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AB STRACT

The Porcellanite Formation in the basal Semri Group of the Proterozoic Vindhyan Supergroup, exposed along the
Son River Valley, India, primarily consists of intercalated silicified felsic tuff beds (porcellanite), rhyolitic breccia, and
shale. Lensoid patches of very coarse-grained rhyolite occur in a stretch of about 10 km near the eastern end of the
valley. These are newly interpreted as rhyolite flows, with flow structures including aligned volcanic fragments and
phenocrysts, a few of which are ∼10-cm-long feldspars. Microphenocrysts consist of fragments of patchy perthite and
quartz, with subordinate Fe-oxide minerals set in a very fine-grained groundmass of quartz and feldspar. Volcanic rock
fragments and fiamme are common. Bulk chemical compositions of nine samples also identify them as rhyolite
(SiO2 p 75.24%; Na2O 1 K2O p 7.06%, CaO p 1.66%). Rare earth element distribution is typical of granitic rocks,
with a negative Eu anomaly of 0.57. The samples are enriched in U, Th, La, and Rb and depleted in Cr and Ni relative
to upper continental crust and total crust. New U-Pb isotopic analyses of magmatic zircons in the rhyolitic flow give a
concordia intercept age of 1640 5 4 Ma and a weighted-mean 207Pb/206Pb average age of 1642 5 7 Ma. These are
essentially identical with those determined previously from zircons in porcellanite outcrops to the west. Lu-Hf
isotopic compositions show that all but one εHf value at 1640 Ma are less than chondrite uniform reservoir values,
indicating a significant contribution from older, felsic crust. Crustal models suggest derivation from about 2.5 Ga
middle to lower crust. The new data do not support Semri sedimentation in an active arc setting or derivation of the
rhyolite magma from a putative and now-concealed subduction zone with contribution from the mantle. We suggest
that far-field effects of one or more of the ca. 1650 Ma collisions of continental blocks caused crustal fracturing as the
basin subsided, which induced melting and the consequent rhyolitic volcanism.

Online enhancements: appendix tables.

Introduction

The Purana Basins of peninsular India (Rama-
krishnan and Vaidyanadhan 2010), in general, pre-
serve essentially flat-lying and largely undeformed,
kilometers-thick Proterozoic sedimentary rocks, ex-
cept at their margins. The largest is the Vindhyan
basin in northern India; its extent is 1200,000 km2,

including extensions into the subsurface, and it is
estimated to include 3–5 km of sedimentary rocks.
The strata arewell exposed and largely accessible and
have been studied for decades (Mallet 1869; Auden
1933; Mathur 1982; Bhattacharyya 1996; Bansal and
Dimri 2001; Chakraborty 2006; Kumar and Sharma
2010; Bose et al. 2015). Despite the vastness of the
Vindhyan sedimentary rocks (Vindhyan Supergroup),
there is little consensus about details, in particular
absolute ages, facies relationships, intrabasinal uncon-
formities, tectonic setting, and the extent and causes of
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intrabasinal volcanism. For example, various authors
have proposed arc, foreland, rift, or pericratonic envi-
ronments for Vindhyan sedimentation.

Volcanism, as recorded by silicified ash, or “por-
cellanite,” beds, has been previously reported within
the Chopan member of the Semri Group (Lower
Vindhyan;Rasmussen et al. 2002;Ray et al. 2002) and
in the Rampur Shale of the upper Semri Group
(Rasmussen et al. 2002). In this article, we report on
the chemical compositions and ages of zircons from
an unusually coarse-grained, somewhat brecciated,
pyroclastic, and true rhyolite flow associated with
ash beds near Kon in the eastern end of the Vindhyan
basin (fig. 1). The focus of this article is the U-Pb age
of zircons, their Hf isotopic compositions, and in-
terpretation of these new data toward understand-
ing the geological and tectonic significance of early
(ca. 1642–1628Ma) silicic volcanism in theVindhyan
basin.

Geological Setting

Stratigraphy. The Vindhyan Supergroup includes
essentially undeformed (except at basinmargins) and
unmetamorphosed sedimentary rocks that crop out
mostly in north-central India and unconformably
overlie the PaleoproterozoicMahakoshalGroup. The
supergroup includes four groups (table 1). The Semri

Group, at the base, is unconformably overlain by the
three other groups: Kaimur, Rewa, and Bhander in
ascending order.

Occurrence and Age of Volcanic Rocks in the Semri
Group. The occurrence of volcanic rocks in the
Semri Group has been known for decades. Mallet
(1869, p. 28–38) described two layers of silicified
beds as “Porcellanic shales,” which occur above
and below “Trappoid beds” in the Semri Group in
the Son River valley in north-central India (fig. 1;
table 1). Auden (1933) identified these as felsic ash
beds and termed them “porcellanites.” These beds,
on average about 1 m thick, alternate between lam-
inated tuff of different shades of gray, off-white,
black, and green and pyroclastic rocks comprising
clasts of varying size, volcanic breccia, volcanic
bombs, and shale. The unit is mapped as the Por-
cellanite Formation; it is also known as the Deonar
or Chopan Porcellanite Formation. The formation,
but not all beds, can be tracked laterally for over
300 km in an approximately NNE-SSW linear
swath (fig. 1). Srivastava et al. (2003, p. 178) recog-
nized “three distinct volcanic eruptions” repre-
sented by ash beds east of Chopan, butGhosh (1971)
identified only two, near Semariya WSW of Sidhi
and south of Chorhat (fig. 1). U-Pb TIMS ages of
magmatic zircons from an ash bed near Kuteswar
(fig. 1) average 16315 5Ma (Ray et al. 2002). SHRIMP
ages of magmatic zircons from the top of the Por-

Figure 1. Geological map of the eastern part of the Vindhyan basin. Samples used in this study are from near Kon.
Adapted from Ray et al. (2002).
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cellanite Formation and another ash bed, some 350m
above, in the Rampur Shale near Chorhat (fig. 1)
yielded 1628 5 8 and 1599 5 8 Ma, respectively
(Rasmussen et al. 2002). Bose et al. (2001) considered
the latter ash bed to have been resedimented and
presumably not a primary igneous deposit. However,
in view of multiple occurrences of ash flow deposits
in the Vindhyan Supergroup (e.g., P. Chakraborty
et al. 1996; Sen and Mishra 2014), we consider the
Rampur bed at 1599 Ma to be of igneous origin. In
the context of geological age (table 1), it is important
to note that the Lower Vindhyan Semri Group has
been considered to be Ediacaran (619–542 Ma) by
manypaleontologists (e.g., Prasad andAsher 2016 and
references therein), contradicting radioisotopic geo-
chronology.

Occurrence of Coarse Rhyolite. Silicified ash beds
constitute most of the volcanic material in the Por-
cellanite Formation. A small body of rhyolite dis-
playing distinctive flow structures (fig. 2), containing
large lithic and crystal fragments, and intercalated
with silicified ash beds crops out near the villages of
Doma and Dewatan in the Chanchikhurd area, im-
mediately NNW of Kon (2472506.500N, 8372207.3800E
fig. 1). Although, as indicated above, the porcellanite
beds have been extensively studied (Mishra and
Sen 2010 and references therein), the rhyolite flow,
which may be parental to the porcellanite ash beds,
has not previously been dated or studied petrologi-
cally.

The soft rocks of the Porcellanite Formation are
exposed all along the northern and southern banks of
the SonRiver.The outcrops of the rhyolite,which are
lensoid and whose total exposure is ∼50 m# 10 km,
are exposed on the southern bank of the Son River
in the Chanchikhurd area in the eastern part of the
Son valley. The rhyolite body, orflow, is underlain by
flat-lying, buff-colored, fine-grained tuff and overlain
by a banded variety of porcellanite. As noted, the
rhyolite includes large angular lithic clasts and crys-
tal fragments aligned in the flow direction (fig. 2).
Feldspar phenocrysts measuring ∼10 cm in length
have been observed.
For this study, we collected samples near the

Doma village (24727040.800N, 8372208.7400E; DOMA-1,
2, 2A, 4, 5, 6, 7) and the Dewatan village (247270

28.200N, 83720012.100E; DEW-8, 10). Singh and Sri-
vastava (1982) and Srivastava et al. (2001, 2003) have
described pyroclastic breccia, pumice tuff, and ag-
glomerate tuff from the Chanchikhurd-Kon area;
Ghosh (1971) also described lithic agglomerate tuff,
lapilli tuff, banded chert tofine tuffaceous sediments,
and large bombs near Semariya; Bhattacharjee et al.
(1964) have tracked pyroclastic rocks fromChopan to
Sidhi; Mehrotra et al. (1985) described “conglomer-
atic”porcellanite inoutcrops inbetweenChopanand
Sidhi; andT.Chakraborty et al. (1996) have described
the sedimentological, stratigraphic, and petrologic
aspects of these rocks fromoutcrops that occur to the
southwest of Semariya. Remnants of three suspected

Table 1. Simplified Stratigraphy of the Vindhyan Supergroup in the Son Valley

Group, formation Member Age (Ma) References for age

Bhander
Rewa
Kaimur
(Unconformity)
Semri:

Suket Shale
Rohtas Limestone 1599 5 48

1601 5 130
Sarangi et al. 2004
Ray et al. 2002, 2003

Rampur Shale 1593 5 12, 1602 5 10 Rasmussen et al. 2002
Chorhat Sandstone Tirohan Limestone 1650 5 89 Bengston et al. 2009
Bargawan Limestone
Khenjua/Koldaha Shale
(Chopan) Porcellanite Greenish/opaline tuff

Massive tuff
Banded tuff
Rhyolite

1628 5 10
1631 5 5

1642 5 7

Rasmussen et al. 2002;
Ray et al. 2002

This work
Kajrahat Limestone 1729 5 110 Sarangi et al. 2004
Arangi Shale
Deoland Sandstone

(Unconformity)
Mahakoshal:

Jhirgadandi Granite 1753 5 9 Bora et al. 2013

Note. Groups, formations, and members are listed from uppermost to lowermost.
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volcanic vents are exposed at Kon (2472506.500N, 837
22007.3800E) andKhempur (24726027.700N, 83719020.400E)
and may be related to explosive volcanic activity.

Petrography

Polished thin sections were examined in both trans-
mitted and reflected light as well as by a scanning
electronmicroscope in back-scattered electronmode
(SEM-BSE) and via energy-dispersive spectroscopy
(SEM-EDS). The rhyolite samples (DOM and DEW)
show brecciated texture, with angular lithic and min-
eral clasts of various sizes (a few exceed 5 mm in
length) and composition. The lithics are principally
tuffaceous materials, including dark pumice frag-
ments and fiamme (sensu Bull andMcPhie 2007). In
reflected light, the latter appear to be a mixture of
very fine-grained Fe-Ti oxide minerals (altered to li-
monite/leucoxene), feldspar, and very minor quartz;
glass and vacuoles have not been observed.

The mineral clasts are mostly fragments of phe-
nocrysts of patchy perthite and quartz. Feldspar frag-
ments aremuch larger than quartz fragments (fig. 3a).
Patchyperthite, extensively altered to clay (fig. 3b) but
easily and abundantly observed in SEM-BSE images,
is the most abundant large phenocryst (fig. 3c, 3d).
Although the clay minerals are not identifiable in
thin sections, they are compositionally (as seen via
BSE intensity andEDS) sufficiently different todefine
their parental K-spar or plagioclase domains. Plagio-
clase domains commonly exhibit ghost twin lamel-
lae. Individual grains of plagioclase and K-spar ap-
pear to be broken fragments and are possibly pieces
of the much larger patchy perthites. Phenocrysts of
quartz are clear and commonly curved or angular,
with curvilinear fracture lines and rare isolated vac-
uoles. They do not commonly show the bipyramidal
or prismatic shapes typical of phenocrysts in associ-
ated felsic ash, and embayment is also very rare. The
matrix is a very fine-grained mosaic of quartz and

Figure 2. Close-up photograph of the rhyolite outcrop. Volcanic fragments and broken and unbroken phenocrysts,
including large feldspars, are aligned in the flow direction. The pen is about 15 cm in length.
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feldspar but does not have obvious shards; it appears
to have been fine ash. Apatite and ilmenite are the
principal accessory minerals (fig. 3d). Secondary min-
erals include leucoxene, limonite, and carbonates.

Geochemistry

Chemical compositions of nine whole-rock sam-
ples of the rhyolite were obtained at Activation
Lab in Ancaster, Canada, and are given in table A1
(tables A1–A3 available online). The average LOI
(loss on ignition)-free SiO2 content of the rhyolite

samples is 75.24% (51.80%), Na2O 1 K2O is 7.06%
(50.64%), and CaO is only 1.66% (50.58%), thus
chemically classifying the rocks as rhyolite (aver-
age LOI p 2.44% 5 1.01%). A plot of SiO2 versus
Zr/TiO2 (fig. 4A; Winchester and Floyd 1977) also
classifies the rocks as rhyolite, but a plot of Zr/Ti
versus Nb/Y (fig. 4B; Pearce 1996) puts them in the
subalkalic rhyodacite field. Chondrite-normalized
plots of the rare earth element (REE) abundances in
these samples (fig. 5; Sun and McDonough 1989)
show enrichment in light REEs, nearly flat depleted
heavy REEs, and a moderate negative Eu anomaly

Figure 3. a, Photomicrograph under crossed polarizers, showing the mineral composition and the general texture of
the rhyolite. Note the fragmentary nature of the grains in different sizes. Feldspar phenocrysts (perthite [Pt]) are larger
than others. F p plagioclase; Q p quartz. Scale bar p 500 mm. b, Large patchy perthite almost completely altered to a
variety of clay minerals. The K- and Na-rich ghost domains show different shades of gray. Scale barp 500 mm. c, SEM-
BSE (scanning electron microscope in back-scattered electron mode) image of patchy perthite; K-spar (Ksp) is domi-
nant over albite (ab); ilmenite is very bright. Scale bar p 300 mm. d, SEM-BSE image of patchy perthite; albite (ab) is
dominant over K-spar (Ksp); fragments of apatite (ap) are larger than the domains of limonite (lm) 1 Ksp. qz p quartz.
Scale bar p 100 mm.
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(0.57 5 0.03) typical of granitic rocks. Relative to
the estimated composition of the upper continental
crust (UCC: Rudnick and Gao 2003), Rb is enriched
and Sr is steeply depleted, compatible with the rel-
atively high Na2O 1 K2O and low CaO contents of
the samples (fig. 6; Taylor and McLennan 1985;
Rudnick and Fountain 1995). Further, U, Th, La, Ce,
Nd, Sm, and Y are enriched, Ta and Zr are slightly
enriched, and Nb is moderately depleted. These re-
lationships do not change if the comparison is made
with the estimated composition of the total crust.

Common “mafic elements” such as Cr, Ni, Mg, Fe,
and Ti are also depleted. These compositional char-
acteristics would be expected if this magma was a
partial melt of older crustal rocks and fractionated in
a relatively oxidizing magma (see discussion of εHf

below).

Geochronology

We separated zircons from a sample of the coarse-
grained rhyolite (DOM-1) by standard methods of
crushing, grinding in a disk mill, heavy-liquid sep-
aration, and magnetic separation with a Franz Iso-
dynamic Separator. These procedures yielded a large
number of brownish-to-yellowish zircon grains,most
of which exhibited prismatic forms. These were
handpicked to obtain, as far as possible, grains with a
minimum of inclusions and cracks, which were then
mounted in epoxy for imaging and subsequent laser
ablation–multicollector-ICPMS analysis.

Secondaryelectron,BSE, andcathodoluminescence
(CL) images were obtained on a JEOL 8600 SEM/mi-
croprobe at Syracuse University. Representative CL
images are presented infigure 7.Note that the zircons
have normal oscillatory zoning and do not display
core-rim relations. Thus, we are confident that these
zircons are of igneous origin and crystallized within
the rhyolitemagma.U-Pb analytical data for 52 grains
were obtainedwith aNu-PlasmaMC-ICPMSattached
to a New Wave 213-nm ultraviolet laser at the Uni-
versity of Florida. The zircon FC-1 was used as the
analytical standard, for whichwe obtained 206Pb/238U
age of 10955 11 Ma and a 207Pb/206Pb age of 10985

Figure 4. Chemical compositions classify the samples as
rhyolite. The nine stars represent individual DOM and
DEWsamples, and thefilled circle represents their average.
Top, SiO2 versus Zr/TiO2 plot after Winchester and Floyd
(1977); AB, Alk-Basp alkaline-basalt; Bas/Trach/Nephp
basanite/trachybasanite/nephelinite; Com/Pan p comendite/
pantellerite; B, Zr/Ti versus Nb/Y plot after Pearce (1996);
alk.p alkaline; andes.p andesite; bas.p basalt; trach.p
trachyte; trachyandes. p trachyandesite.

Figure 5. Chondrite-normalized rare earth element dis-
tribution of the nine samples (stars) and their average
(filled circle) represent typical granitic distribution, with
moderately negative Eu anomaly (0.57); after Sun and
McDonough (1989).
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9 Ma, values that match the “true ages.” Data were
reduced with an in-house program, which included
drift corrections. Results are given in tableA2.When
plotted on a standard concordia diagram, the data
exhibited considerable scatter.We parsed the data by
removing all analyses that were more than 10%
discordant and analyses that plotted to the right of
the concordant data, indicating presence of an
inherited component. Interestingly, we observed an
obvious inherited core in only one grain (DOM 61;
table A2). In this zircon grain, the core yielded
grossly discordant data, indicating an age only about
2% greater than that of the rim. After removing 23
analyses, we obtained the 29 data points plotted in
figure 8, top. These data are all essentially concor-

dant andyielda regressedupper intercept ageof 16405
4 Ma. Because the data are concordant, we also
plotted the probability distribution (fig. 8, bottom
left) and calculated the weighted-mean average of
the 207Pb/206Pb ages (fig. 8, bottom right) from a data
set of 46 analyses screened only at less than 10%
discordant. This calculation yielded an age of 16425
7 Ma, at 95% confidence and MSWD p 7.4, which
we take to be the crystallization age of the rhyolite.

Relation to Previously Determined Ages

Porcellanite rocks in the Semri Group have been
previously dated by Rasmussen et al. (2002) and Ray
et al. (2002). In both studies zircons were separated
from porcellanitic rocks, that is, fine-grained silic-
ified ash beds. Ray et al. (2002) analyzed zircons
from two samples for U-Pb by TIMS methods,
obtaining essentially identical ages of 1631.25 5.4
and 1630.7 5 0.8 Ma. Rasmussen et al. (2002) ana-
lyzed zircons from a porcellanite bed by SHRIMP
methods, obtaining a “pooled” 207Pb/206Pb age of
1628 5 8 Ma. They also analyzed zircons from a
porcellanite in the Rampur Shale, somewhat higher
in the section, by SHRIMP, obtaining an age of
15995 8Ma. It is interesting to compare these ages
with the age of zircons (1642 5 7 Ma) separated
from coarse rhyolite (this study). Within 2j errors,
the ages determined by Ray et al. and Rasmussen et
al. are not analytically different, since each can be as
great as 1636 Ma. Our newly determined age is an-
alytically distinct, but only slightly so, for it can
also be as young as 1635 Ma. Given the overall un-
certainties of sampling and analytical errors, we
consider all reported ages from the Porcellanite For-
mation to be identical. The age reported by Rasmus-
sen et al. (2002) for the Rampur Shale porcellanite is,

Figure 6. Upper continental crust–normalized plots of
the samples (stars) and their average (filled circle), show-
ing enrichments of felsic components and depletion of
mafic components; after Rudnick and Fountain (1995) and
Taylor and McLennan (1985).

Figure 7. Representative cathodoluminescence (CL) images of zircons.
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however, distinctly younger, consistent with its strat-
igraphic position higher in the section.

Lu-Hf Isotope Geochemistry

We obtained Lu-Hf isotopic compositions, also at
the University of Florida, from the same zircons
used for U-Pb measurements in order to investi-
gate the sources of the rhyolitic magma. Zircon
FC-1 was used as the standard for Lu-Hf analyses.
FC-1 analyses, conducted together with analyses
of DOM zircons (n p 6), yielded 176Hf/177Hf p

0.28216 (50.00004, 2 SE) or εHfp224.1 (51.4, 2 SE).
The data (table A3) are presented as εHf (1640 Ma)
with errors; we have tabulated data only for those
zircons that are less than 10%discordant, that is, the
“screened” zircon grains. These data are plotted, at
1640 Ma, as εHf versus age, with both chondrite uni-
form reservoir (CHUR) and depleted-mantle (DM)
curves, infigure 9A andas a probability density plot in
figure 9B. It will be seen that εHf values are uniformly
low, with only one of 24 values greater than 0
(CHUR). These data indicate that the zircons, and
thus the magma from which they crystallized, have

Figure 8. Top left, concordia plot; top right, detail of concordia plot. Bottom left, probability density plot of 207Pb/
206Pb ages. Bottom right, weighted average of 207Pb/206Pb ages. A color version of this figure is available online.

Figure 9. A, εHf versus 207Pb/206Pb age, with chondrite uniform reservoir (CHUR) and depleted-mantle (DM) curves.
B, Probability-density plot of εHf values. A color version of this figure is available online.
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incorporated relatively evolved Hf from the source of
the magma. This suggests that the source was older
crustal material. In addition, we have calculated (ta-
ble A3) TDM (DM model ages) that are based on the
model ofNowell et al. (1998), as discussed byMueller
et al. (2008), and two-stage “crustal” model ages (Tcr;
e.g., Andersen et al. 2002) calculated on the basis of
assumed crustal 176Lu/177Hf of 0.0083 (Tcr-1; UCC;
Rudnick and Gao 2003) or 0.0150 (Tcr-2; middle to
lower crust).The relationships amongTDMmodel ages
andTcrmodel ages are illustrated infigure10.Average
model ages are TDM p 2.16 Ga, Tcr-1 p 2.28 Ga, and
Tcr-2 p 2.464 Ga. We emphasize that calculated
model ages are only models, but the data clearly in-
dicate that the DOM-1 rhyolitewas derived—at least
in large part—from partial melting of much older
crustal rocks.

Discussion

The U-Pb age reported here for the true rhyolite
flow in the Vindhyan basin records the oldest (16425
7 Ma) igneous activity after opening of the basin.
The age complements, and is fully compatiblewith,
other U-Pb zircon ages of the associated tuff beds.
The new Lu-Hf isotopic data and our modeling of
εHf at 1640 Ma indicate that this rhyolitic magma
was derived, in large part, from melting of much

older crustal rocks, perhaps as old as 2.5 Ga, con-
sistent with age data for parts of the basement
Bundelkhand Craton (e.g., Mondal et al. 2002; Kaur
et al. 2014, 2016; Saha et al. 2016). Melting of such
older crustal rocks would produce magma with the
Hf isotopic composition of the melted rocks; as-
suming that melt temperatures exceeded zircon
saturation temperatures, zircons crystallizing from
such magma would inherit the Hf isotopic compo-
sition of the source rocks. On the assumption that
crustal melting may have involved heat transfer
from a mantle source, there could also have been a
component of mantle material in the resulting
magmas. However, the fairly substantial negative
Eu anomaly (0.57), high La/Sc and Th/Sc ratios (9.6
and 2.8, respectively), and very low Ni and Cr con-
tents of these rocks suggest that mafic-ultramafic
components were minor contributors. Below we
offer alternate tectonic scenarios that may have
triggered crustal melting beneath the basin at this
time.
First, Chakrabarti et al. (2007) have argued, on

the basis of the εNd of the porcellanites from near
Chorhat at 1630 Ma (“ranging from 25.7 to 20.9,”
p. 260), Nb/Ta-versus-Zr/Sm plots, and Ce/Pb-
versus-Ce plots, that the rhyolitic melt was de-
rived from partial melting of mantle material, pre-
sumably in an Andean-type arc setting. Thus, in
this scenario, the Vindhyan basin formed primarily
on and at the edge of the Bundelkhand Craton as it
was subducted southerly beneath a collisional arc
forming in the south. If so, the rhyolitic melt and
the ash of the Porcellanite Formation of the Semri
Group erupted in an active margin. However, the
Porcellanite Formation is sandwiched between the
Kajrahat Limestone below and the shale-limestone
units of the Koldaha Shale and Bargawan Lime-
stone above (table 1). These limestones, which con-
tain stromatolites (Kale and Phansalkar 1991; Bose
et al. 2001; Misra and Kumar 2005; Banerjee et al.
2006; Srivastava and Tewari 2011) in association
with felsic volcanic rocks, could hardly have accu-
mulated at an active margin. Thus, we think it is
unlikely that the rhyolitic volcanism was generated
in an active-margin Andean-type arc setting. Also,
the large area of flat-lying sediments seems contrary
to an arc setting but is compatible with an exten-
sional setting.
Second, Acharyya (2003) envisaged a foreland

basin model for the Vindhyan Supergroup as the
Bundelkhand Craton subducted in a southerly di-
rection and the basin abutted against the uplifted
(fold-thrust?) Mahakoshal Mobile Belt. In this sce-
nario, the major source of sediments in the Semri
Group would be not a magmatic arc but a recycled

Figure 10. εHf versus 207Pb/206Pb age, illustrating how
TDM and Tcr (depleted-mantle and crustal ages, respec-
tively) are calculated. The point labeled εHf(1.64) is the
average εHf at that time. The line from εHf(0) projected to
intersection with the DM curve on the basis of the 176Lu/
177Hf of the zircons determines the calculatedTDM.The line
from εHf(1.64) back to the DM curve is projected on the
basis of an assumed crustal 176Lu/177Hf, in this case 0.0150
(Rudnick and Gao 2003). CHUR p chondrite uniform
reservoir. A color version of this figure is available online.
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orogen, contradicting Chakrabarti et al. (2007). The
new Hf isotopic data and the bulk geochemistry of
the rhyolite do not contradict this model, although
it is not clear how and why there would be crustal
meting during Semri sedimentation. Note espe-
cially that foreland basins rarely have contempora-
neous felsic volcanism. The scenarios of both Acha-
ryya (2003) and Chakrabarti et al. (2007) call for a
collision between the Bundelkhand and Bastar Cra-
tons. On the basis of paleopole positions determined
from nearly 50 mafic dikes in these two cratons,
Radhakrishna et al. (2013) have ruled out any possi-
bility of amalgamation of crustal blocks in this region
in post-Archean time, especially at ∼1.8 and ∼1.0 Ga,
as had been noted in the literature. In addition, the
above two conjectures do not consider that there are
several other ash beds in the Vindhyan basin—spe-
cifically in theKaimur andRewaGroups—indicating
“intrabasinal volcanism at multiple sites” (P. Chak-
raborty et al. 1996; Sen and Mishra 2014).

A third possibility is formation of the rhyolite in a
(deep?) continental rift. Indeed, Bose et al. (2001)
andMishra (2015) have suggested so for the opening
of the Semri basin. To be fair, they do not specifi-
cally address the origin of the multiple felsic vol-
canisms. However, this setting commonly leads to
bimodal volcanism, as in the Proterozoic Mid-
Continent Rift (North America) or in the Cenozoic
East African Rift (Green and Fitz 1993; Corti 2009).
Although the Porcellanite Formation and other ash
beds extend for a long distance (over 300 km), the
volume of the volcanic material is small, and there
are no published reports of coeval basaltic rocks.
Further, there is no independent evidence for plate
divergence below the Vindhyan basin at about
1640Ma.We are unable to visualize (1) an active arc
basin with extensive shallow-water stromatolite
growth, (2) a foreland basin with repeated felsic
volcanism, or (3) a (deep) continental rift caused
by plate divergence without bimodal volcanism or
without geophysical signals. Thus, one has to search
for a different tectonic reason for the opening of the
Semri basin and subsequent volcanism in the
Vindhyan basin as a whole.

In our opinion, themost likely scenario is that far-
field extension, related to collisions of continental
blocks during supercontinent assembly, triggered
melting at the base of the ca. 2.5 Ga continental
crust at about 1650 Ma, which needed some ex-
tension to enable the magmas to get to the surface.
Several continental landmasses (∼blocks) were as-
sembled, and presumably attained their maximum
packing, in the assembly of the Columbia Supercon-
tinent (Rogers and Santosh 2004), by about 1600 Ma.
The collisional boundaries of these blocks are com-

monly marked by deformational evidence of orogeny
and high-P-T (pressure-temperature) granulites. For
example, a granulite in the Central Indian Tectonic
Zone is reported to have experienced its peak P-T at
ca. 1658 5 12 Ma, and the associated heating events
lasted for about 50 My (U-Pb zircon; Bhowmik et al.
2014); the Krishna orogeny in southern India lasted
from about 1.67 to about 1.55 Ga (monazite; CHIME
[chemical Th-U-total Pb isochronmethod];Dobmeier
and Raith 2003); a similar history is recorded in the
adjacent Ongole Domain in the Eastern Ghats (Hen-
derson et al. 2014); the Bhopalpatnam Granulite Belt
(1.59 5 0.03 Ga; monazite CHIME; Santosh et al.
2004) marks an amalgamation of the Bastar and
Dharwar Cratons in south-central India; the Keshkal
Granite (1639 5 40 Ma; Rb-Sr; Sarkar et al. 1990)
putatively marks the end of a collisional event in
the Bastar Craton; and the then-nearby Mangaroon
orogeny in Australia (1680–1620 Ma with a peak at
1650Ma; U-Pb SHRIMP: Sheppard et al. 2005; U-Pb
monazite: Rasmussen et al. 2007) records a similar
tectonic history. Any of these events, singly or in
combination, may have triggered far-field fractur-
ing and decompression melting that produced the
rhyolitic volcanism in the Semri basin.

Although one or more of these events may have
triggered crustal melting in the basement of the
Lower Vindhyan Semri Group at ca. 1640 Ma, they
were clearly subsequent to the initiation of Vind-
hyan sedimentation. The basal Lower Vindhyan
sediments in the eastern Son valley were deposited
nonconformably on the Paleoproterozoic Maha-
koshal Group, within which the Jhirgadandi Granite
has been dated at 1753 5 9 Ma (Bora et al. 2013).
Thus, the opening of the Vindhyan basin is con-
strained to later than ca. 1750 Ma and earlier than
1642 Ma. Further, the Porcellanite Formation oc-
curs about 150 m—and perhaps 500 m, by some ac-
counts—above the Mahakoshal-Vindhyan uncon-
formity (fig. 1). TheKajrahat Limestone,which occurs
below the Porcellanite Formation, has been dated at
1729 5 110 Ma by Pb-Pb methods (Sarangi et al.
2004). Taken together, these results suggest that the
Vindhyan basin opened ca. 1740 Ma and that sedi-
mentation continued for about 100 My, until new
volcanism occurred ca. 1640 Ma in response to later
tectonic events.
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