to the δ44/40CaSRM915a of
Lakheri Limestone samples from the CVV (1.19‰) (Fig. 10).
5

4. Discussion

4.1. Connectivity between Chambal Valley and Son Valley sub-basins: In-
sights from comparative provenance study of clastic sedimentary rocks

Ancient sedimentary records preserve signatures of old continental
crust that have since been eroded. Hence, studying such sediments pro-
vide information regarding the evolution of crust through time. Geo-
chemical compositions of sedimentary rocks preserve the composition
of theprovenance provided the processes ofweathering, transportation,
and diagenesis do not alter the composition. The REEs and other immo-
bile elements, are not affected by such processes unless, the amount of
organic matter in the sediment is high (Chakrabarti et al., 2007b). Neo-
dymium isotope compositions are also valuable indicators of sediment
provenance for fine-grained sedimentary rocks, where it is generally
impossible to determine the provenance petrographically
(e.g., Chakrabarti et al., 2007a and references therein). Additionally,
Nd isotopes also add a temporal dimension by providing extraction
ages of the sediment sources from the depleted mantle (depleted man-
tle Nd model ages, TDM). Such temporal information can complement
provenance age information obtained from zircon studies in
coarse-grained sedimentary rocks. While information from zircons are
biased towards felsic provenance, whole rock Nd isotope compositions
of clastic sediments reflect contribution from both mafic and felsic
sources. In this study, trace element ratios of the siliciclastic sediments



Fig. 4. (a) The present-dayNd isotopic composition (εNd(0)), (b) fSm/Nd, (c) depletedmantlemodel ages (TDM) and (d) initial Nd isotopic compositions (εNd(t)) of siliciclastic rocks from the
CVV analysed in the present study (filled squares). Also plotted for comparison are published data for the siliciclastic rocks from the CVV (shaded bars, Shukla et al., 2019) and the SVV
(open squares, Chakrabarti et al., 2007a). The εNd(t) values have been calculated considering depositional ages of 0.9 Ga, 1.0 Ga, 1.21 Ga, 1.63 Ga, and 1.72 Ga for the Bhander, Rewa,
Kaimur, and Semri (Khorip and Satola) groups, respectively. See text for details.
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from the CVV are utilized to understand the overall composition of the
provenance of these sediments; while their Nd isotope compositions
are compared with those of potential provenances whose compositions
Fig. 5. Initial Nd isotopic composition (εNd(t)) of the siliciclastic rocks from the CVV (shaded bars
for details). The depositional ages are considered to be 0.9 Ga, 1.0 Ga, 1.21 Ga, 1.63 Ga, and
respectively. Also plotted for comparison are the εNd(t) of potential provenances for the C
respective stratigraphic groups. Isotopic data for these rocks are taken from published litera
2009, 2007; Pandit et al., 2003; Shukla et al., 2019). For the Lower Vindhyan sedimentary ro
Granitoids, 1.8 Ga old continental arc granitoids from the Aravalli Belt, Hindoli Volcanics and K
basement rocks decreased over time and the Delhi Belt granitoids became a major source of se
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are calculated at the time of depositions of the Vindhyan sediments
(Fig. 5). The latter approach has been taken as the Nd isotopic composi-
tions of different source rocks, which have evolved with different
) calculated at their estimated times of deposition (t), based on available age data (see text
1.72 Ga for the Bhander, Rewa, Kaimur and Semri (Khorip and Satola) groups of rocks,
VV rocks (triangles), calculated at the estimated times of sediment deposition of the
ture (Chakrabarti et al., 2007a; George and Ray, 2017; Gopalan et al., 1990; Kaur et al.,
cks, possible sediment sources are the Archean Banded Gneissic Complex (BGC), Berach
hairmalia Andesite. For the Upper Vindhyan sedimentary rocks, contributions from older
diments.



Fig. 6. Mean age of the continental crust surrounding the CVV (filled squares) and SVV
(open squares) Vindhyan Basin that most likely supplied detritus to the Vindhyan
siliciclastic rocks. Mean ages of Archean sediments (Garçon et al., 2017) and present-day
Upper crust (Jacobsen, 1988) are shown for reference (vertical bars).

Fig. 7. Post Archean Australian Shale (PAAS)-normalized REY (REE+ Y) patterns of acetic
acid dissolved carbonates from the CVV (filled circles) and SVV (open circles) sub-basins.
Also shown for comparison is the REY pattern of modern seawater (filled grey triangle,
data from Alibo and Nozaki, 1999). Compared to modern-day seawater, the Vindhyan
Basin carbonates do not show any concentration anomalies of the non-redox sensitive el-
ements La andGdwhile the Y anomalies, observed in some samples, are insignificant com-
pared to modern seawater. See text for details.

Fig. 8. In plots of (La/La*)SN vs. Y/Ho (ppm/ppm) and (La/La*)SN vs. (Gd/Gd*)SN (SN =
PAAS normalized), modern-day seawater (purple shaded region) shows positive La
anomaly, Gd anomaly, and superchondritic Y/Ho, which is in contrast to the
compositions of modern river water (striped squares). Relatively modern (Holocene and
Devonian) microbialites (dark grey shaded region) as well as Archean stromatolites
(light grey shaded region) precipitated from seawater retain this seawater signature
(data from Kamber and Webb, 2001; Nothdurft et al., 2004; Van Kranendonk et al.,
2003; Webb and Kamber, 2000). In contrast, Eocene stromatolites formed under
lacustrine conditions (open triangle, data from Bolhar and Van Kranendonk, 2007) do
not show significant positive La and Gd anomalies and display low Y/Ho (< 45).
Archean stromatolites formed under lacustrine conditions also show similar non-
seawater like REY signature (filled grey star, Bolhar and Kranendonk, 2007). Carbonates
from both CVV (filled circles) and SVV (open circles) do not show REY signature
characteristic of an open ocean thereby suggesting that these carbonates were most
likely deposited in an epeiric environment with limited connection to the open ocean.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Sm/Nd ratios, could have the same measured Nd isotopic composition,
thereby limiting the use of measured Nd isotopic compositions to accu-
rately infer the provenance of sediments. Finally, the compositions of
the CVV siliciclastic rocks are compared with those from the SVV
(Chakrabarti et al., 2007a) to understand whether the CVV and SVV
sub-basins had a similar provenance during their prolonged deposi-
tional history.

Potential provenances of CVV sedimentary rocks exposed around
the basin whose Nd isotopic compositions were considered include
the Banded Gneissic complex II (BGC-II) (George and Ray, 2017),
Hindoli Volcanics, Khairmalia Andesite, Berach Granitoids and Aravalli
Supergroup rocks (Shukla et al., 2019), 1.82 Ga and 1.6 Ga oldGranitoids
of the Aravalli region (Kaur et al., 2007; Kaur et al., 2009), granitoids
from Sendra region (Pandit et al., 2003), and ~1.63 Ga old porcellanites
from SVV (Chakrabarti et al., 2007a). The εNd(1.72 Ga) composition of the
Khardeola Sandstone of Satola Group, which is the lowermost
siliciclastic unit in the CVV shows similaritywith initial Nd isotopic com-
positions (εNd(1.72 Ga)) of basement rocks from the Banded Gneissic
Complex II (BGC-II) and Berach Granitoids (Fig. 5). Additionally, sedi-
ments sourced from the 1.82 Ga continental arc granitoids from the
Aravalli mountain range can explain the Nd isotopic compositions of
relatively radiogenic end members of the Khardeola Sandstone. In the
overlying Khorip Group, a large range in εNd(1.63 Ga) composition has
been observed (Fig. 5). The isotopic composition of population one
(n = 2) with unradiogenic εNd(1.63 Ga) and older TDM (2.6–3.8 Ga)



Fig. 9. Initial Nd isotopic compositions (εNd(t)) calculated at their estimated times of
deposition of three carbonate horizons from the CVV (filled circles) and the
stratigraphically correlated carbonate horizons from the SVV (open circles). Also shown
for comparison are the Nd isotopic compositions of ~1.6 Ga porcellanites exposed in the
SVV (dark grey horizontal bar, Chakrabarti et al., 2007a) as well as the SVV and CVV
detritus (square symbols) (Chakrabarti et al., 2007a; this study). The initial Nd isotopic
composition of contemporaneous seawater (SW, light grey horizontal bar) calculated at
1.72 Ga, 1.6 Ga, 0.9 Ga is also plotted (data from Jacobsen and Pimentel-Klose, 1988).
Around 1.6 Ga ago, carbonate horizons from both sub-basins recorded a significant shift
in εNd(t) towards more radiogenic values consistent with increased contribution from a
juvenile source, possibly from an Andean-type arc in the near vicinity of the SVV
(Porcellanite, Chakrabarti et al., 2007a). See text for details.
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(Table S1) can be explained by sediment derivation from older base-
ment rocks such as the BGC and continued contribution from the conti-
nental arc granitoids (Fig. 5). The population two (n = 3) is
compositionally similar with ~1.8 Ga Khairmalia Andesite and Hindoli
Volcanics (Fig. 5). Relative contribution from these sources has also
been observed from the zircon record of the Semri Group rocks from
the CVV, in which zircon grains from 2.5 Ga and 1.8 Ga is dominant
(McKenzie et al., 2013). The 1.6 Ga granitoid rocks from the Delhi Belt
andporcellanites from the SVV showcompositional similarity, however,
based on absence of any ~1.6 Ga zircons in the Semri Group rocks from
the CVV, possibility of sediment contribution from these sources is elim-
inated. The εNd(t) values of Aravalli Supergroup are also similar to those
of the Lower Vindhyan sediments. However, the detrital zircon age dis-
tribution (1.7–1.9 Ga) in the lower part of the Aravalli Supergroup
Fig. 10. (a) Stable Ca isotopic compositions (δ44/40CaSRM915a) of the Vindhyan carbonates fro
worldwide of the same age (grey triangles, Blättler and Higgins, 2017). (b) The δ44/40CaSRM
circles) showing lower values than the stratigraphically equivalent CVV carbonates. The lowe
of freshwater input. See text for details.
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(Jhamarkotra Formation) suggests that the time of sedimentation of
the Aravalli Supergroup is similar to or younger than the time of sedi-
mentation of the Lower Semri Group of the Vindhyans (McKenzie
et al., 2013), which makes it an unlikely source of sediments to the
Lower Vindhyans (Shukla et al., 2019). Additionally, McKenzie et al.
(2013) suggested that the Aravalli Supergroup is the distal equivalent
of the Vindhyan Basin, which could suggest that the Lower Vindhyan
and Aravalli Supergroup were receiving detritus from the same source
although, sediment reworking from the Aravalli Supergroup to the
Vindhyan Basin cannot be completely ruled out. The Upper Vindhyan
sedimentation was initiated after a ~400 million years hiatus (Tripathy
and Singh, 2015) with deposition of the Kaimur Group of rocks. Higher
values of (La/Yb)CN and (Gd/Er)CN values in siliciclastic rocks from the
Kaimur Group relative to those from the Semri Group (Fig. 3c) and the
sudden change to lower εNd(t) values in the Kaimur Group rocks relative
to the upper Semri Group rocks (Fig. 4d) suggests a significant shift in
the provenance during Lower to Upper Vindhyan transition. Contribu-
tion from older basement rocks of the Aravalli Craton decreased signif-
icantly in the Upper Vindhyan rocks (Fig. 5). The Nd isotopic
compositions of the Kaimur Group rocks show similarity with 1.6 Ga
old granitoids from theNorthernDelhi Belt (Fig. 5). In the detrital zircon
record, the Kaimur Group rocks from the CVV show prominent peaks
around 1.6 and 1.2 Ga (McKenzie et al., 2013).We suggest that the com-
positionally similar 1.6 Ga granitoids from the Delhi Belt are the source
of Kaimur Group sediments (Fig. 5). As Kaimur Group and Delhi Super-
group show remarkably similar detrital zircon record, it is possible that
sediments of Delhi Supergroup could have been a significant source of
the Kaimur Group of rocks in the CVV. Although the Kaimur Group of
rocks show TTG like compositions (Fig. 3c), their Nd isotopic composi-
tions suggest that older basement TTG gneisses of the Aravalli Craton
were not a major source of sediments. It is possible that Kaimur Group
received detritus from a source with similar TTG like geochemical affin-
ity which is not preserved. The Delhi Belt Granitoids continued to be
major source of sediments during the deposition of Rewa Group
(Fig. 5). During the deposition of the Bhander Group, ~1.0 Ga granitoids
of the Aravalli Craton (the Sendra Granitoids) remain a major source
(Fig. 5). A mixed provenance is possible for the Bhander Group of
rocks as literature data show larger spread in the Nd isotopic composi-
tion (Figs. 4a, d). The εNd(t) composition of the ~1.8 Ga Khairmalia an-
desite (Rao et al., 2013) is similar to that of the Upper Vindhyan
sediments (Fig. 5). However, the absence of ~1.8 Ga zircons in Upper
Vindhyan sediments (McKenzie et al., 2013) rules out the Khairmalia
andesite as a major sediment source for the Upper Vindhyans.

A comparative study based on trace element geochemistry of CVV
and SVV clastic rocks suggests that sediments in both sub-basins were
derived from a felsic source (Fig. 3a). The CVV siliciclastic rocks show
(Eu/Eu*)CN compositions similar to that of the SVV siliciclastic rocks
m the CVV (filled circles) and SVV (open circles) overlap with those of other carbonates
915a of the Vindhyan Basin carbonates show a large range with SVV carbonates (open
r δ44/40Ca values of the SVV carbonates suggest deposition under the increased influence
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(Fig. 3b) while their absolute values (0.38–0.83) suggest derivation
from differentiated igneous sources (Fig. 3b). The Kaimur Group rocks
from the CVV show distinctive geochemical composition with higher
(La/Yb)CN (12.58–33) and (Gd/Er)CN (1.93–4.31) compared to other
clastic horizons of the Vindhyan Basin and their REE compositions are
similar to global TTGs and Sanukitoids (Halla et al., 2009; Moyen and
Martin, 2012; Fig. 3c). Overall, the trace element compositions of
siliciclastic rocks from the CVV (barring the Kaimur Group of rocks)
and SVV sub-basins are broadly similar (Fig. 3) and suggest their deriva-
tion from sources with evolved geochemical signatures. A comparative
study based on Nd isotopic composition of CVV and SVV clastic rocks
is presented in Fig. 4. Initial Nd isotopic compositions of the CVV clastics
show large variation with εNd(1.63 Ga) ranging from −8.2 to 0.9 (Table.
S2) suggesting a mixed provenance. The Lower Vindhayn rocks from
SVV show a constricted range in Nd isotopic composition. Kaimur
Group of rocks from the CVV show relatively younger TDM and radio-
genic εNd(1.21 Ga) compared to those in the SVV (Fig. 4c, d), which sug-
gests sediment derivation from a younger source. A younger
provenance for the Kaimur Group rocks in CVV is also suggested from
detrital zircon age population, where Kaimur rocks from CVV show
peaks at 1.58 Ga and 1.17 Ga, while those from the SVV show peaks at
2.5 Ga, 1.85Ga, 1.71 Ga, and 1.17 Ga (McKenzie et al., 2013). The Kaimur
Group rocks from CVV also show high (La/Yb)CN and (Gd/Er)CN values
compared to those from SVV (Fig. 3c) indicating a different provenance.
The Kaimur-Rewa transition is not marked by any regional unconfor-
mity; however, in the CVV, Rewa rocks show unradiogenic εNd(1.0 Ga)

ranging from −8.4 to −8.2 and an older TDM of 2.3 to 2.5, which is sig-
nificantly different from the Kaimur Group rocks (Fig. 4c, d). It is impor-
tant to mention that fSm/Nd is not constant across the Kaimur-Rewa
boundary and hence the change in Nd isotopic composition could be a
result of post-depositional alterations (Fig. 4b). In the SVV, Nd isotopic
compositions do not show significant changes across the Kaimur-
Rewa boundary (Fig. 4c, d). The TDM and εNd(0.9 Ga) of Bhander Group
rocks from CVV suggest juvenile input; however, data from Shukla
et al. (2019) showa large range inNd isotopic composition and TDM sug-
gesting a mixed provenance (Figs. 4c, d). A mixed provenance is also
suggested from the detrital zircon ages of Bhander Sandstone which
show peaks ranging from 1.7 Ga to 1.0 Ga (McKenzie et al., 2013). The
isotopic composition of Bhander Group rocks from the SVV overlaps
with those from CVV suggesting sediment derivation from geochemi-
cally similar rock type.

The mean age of the Precambrian continental crust exposed to ero-
sion is considered for both CVV and SVV to verify possible contributions
from distinct sediment sources throughout their entire course of basin
evolution (Fig. 6). The lower Vindhyan CVV rocks show large range in
their mean ages (0.38–2.55 Ga) which suggests contribution from
both older and younger sources. In the SVV, the Lower Vindhyan sedi-
mentary rocks show relatively younger mean ages (0.72–1.04 Ga)
(Fig. 6), which is consistent with a juvenile source in the near vicinity
of the SVV, which provided bulk of the sediments to this sub-basin.
The Upper Vindhyan rocks from the CVV show mean ages ranging
from 0.59–1.5 Ga (Table S1), while the Upper Vindhyan rocks from
the SVV show mean age ranging from 0.95–2.18 Ga (Fig. 6). The mean
age of the sedimentary rocks in the Vindhyan Basin is higher compared
to those in the Paleoproterozoic Cuddapah Basin (~0.6 Ga) (Zachariah
et al., 1999) and Archean metasedimentary rocks from Barberton
Group, South Africa (0.3–0.4 Ga) (Garcon et al., 2017). Modern-day
Upper Crust shows a mean age of 1.8 ± 0.4 Ga (Jacobsen, 1988).
While most of the Vindhyan rocks show mean ages less than 1.8 Ga,
higher mean ages (> 2 Ga) are observed in some samples, which sug-
gests that significantly older crustwas exposed and subjected to erosion
during sedimentation in the Vindhyan Basin (Fig. 6).

Trace element compositions of siliciclastic rocks from the CVV
broadly overlap with those of stratigraphically equivalent rocks from
the SVV (barring Kaimur Group), confirming the general notion that
these two sub-basins are part of the large Vindhyan Basin. However,
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Nd isotopic compositions suggest that the siliciclastic horizons of the
SVV and CVV sub-basins have not always received detritus from similar
sources. It may be possible that in a large sedimentary basin, siliciclastic
sediments are derived from distinct provenances and sediments from
these distinct sources do not mix as they get deposited in the same
stratigraphic horizon. In contrast to siliciclastic rocks, the compositions
of carbonates from the same stratigrapic unit are expected to be more
homogeneous and reflect the composition of the water mass from
which they precipitated.

4.2. Epeiric nature of the Vindhyan Sea: Evidence from REY and Y/Ho of
Vindhyan carbonates

The compositions of carbonate samples exposed both in the CVV and
SVV sub-basins are analysed and their compositions are interpreted in
terms of paleo-depositional environments of the Vindhyan carbonates.
Prior to inferring the paleo-depositional environment of the Vindhyan
carbonates using geochemical constraints, the effects of detrital con-
tamination and diagenesis on the geochemical compositions of the car-
bonate rocks need to be evaluated. For the carbonate samples of the
present study, detrital contamination is expected to be insignificant as
the samples were dissolved using acetic acid, which selectively dis-
solves the carbonate phases and not the associated silicate phases.
This argument is consistent with the low concentrations of Zr (<
0.2 ppm), Hf (<0.03 ppm), Sc (<4 ppm), and Th (<2 ppm) in these car-
bonate rocks (Table S2), which are commonly associated with detrital
phases. The effect of diagenesis on the REY pattern of these limestones
during stages of dolomitization was also evaluated. Although, it has
been suggested that “fabric destructive” dolomitization does notmodify
the REY signature of limestones (Hood et al., 2018), Fe and Mn concen-
trations increase significantly whereas Sr concentration decreases
(e.g., Derry et al., 1992). Elemental ratios such as Mn/Sr and Fe/Sr
have been used to evaluate the extent of diagenesis in limestones
(e.g.,Kumar et al., 2002; Ray et al., 2003). The Vindhyan carbonates
from both SVV and CVV mostly show low Mn/Sr (0.4 to 8.6), and
these values are within ranges recommended for unaltered limestones.
The exceptions are three severely dolomitized samples (RV8A, RV8B,
Bhagwanpura) from the Bhagwanpura Formation and one sample
from the Bhander Formation (LBLT1–2), which show high Mn/Sr
(21.9–47.1) and Fe/Sr (41.1–140.2) (Table S2). Overall, Mn/Sr and Fe/
Sr ratios in the Vindhyan carbonates do not show any systematic varia-
tions with their REY compositions (figure not shown) which suggests
that the REY compositions of the samples of this study have not been af-
fected by diagenesis and can be used for inferring paleo-depositional
conditions.

Modern-day seawater shows non-redox sensitive REY anomalies ac-
companied by super-chondritic Y/Ho ratio (>45) (Alibo and Nozaki,
1999). In comparison, modern river and lake water show lower Y/Ho
(<45) and absence of positive La and Gd anomaly (Bolhar and
Vankranendonk, 2007; Leybourne and Johannesson, 2008). Chemical
sedimentary rocks preserve the REY behaviour of the water from
which they precipitate. For example, modern marine chemical precipi-
tates show positive La and Y anomalies, negative Ce anomaly, HREE en-
richment over LREEs, and superchondritic Y/Ho ratio (Webb and
Kamber, 2000), which are characteristic features of modern seawater,
while chemical precipitates deposited from freshwater lack the charac-
teristic REY signature and superchondritic Y/Ho ratio of seawater
(Bolhar and Vankranendonk, 2007). This information has been widely
applied to understand paleo-depositional settings (i.e., distance from
the paleo-shoreline) of ancient sedimentary deposits (Frimmel, 2009)
as well as to infer the paleo-tectonic settings of ancient carbonates
(Zhang et al., 2017).

The PAAS normalized REY pattern of the Vindhyan carbonates from
both CVV and SVV do not show signatures of modern-day seawater
(Fig. 7). Specifically, the Vindhyan carbonates lack non-redox sensitive
anomalies of La, Gd, and Y, which are primarily controlled by
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complexation processes and are characteristic signatures of seawater
(Fig. 7, Table. S2). Addtionally, in plots of La/La*(SN) versus Y/Ho and
La/La*(SN) versus Gd/Gd*(SN), the compositions of the Vindhyan carbon-
ates do not overlap with those of modern seawater or modern and Ar-
chean marine carbonates (Fig. 8). The REY signature and Y/Ho ratio of
the Vindhyan carbonates suggest precipitation from a water mass
which shows significant influence of freshwater and with limited con-
nection to the open ocean, most likely an epicontinental setting. The in-
ferences of this study based on geochemical compositions of the
Vindhyan carbonates are in contrast to some studies but are consistent
with several other sedimentological studies.While some sedimentolog-
ical studies suggest that some Vindhyan carbonates were deposited in a
shallow marine environment (Chakraborty, 2006), other studies sug-
gested that they were deposited in a subtidal to intertidal depositional
setting (Aktar, 1996). However, our inference is consistent with the
widespread global occurrence of the epeiric deposits in the
Mesoproterozoic era (Gilleaudeau and Kah, 2013; Kah et al., 2012).

4.3. Inter-basinal correlation: The Nd, Ca isotopic evidence

Based on the similarity in the lithostratigraphic successions, it has
been suggested the CVV and SVV sub-basins were connected
(e.g., Prasad, 1984). In contrast, based on the difference in δ13C values
of carbonates from these two sub-basins, it has been argued that the
two sub-basins were disconnected during the entire depositional his-
tory of the basin (Kumar et al., 2002; Ray et al., 2003). In the absence
of body fossils, carbon isotope stratigraphy can be a valuable tool for
stratigraphic correlation and has been successfully applied to the
study of late Neoproterozoic carbonates, which are characterized by
high-amplitude δ13C fluctuations (Halverson et al., 2005). In contrast
to the Neoproterozoic carbonates, δ13C variability in Mesoproterozoic
age carbonates is relatively “muted” (Kah et al., 2012), which limits its
usability for stratigraphic correlation. Additional complexities arise in
the case of epiconentinental (epeiric seas) deposits, like the Vindhyan
carbonates of this study, as the nature of the carbon cycle in the re-
stricted environments of the epeiric seas is not well resolved
(Gilleaudeau and Kah, 2013; Holmden et al., 1998). Large δ13C varia-
tions are observed in carbonates precipitated in restricted environ-
ments because the longer residence time and shallow water condition
enhances the influence of isotopically distinct sources of carbon
(e.g., Holmden et al., 1998; Kah et al., 2012). Also, it has been suggested
that changes in the eustatic sea level drives the local carbon cycle in an
epeiric sea environment and systematic variations in δ13Cwith sea-level
fluctuations has been documented in Palaeozoic successions (Fanton
and Holmden, 2007). Given the above-mentioned complexities in
interpreting the carbon isotopic composition of Paleoproterozoic and
Mesoproterozoic carbonates, the difference in δ13C values of carbonates
from the SVV and CVV sub-basins does not necessarily mean that they
were disconnected, as interpreted by Kumar et al. (2002) and Ray
et al. (2003). Alternatively, the contrasting δ13C composition of the car-
bonates from these two sub-basins could be explained by variations in
the local carbon cycle and primary productivity in the near vicinity of
these two sub-basins and is consistent with δ13Corg in samples from
these two sub-basins which suggest variable productivity during depo-
sition (Kumar et al., 2005). Overall, the application of carbon isotopes
for evaluating the correlation between the CVV and SVV might not be
robust as the C isotope variability observed in these two sub-basins
can also be explained by intrabasinal heterogeneity and varying deposi-
tional environment (Gilleadeau et al., 2018). Differences in 87Sr/86Sr of
carbonates from the SVV and CVV have also been interpreted as lack
of connectivity between these two sub-basins (Kumar et al., 2002).
However, Sr isotope stratigraphy also has its limitations, especially
when the samples show diagenetic overprint or dolomitization (Ray
et al., 2003).

In this study, a combined Nd and Ca isotopic approach has been
taken to further evaluate the connectivity of the two Vindhyan sub-
10
basins. Neodymium is a non-conservative element in the seawater,
which exists mostly in the dissolved form (90–95%), and the εNd(0) of
the modern ocean ranges from −1 to −20 (Tachikawa, 2003). As the
residence time of Nd in the seawater (~500 yr) (Tachikawa, 2003) is
much shorter than seawater mixing timescales (~1500 yr), the εNd(0)
value of seawater varies from one ocean basin to another, which
makes it an ideal tracer of water mass mixing and has been widely
used to study paleo-ocean circulation and connectivity (e.g., Scher and
Martin, 2006). The εNd(1.72 Ga) values of the purportedly correlated
Kajrahat and Bhagwanpura limestones from the Semri Group overlap
(Fig. 9) but show unradiogenic Nd isotopic composition compared to
contemporaneous seawater Nd isotopic composition (Fig. 9). The
εNd(1.72 Ga) composition recorded by the Vindhyan carbonates show
similarity with surrounding sedimentary rocks (Fig. 9). This scenario is
expected in an epeiric setting where boundary exchange processes
such as sediment-water interaction prevails and changes Nd isotopic
composition of the water-mass. The Nd isotopic similarity suggests
that the CVV and SVV sub-basins were connected and the Vindhyan
Sea evolved as a well-mixed narrow passage of water.

Compared to the Kajrahat and Bhagwanpura limestones, the overly-
ing Rohtas and Nimbahera limestones of the Lower Vindhyan show
more radiogenic εNd(1.6 Ga) (Fig. 9). A shift towards more radiogenic
composition recorded in carbonates from both sub-basins is possible
only if the two sub-basins were connected. Detritus composition of
SVV overlaps with Rohtas Limestone. Interestingly, the εNd(1.6 Ga) of
the Rohtas Limestone also overlaps with that of porcellanites from the
SVV (Chakrabarti et al., 2007a). The εNd(1.6 Ga) of Rohtas Limestone
does not overlap with that of the contemporaneous seawater (Fig. 9)
suggesting the boundary exchange processes prevailed at the SVV. In
contrast, in the CVV the Nimbahera Limestone show similar εNd(1.6 Ga)

as that of contemporaneous seawater (Fig. 9). Few clastic rocks from
CVV show overlapping εNd(1.6 Ga), however, one Nimbahera Limestone
(RV 6B) recorded radiogenic εNd(1.6 Ga) composition compared to CVV
clastic rocks. The εNd(1.6 Ga) composition of this sample is even more ra-
diogenic than the contemporaneous seawater suggesting CVV water-
mass received solute from juvenile sources. We suggest that the
Nimbahera Limestone reflects the composition of the ancient water
mass which rendered this composition due to an Andean-arc type vol-
canism during Lower Vindhyan sedimentation. Chakrabarti et al.
(2007a) suggested existence of an Andean-type arc in the near vicinity
of SVV while Shukla et al. (2019) argued for the presence of an extinct
magmatic arc close to the site of deposition of the CVV. Young differen-
tiatedmagmatic arcswould also expect to supply younger zircons in the
surrounding sedimentary system which is absent in Semri Group
siliciclastic rocks from CVV (McKenzie et al., 2013). In the Aravalli
mountain range, there are evidences of Paleoproterozoic Andean-arc
type magmatism (Kaur et al., 2009) but εNd(1.6 Ga) composition of
these continental arc granitoids are far more unradiogenic compared
to the ~1.6 Ga Nimbahera carbonates (Fig. 5). Hence, Aravalli continen-
tal arc volcanismwas unlikely to be the source of Nd to the CVV water-
mass. The Andean-arc type volcanism in the vicinity of the SVV remains
as most dominant source of Nd to the Vindhyan water-mass around
1.6 Ga. Few Nimbahera Limestone samples from the CVV show unusu-
ally radiogenic εNd(t) with values higher than those of the porcellanites
from the SVV which is possibly due to the limited data for the SVV
porcellanites andmight reflect a samplingbias (Fig. 9). There is also pos-
sibility of presence of a mafic body which was supplying radiogenic Nd
to the Chambal water-mass, which was not detected in the Chambal
Valley detrital zircon record. However, in that case, Nimbahera carbon-
ates would show higher concentrations of mafic mineral associated ele-
ments and high Fe concentrations which is not the case (Table S2),
suggesting that the REY source was not mafic in nature. The possibility
of aeolian input in both the sub-basins as a result of the Andean type
arc volcanism is ruled out as large aeolian inputs would have resulted
in stratified ash deposits, which are not reported from Rohtas and
Nimbahera limestones. Hence, this shift in radiogenic εNd(1.6 Ga)
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compositions of Rohtas and Nimbahera limestones can only be ex-
plained by sub-basin connectivity. In this scenario, Son-Valley Andean
arc supplied volcaniclastic materials with radiogenic Nd isotopic com-
position and water-mass from both sub-basins recorded this signature.
This evidence suggests during Lower Vindhyan sedimentation, the two
sub-basins were connected. It is important to note that although a shift
towards more radiogenic Nd isotopic composition has been recorded in
both sub-basins, absolute εNd(t) values of acetic acid leached samples of
Rohtas (−5.1) and Nimbahera Limestone (−0.3 to +1.6) are different
(Fig. 9). It is possibly that during deposition of these carbonates around
1.6 Ga, the Vindhyan Sea had become extensive in nature; the SVV car-
bonate recorded shallow-water signatures while the CVV carbonate re-
corded a deeper water signature. This observation suggests inefficient
water-massmixingwhich is possible under an epeiric setting due to ab-
sence of strong currents.

The εNd(0.9 Ga) compositions of the Upper Vindhyan Lakheri Lime-
stone from the CVV and Bhander Limestone from the SVV overlap and
is less radiogenic compared to the underlying Nimbahera and Rohtas
limestones, respectively (Fig. 9). The εNd(0.9 Ga) compositions of the
Lakheri and Bhander limestones show similarity with εNd(0.9 Ga) compo-
sition of clastic rocks of the Upper Vindhyan (Fig. 9) suggesting signifi-
cant contribution from detritus. The εNd(0.9 Ga) of contemporaneous
seawater is more radiogenic in composition than the Upper Vindhyan
carbonates. One sample from SVV (Maihar 3) overlaps with contempo-
raneous seawater but the possibility of seawater incursion in the SVV is
ruled out based on the basin physiography (Ray et al., 2003). Due to this
overlapping εNd(0.9 Ga) signature we conclude the two sub-basins were
connected during the deposition of Upper Vindhyan.

To further explore the connectivity of the Son Valley and Chambal
Valley sub-basins, stable Ca isotope compositions of the Vindhyan car-
bonates were measured. The residence time of Ca in the modern
ocean is ~1 Ma which is larger than the ocean mixing timescale and
hence Ca is expected to behave as a conservative element (Broecker
and Peng, 1982). The Ca isotopic composition of the modern seawater
is broadly uniform with a δ44/40CaSRM915a value of 1.88 ± 0.04‰ and
marine carbonates record the primary δ44/40Ca composition of the
seawater over the geological past (e.g., Farkaš et al., 2007). The
δ44/40CaSRM915a compositions of Vindhyan carbonates from both sub-
basins show wide variations but fall within the range of global Precam-
brian carbonates of similar age (Blättler and Higgins, 2017) (Fig. 10a).
Interestingly, δ44/40CaSRM915a of carbonates from the SVV (0.61‰ -
0.85‰) are mostly lower than those from the CVV (0.82‰ - 1.21‰).
We further evaluate cause of this compositional variation between car-
bonates of both sub-basins.

Minerology plays a major role in controlling δ44/40Ca composition of
carbonates as different carbonate minerals have variable fractionation
factors when precipitating from aqueous solutions (Gussone et al.,
2020). Modern aragonites show low δ44/40CaSRM915a (~0.3‰) accompa-
nied by very high Sr concentrations (~7000 ppm), while calcites display
relatively high δ44/40CaSRM915a (0.8–1.0‰)with Sr concentration usually
less than 900 ppm (Banner, 1995; Higgins et al., 2018). Precambrian
aragonites can be identified by lower δ44/40Ca composition, higher Sr
content and microscopic characteristics such as presence of fan fabrics
(Blättler and Higgins, 2017). Modern dolomites show higher δ44/40Ca
compared to their precusor carbonate minerals (Higgins et al., 2018)
along with variable Sr concentrations which depends on the type of
dolomitizing fluid (Banner, 1995). However, the δ44/40Ca composition
of Precambrian dolomites overlap with that of Precambrian calcites
(Blättler and Higgins, 2017). We first evaluate if mineralogy led to the
Ca isotopic variation in the Vindhyan carbonates.

Presence of fan fabric (Kumar and Sharma, 2012) and high Sr con-
centration ~1000 ppm in the Kajrahat Limestone suggests an aragonite
precursor, which is also supported by its low δ44/40CaSRM915a values.
Crystal fan pseudomorphs are considerably abundant in the Precam-
brian sedimentary environments, from the platform margin to interior
of the basin, in subtidal to supratidal region (Aktar, 1996). The
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stratigraphically equivalent Bhagwanpura Limestonehas undergone se-
vere dolomitization as inferred from its highMg/Ca, Mn/Sr and Fe/Sr ra-
tios (Table S2) and the δ44/40CaSRM915a of the Bhagwanpura Limestone
ranges from 0.82 to 1.09, which overlaps with δ44/40CaSRM915a of
Neoproterozoic dolomites (~0.91) (Kasemann et al., 2005). The precur-
sor polymorph could not be identified for Bhagwanpura Limestone.
Both Rohtas and Nimbahera limestones are calcitic in nature suggesting
minerology of the precipitate is not controlling the observed δ44/40Ca
variation (Fig. 10). Similarly, in the Upper Vindhyans, the Lakheri and
Bhander limistones have similar Mg/Ca composition and are calcitic in
nature suggesting minerology is not the controlling factor for the ob-
served δ44/40Ca variation (Fig. 10).

Early diagenesis can also affect the δ44/40Ca of carbonates (Higgins
et al., 2018). Fluid buffered versus sediment buffered diagenesis can
be distinguished using δ44/40Ca values and Sr concentrations of carbon-
ates (Higgins et al., 2018). Sediment buffered diagenesis of aragonite or
high-Mg calcite results in low δ44/40Ca and the inherited, high Sr con-
centrations are retained in the carbonates (Higgins et al., 2018). In con-
trast fluid-buffered diagenesis yields high δ44/40Ca values in carbonates
but the δ44/40Ca value of the carbonate reflects that of the interacting
fluid, which is dominantly seawater (Higgins et al., 2018). Among the
Vindhyan carbonates of the present study, the Kajrahat Limestone
shows evidence of sediment-buffered diagenesis with low δ44/40Ca
(0.61‰) and high Sr concentration (>900 ppm, Table. S2). However,
all other Vidhyan carbonates show relatively high δ44/40Ca values ac-
companied by low Sr concentrations, which suggest that these carbon-
ates have gone through fluid-buffered diagenesis and hence, reflect the
fluid composition which can be used for inferring paleo-depositional
environments. Sedimentological studies and C isotopic composition of
Vindhyan carbonates suggest existence of paleo-gradient in the
Vindhyan Basin where Son-Valley records shallower part while Cham-
bal Valley represents a deeper region (Gilleaudeau et al., 2018). Pres-
ence of oolitic limestones with intraclast horizons and mega-ripples
suggests high energy environment in the SVV and absence of these fea-
tures suggests low energy environment in the CVV sub-basin during de-
position of the Upper Vindhyan limestones (Ray et al., 2003). The
observed Ca isotopic variation between the two sub-basins is most
likely due to paleo-depositional setting where the shallower Son Valley
received relatively higher freshwater input leading to lower δ44/40Ca of
the carbonates in this sub-basin (Fig. 10). In contrast, in the CVV, greater
interaction with seawater resulted in higher δ44/40Ca values of the car-
bonates (Fig. 10). The acetic acid leached Rohtas Limestone sample
RHAC-1, however, shows seawater-like high Y/Ho (Table S2), which
contrasts with the low δ44/40Ca, the latter suggesting freshwater input.
This discrepancy is explained by seawater incursion in the SVV during
the deposition of Rohtas Limestone, resulting in high Y/Ho, followed
by early-stage fluid-buffered diagenesis under fresh-water conditions,
which lowered its δ44/40Ca value. As the REYs are less susceptible to dia-
genesis, the REY composition of the Rohtas Limestonewas notmodified.

5. Conclusions

(1) Geochemical composition of the siliciclastic rocks from the
Chambal Valley sub-basin of the Vindhyans suggests derivation
from evolved and differentiated source rocks. Neodymium isoto-
pic compositions suggest that the Lower Vindhyan sediments in
theChambal Valleywere derived from the BandedGneissic Com-
plex (BGC) and Berach Granitoids along with contributions from
1.82 Ga old continental arc granitoids of the Aravalli fold belt and
the Hindoli mafic volcanics. For the Upper Vindhyan sediments,
contributions from older basement rocks decreased significantly
while Delhi Belt granitoids became the major provenance.

(2) The lack of characteristic seawater-like Y/Ho and REY signatures
in Vindhyan carbonates suggests that these carbonates were not
precipitated in open-ocean settings. However, the Y/Ho values in
these carbonates are higher compared to modern and ancient
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lacustrine and riverine systems and the presence of minor La, Gd
anomalies suggest that the Vindhyan carbonates were deposited
in an epeiric environment with limited connectivity with the
open ocean.

(3) The εNd(t) composition of the Vindhyan carbonates suggest the
SVV and CVV sub-basins were connected during deposition of
Upper and Lower Vindhyan. The Nd isotopic compositions of
Lower Vindhyan carbonates shift towards radiogenic values
around 1.6 Ga ago, which is consistent with eruption of an
Andean-type arc in the near vicinity. Existence of a paleo-
gradient in the Vindhyan Basin is suspected, as εNd(t) values of
the CVV carbonates overlap with contemporaneous seawater
while in the SVV, boundary exchange processes prevailed.

(4) The range in Ca isotope variation in the lowermost carbonate ho-
rizons (Kajrahat and Bhagwanpura limestones) of the Vindhyan
Basin can be explained by minerology. However, the lower δ44/
40Ca values of the 1.6 Ga and 0.9 Ga old carbonates from the
Son Valley, relative to the stratigraphically equivalent carbonates
from the Chambal Valley reflect the presence of a paleo-gradient
in the Vindhyan Basin. The Son Valley carbonates were formed at
shallower depths and their low δ44/40Ca reflect greater influence
of freshwater compared to the Chambal Valley carbonates.
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