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The Neoproterozoic Malani Igneous Suite (MIS) is described as the largest felsic igneous province in India. The
linearly distributed Sindreth and Punagarh basins located along eastern margin of this province represent the
only site of bimodal volcanism and associated clastic sediments within the MIS. The in-situ zircon U-Pb dating
by LA-ICPMS reveals that the Sindreth rhyoliteswere erupted at 769–762Ma. Basaltic rocks fromboth the basins
show distinct geochemical signatures that suggest an E-MORB source for Punagarh basalts (low Ti/V ratios of
40.9–28.2) and an OIB source (high Ti/V ratios of 285–47.6) for Sindreth basalts. In the absence of any evidence
of notable crustal contamination, these features indicate heterogeneous mantle sources for them. The low
(La/Yb)CN (9.34–2.10) and Sm/Yb (2.88–1.08) ratios of Punagarh basalts suggest a spinel facies, relatively
shallow level mantle source as compared to a deeper source for Sindreth basalts, as suggested by high
(La/Yb)CN (7.24–5.24) and Sm/Yb (2.79–2.13) ratios. Decompression melting of an upwelling sub-slab as-
thenosphere through slab window seems to be the most plausible mechanism to explain the geochemical
characteristics. Besides, the associated felsic volcanics show A2-type granite signatures, such as high Y/Nb
(5.97–1.55) and Yb/Ta (9.36–2.57) ratios, consistent with magma derived from continental crust that has
been through a cycle of continent-continent collision or an island-arc setting. A localized extension within
an overall convergent scenario is interpreted for Sindreth and Punagarh volcanics. This general convergent
setting is consistent with the previously proposed Andean-type continental margin for NW Indian block,
the Seychelles and Madagascar, all of which lay either at the periphery of Rodinia supercontinent or slightly
off the Supercontinent.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The Neoproterozoic Era has been hailed as one of the most dynamic
periods in the history of the Earth on account of large-scale crustal
growth, increased latitudinal velocities of crustal blocks and consequent
rapid shift in their spatial positions (Hoffman et al., 1998; Li et al., 2013;
McCall, 2006; Meert and Lieberman, 2008; Shields, 2007). Significant
modifications in the atmospheric composition during this time period
paved way for the ensuing explosion of life during Cambrian. This
time window also coincides with the final assembly and break-up of
the supercontinent Rodinia and has evoked geoscientific attention on
multitude of aspects, such as its formation, position and mutual
relationship of constituent continental blocks and its break up (Evans,
2013; Hoffman, 1991; Li et al., 2008; Moores, 1991; Nance et al.,
2014). Despite geochemical, structural and geochemical data and
reliable U-Pb ages made available from various crustal components of
Rodinia as a consequence of such efforts, its configuration and latitudi-
nal position of constituent continental blocks as well as the timing of
formation and dispersal of the Supercontinent continue to be debated
(Cawood et al., 2017; Li et al., 2008; Merdith et al., 2017; Spencer
et al., 2013).

The Neoproterozoic age Malani Igneous Suite (MIS) in NW India, on
account of suitability of rock types (felsic volcanics, mafic dykes and
granite intrusions, etc.) and key location in Rodinia assembly, has
been the focus of several paleomagnetic, geochemical, geochronologic
and structural studies in the recent years (Torsvik et al., 2001b;
Gregory et al., 2009; de Wall et al., 2012; Ashwal et al., 2013; Meert
et al., 2013; de Wall et al., 2017). The findings have contributed
significantly in refining our understanding on the Neoproterozoic
geodynamics of NW Indian block and its paleoposition in the Rodinia
supercontinent (Ashwal et al., 2013; Collins et al., 2014; Meert et al.,
2013; Merdith et al., 2017). However, the myriad of models on petro-
genesis and tectonic setting of MIS, based entirely on the felsic
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component, are diverse and contradictory. These include, a plume set-
ting (Kochhar, 1984), Andean type arc setting (Ashwal et al., 2002),
anorogenic extension setting (Bhushan, 2000; Eby and Kochhar, 1990;
Sharma, 2004) and mantle demanination (Vijaya Rao and Krishna,
2013). For a long time the MIS was considered as an essentially terres-
trial suite of undeformed volcanic and plutonic rocks (Bhushan, 2000;
Pareek, 1981; Sharma, 2004). However, variably deformed bimodal
volcaniclastic rocks in linear Sindreth and Punagarh basins have recent-
ly been included in the ambit of the MIS on account of coeval ages and
geochemical similarity (Ashwal et al., 2013; de Wall et al., 2012;
Dharma Rao et al., 2012; van Lente et al., 2009). Based on litho-
assemblages and alteration features, van Lente et al. (2009) suggested
a back-arc setting for these basins while Dharma Rao et al. (2012)
favor an ocean floor set up for Sindreth Basin. In a more recent study,
Schöbel et al. (2017) have suggested continental faulting and half gra-
ben setting for the Sindreth Basin. Significance of mafic rocks and bi-
modal volcanism in this basis necessitate a detailed attention in
understanding petrogenesis and tectonic setting of theMIS and implica-
tions on regional geodynamics, especially for Rodinia fragmentation. In
this study we present geochemical characteristics of Sindreth and
Punagarh bimodal volcanics and zircon U-Pb ages of their felsic compo-
nents. The findings are discussed in terms of tectonic setting for theMIS
magmatism to constrain an overall convergent setting wherein
asthenosphere-lithosphere-slab melt interaction was prompted by the
formation of a slab window. Heterogeneous mantle sources with both
E-MORB and OIB components have been inferred for these basins and
paleoposition of the NW India in the Rodinia supercontinent has been
evaluated in the light of geochemical and isotopic data.

2. Geological setting

2.1. Geological overview of NW Indian block

Precambrian geology of the Indian peninsular region has evolved
around four major Archean - Proterozoic cratonic nuclei, namely the
Fig. 1. (a) Geological framework of the Peninsular Indian and adjacent area; I-M R: Indo-Myanm
India, showing the extent ofMalani Igneous Suite (adapted from Pareek, 1981). The pre-Malani
Archean complex; (c)The outcrop pattern of the extrusive and intrusive phases of theMalani Ig
the location of sampling for geochronolgy. 1: Jodhpur rhyolite; 2: Punagarh dacite; 3: Sindreth
Bundelkhand - Banded Gneiss Complex (BGC), the Bastar, Singhbhum
and Dharwar cratons, which were stabilized by end-Archean
(Fig. 1a)(Meert and Pandit, 2015). The northernmost cratonic nuclei,
the BGC (also referred to as the Aravalli Craton) comprises a Paleo-to-
Neoarchean basement (~3.3–2.5 Ga) of migmatitic gneisses, granitoids
and minor metavolanic and metasedimentary units (Roy and Kröner,
1996; Sinha-Roy et al., 1998; Wiedenbeck and Goswami, 1994). This
is overlain by two Proterozoic metasedimentary successions, the
Paleoproterozoic Aravalli and Paleo- to Mesoproterozoic Delhi super-
groups (Gupta, 1997; Wang et al., 2017a) that together constitute the
~750 km long, NE-trending Aravalli-Dehli Fold Belt (ADFB) having a
complex deformation history. The ADFB, together with the BGC, is sep-
arated from the Bundelkhand Craton by the Great Boundary Fault. The
southern contact is largely concealed under the end Cretaceous Deccan
basalts.

The Neoproterozoic events in the NW Indian block begin with ~1 Ga
eastward convergence and collision of theMarwar block in thewest and
ADFB in the east, as recorded by the 990–970 Ma calc-alkaline felsic ig-
neous rocks and associated mafic intrusions along the western margin
of ADFB (Deb et al., 2001; Pandit et al., 2003). After a quiescence of
~100 Ma, several granitoid intrusions occurred to the west of southern
margin ADFB during 870 to 800Ma, collectively designated as ‘Erinpura
Granite’ (Choudhary et al., 1984; Heron, 1953; Just et al., 2011; Solanki,
2011). A younger, more extensive, predominantly subaerial, unde-
formed and unmetamorphosed suite of magmatic rocks, in the region
further west, has been described as the Malani Igneous Suite (MIS;
Pareek, 1981). The MIS is predominantly felsic in compositions and
dated to 770–750 Ma (Gregory et al., 2009; Meert et al., 2013; T.H.
Torsvik et al., 2001; Wang et al., 2017b). Till recently the bimodal
volcano-clastic sequences in Sindreth and Punagarh basins were not
considered as part of theMalani magmatism. However, themore recent
geochemical and geochronologic studies clearly implicate inclusion of
Punagarh and Sindreth sequences within the framework of MIS (van
Lente et al., 2009, Dharma Rao et al., 2012, present study). Variably
deformed granitoids of Mt. Abu were earlier described as ‘late’ phase
ar Range; (b) Pre-quaternary interpretative geological map of Rajasthan of northwestern
basement to the east refers to theDelhi andAravalli supracrustal sequences and underlying
neous Suite (adapted from Roy and Jakhar, 2002). The Pentagramwith number represents
rhyolite.
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of Erinpura Granite (Heron, 1953), however, geochemical and geochro-
nologic findings (Ashwal et al., 2013; de Wall et al., 2012) establish a
Malani affinity for these granitoids too.

2.2. The Sindreth and Punagarh basins

Sindreth and Punagarh basins are approximately NNE - SSW
trending elongated to oval structures along the western margin of
ADFB with an areal extent of ~40 and 150 km2, respectively (Fig. 2).
Both the basin sequences exhibit common deformation geometry (syn-
clinal structures), no sign of metamorphism but significant alteration
(Chore and Mohanty, 1998; van Lente et al., 2009). Sedimentary
lithologies in these basins are shale, slate, phyllite, micaceous schist,
quartzite and conglomerate (Chore and Mohanty, 1998, Schöbel et al.,
2017). Bimodal volcanicswith predominant basic and subordinate felsic
components are sandwiched between the clastic units in both the
basins. The Punagarh rocks unconformably overlie the Sojat Formation
and are further subdivided into Bambholai, Khambal and Sowaniya
formations from base upwards (Chore and Mohanty, 1998). The
Bambholai Formation comprises pillow basalts and interlayered shale
and quartzite beds. The Khambal Formation directly overlies the Sojat
Formation; the contact exposed only on the eastern limb of the
Punagarh Basin. Bedded chert and vesicular and amygdaloidal volcanic
rocks were deposited over the quartzite (Fig. 3a). The Sowaniya
Formation consists of repetitive felsic and basic flows, and an upper
shale – quartzite unit, resting over the volcanics of Khambal Formation
(Chore and Mohanty, 1998). The Punagarh dacite consists of K-feldspar
and plagioclase phenocrysts, quartz, Fe - Ti oxides and chlorite, and a
fine-grained ground mass of quartz, feldspar and amphibole (Fig. 3b).

The Sindreth sediments unconformably overlie the Sirohi Group and
have been subdivided into the Khamabal and Angor formations (Chore
andMohanty, 1998). The Khambal Formationmainly comprises unsort-
ed polymictic conglomerate (fanglomerite/debris flow deposit), basalts,
rhyolite, bedded rhyolitic tuff and arkose (Fig. 3c). Basalt is variably
(a)

Fig. 2. Geological map showing distribution of the Sindreth and Punagarh volcano-sedimen
altered, as seen in replacement of primary plagioclase and
clinopyroxene by albite-rich compositions and chlorite, respectively
(Fig. 3d). The Angor Formation mainly contains felsic volcanic rocks
and bedded mudstone, silicic tuffs and conglomerate. The latter litholo-
gy, restricted to the N-S trending ridges, represent basal part of the
Formation (Fig. 3e)(Chore and Mohanty, 1998). In a more recent
study, Schöbel et al. (2017) have refuted the ocean basin setting for
Sindreth rocks and have subdivided Sindreth Basin into lower and
upper clastic units, separated by an intervening bimodal volcanic unit.
The Sindreth rhyolite has porphyritic texture with phenocrysts of tabu-
lar plagioclase, K-feldspar and embayed quartz (Fig. 3f). The ground-
mass is fine-grained, either glassy and devitrified or composed of
quartz, feldspar and amphibole (Fig. 3f). The Sindreth and Sirohi
Group sediments as well as the basal Erinpura Granites are crosscut by
severalWNWtoN-S trending dolerite dykes that represent the terminal
phase of Malani magmatism in this region (Chore and Mohanty, 1998;
Sharma, 2004).

3. Sampling and analytical methods

Two rhyolite samples from the Sindreth Basin were selected for in-
situ zircon U-Pb dating, while twenty six whole rock samples, including
five Sindreth basalt, seven Sindreth rhyolite, seven Punagarh dacite and
seven rhyolite from Jodhpur region were analyzed for whole rock
elemental and isotopic analyses.

3.1. In situ zircon U-Pb analyses

Approximately 2 kg of sample was crushed for standard heavy
mineral separation procedures. Morphology and internal structure
of zircon separates from the bulk were observed using a Gatan Mono
CL 4+ detector attached to a Zeiss Sigma 300 field emission SEM, at
the State Key Laboratory of Geological Processes and Mineral Resources
(SKLGPM), China University of Geosciences, Wuhan. Selected zircons
(b)

tary sequences, modified from Chore and Mohanty (1998) and van Lente et al. (2009).
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Fig. 3. Photographs and photomicrographs showing features of the studied mafic and felsic volcanic rocks. (a) Punagarh dacite with vesicular structure; (b) Plagioclase in the Punagarh
dacite showing alteration; (c) The Sindreth conglomerate and basalt that has been largely weathered away; (d) Primary plagioclase and clinopyroxene in the Sindreth basalt,
partially replaced by albite and chlorite; (e) Strongly fragmented massive Sindreth rhyolite; (f) Quartz and altered K-feldspar phenocrysts in the Sindreth rhyolite.
Abbreviation: Qz-quartz, Pl-plagioclase, Kfs-Potassium feldspar, Chl-chlorite, Opq-opaques.
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were subjected to in-situ U-Pb isotopic analyses using an Agilent 7500a
Inductively Coupled Plasma Mass Spectrometer (ICPMS), coupled to a
193 nm ArF Excimer Laser ablation system, housed at the Geological
Experimental Testing Center of Hubei, China. The Geolas193 nm ArF
excimer laser, homogenized by a set of beam delivery systems, was fo-
cused on the zircon surface with the fluence of 8 J/cm2. A spot diameter
of 32 μmwas ablated at 5 Hz repetition rate for 45 s. Helium (optimized
to obtain the highest sensitivity) was applied as a carrier gas to allow
efficient transportation of aerosol to the ICP-MS using a 1m transfer
tube with an internal diameter of 3 mm. Zircon 91500 was used as the
primary standard to correct elemental fractionation. Zircon, GJ-1, was
also analyzed as unknown sample for quality control. Raw data
reduction was performed off-line by ICPMSDataCal (Liu et al., 2010)
and the results are reported with 1σ error. Since the net intensities of
204 (Pb + Hg) are lower than 20 cps in most cases, common Pb was
not subtracted in this work due to large analytical uncertainty. Data
were processed using the ISOPLOT and the DensityPlotter programs
(Ludwig, 2003). The metadata of LA-ICPMS U-Pb as well as the results
of reference material GJ-1, are presented in Table S1.

3.2. Bulk rock major and trace element analyses

Major element abundances were obtained on fused glass beads by
X-ray fluorescence spectrophotometer (XRF) hosted in the SKLGPM.
Visibly fresh pieces of rock (~20 g) were crushed to 200-mesh in an
alloy mortar. Loss on Ignition (LOI) values were determined on 0.5 g
sample powder after heating it to 1000 °C for one-hour. Analyses of
international rock standards (BCR-2, GSR-1 and GSR-3) demonstrate
precision and accuracy better than 5% for major oxides.

Trace elements, including REE, were analyzed on an Elan DRC-II
ICP-MS, at the Laboratory of Radiogenic Isotope Geochemistry,
University of Science and Technology of China (USTC). 50 ± 1 mg
of sample powder was digested in HF + HNO3 mix in a teflon bomb
at 190 °C for 48 h. The soluble residue was mixed with Rh solution

Image of Fig. 3
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as internal standard. Pure elemental standards were used for external
calibration and BHVO-2, AGV-2 and BCR-2 were used as reference
materials. The analytical precision is better than 5% for elements with
concentrations higher than 10 ppm, and less than 10% for those with
b10 ppm concentration.

3.3. Bulk rock Sr-Nd isotopic analysis

Forwhole rock Sr-Nd isotopic analysis, ~100mg sample powderwas
dissolved in distilled HF + HNO3 in teflon capsules, and elemental
separation was done by conventional cation-exchange techniques
(Chen et al., 2002, 2007). Strontium and neodymium were separated
and purified on quartz columns by conventional ion exchange chroma-
tography with a 5-ml resin bed of AG 50 W-X12 (200–400 mesh) and
HDEHP, di (2-ethylhexyl)orthophosphoric acid after sample dissolu-
tion. Isotopic analyses of collected Sr and Nd were performed on a
multi-collector Finnigan MAT-262 mass spectrometer in static mode,
at the Laboratory for Radiogenic Isotope Geochemistry, USTC. Measured
87Sr/86Sr and 143Nd/144Nd ratios were corrected for mass fractionation
relative to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively.

4. Results

The analytical results of U-Pb isotopic, bulk rock elemental and
Sr-Nd isotopic analyses are presented in Tables 1, 2 and Table S2.

4.1. In-situ zircon U-Pb ages

Sample RJW1416 is a rhyolite from the Khamal Formation collected
from southwest of the Sirohi town. Zircon grains from this sample show
a length/width ratio of ~2:1, oscillatory zoning (Fig. 4) and high Th/U
ratios of 1.61 to 0.83, all attesting to their magmatic origin. Twelve out
Table 1
U-Pb isotopic data of zircons from rhyolites from the Sindreth basin.

Spot Pb Th U 207Pb/206Pb 207Pb/235U 206Pb/238U

ppm ppm ppm Ratio 1sigma Ratio 1sigma Ratio 1sigma

Sample RJW1416, rhyolite from the Khamal Formation, Sindreh Basin, N.24°50′01.7″ E.73°47′
RJW1416-01 73 77.7 83.4 0.0714 0.0016 1.2386 0.0333 0.1255 0.0020
RJW1416-02 53.7 58.5 67.3 0.0708 0.0016 1.2033 0.0232 0.1245 0.0022
RJW1416-03 55.0 57.7 52.3 0.0720 0.0021 1.2427 0.0394 0.1248 0.0018
RJW1416-04 95 116 89.3 0.0680 0.0015 1.1697 0.0241 0.1250 0.0017
RJW1416-05 95 114 90.6 0.0658 0.0011 1.1356 0.0211 0.1250 0.0015
RJW1416-06 74 80.0 92.4 0.0705 0.0015 1.2139 0.0268 0.1251 0.0019
RJW1416-07 110 117 151 0.0659 0.0011 1.1388 0.0245 0.1254 0.0022
RJW1416-08 405 450 665 0.0650 0.0007 1.1258 0.0155 0.1255 0.0014
RJW1416-09 185 210 183 0.0646 0.0012 1.1182 0.0235 0.1257 0.0021
RJW1416-10 83 90.1 95.5 0.0703 0.0016 1.2204 0.0277 0.1266 0.0026
RJW1416-11 102 110 134 0.0583 0.0012 1.0195 0.0231 0.1268 0.0019
RJW1416-12 64 73.6 55.5 0.0682 0.0018 1.1947 0.0347 0.1268 0.0022
RJW1416-13 60 63.9 70.2 0.0682 0.0015 1.2514 0.0312 0.1334 0.0024
RJW1416-14 80 81.2 110 0.0734 0.0021 1.3673 0.0511 0.1338 0.0021
RJW1416-15 78 82.0 68.4 0.0613 0.0016 1.1413 0.0288 0.1355 0.0021

Sample RJW1418, rhyolite from the Angor Formation, Sindreh Basin, N.24°52′49.2″ E.73°46′45
RJW1418-01 71 89.7 87.2 0.0648 0.0014 1.1236 0.0272 0.1258 0.0018
RJW1418-02 100 123 104 0.0672 0.0013 1.1644 0.0240 0.1257 0.0015
RJW1418-03 92 117 148 0.0637 0.0011 1.0996 0.0209 0.1253 0.0016
RJW1418-04 116 202 96 0.0755 0.0018 1.2944 0.0330 0.1244 0.0016
RJW1418-05 55.0 74.7 63.3 0.0672 0.0015 1.1668 0.0296 0.1261 0.0018
RJW1418-06 119 136 185 0.0662 0.0010 1.1687 0.0212 0.1281 0.0014
RJW1418-07 65 77.5 76.4 0.0665 0.0013 1.1753 0.0277 0.1282 0.0018
RJW1418-08 43.4 46.2 42.4 0.0678 0.0021 1.1943 0.0400 0.1282 0.0024
RJW1418-09 147 175 137 0.0650 0.0012 1.1393 0.0226 0.1274 0.0016
RJW1418-10 37.3 44.9 48.9 0.0652 0.0018 1.1246 0.0319 0.1262 0.0025
RJW1418-11 100 109 103 0.0775 0.0015 1.3582 0.0300 0.1275 0.0020
RJW1418-12 102 119 98 0.0653 0.0012 1.1571 0.0251 0.1285 0.0017
RJW1418-13 96 107 140 0.0648 0.0011 1.1428 0.0222 0.1279 0.0016
RJW1418-14 117 232 110 0.0786 0.0017 1.3351 0.0267 0.1243 0.0021
RJW1418-15 59.1 70.9 61.4 0.0697 0.0021 1.2030 0.0321 0.1274 0.0029

a Degree of concordance = 100*(206Pb/238U age/207Pb/235U age).
of 15 analyses gave 206Pb/238U ages between 769.8 ± 12.6 Ma and
756.3 ± 12.9 Ma yielding a weighted mean age of 761.9 ± 6.1 Ma
(2σ, MSWD=0.15), representing the crystallization age of the rhyolite.
The other three analyses yield distinctly older 206Pb/238U ages that
range from 819.3 ± 11.7 Ma to 807.3 ± 13.8 Ma, most likely inherited
from the Erinpura Granite basement, which is also evident from their
variably rounded and etched morphologicies (Fig. 4).

Sample RJW1418, is a rhyolitic tuff from the overlying Angor Forma-
tion, collected fromnorthwest of Sindreth village. Zircon grains from this
sample show length/width ratios of ~2:1, oscillatory zoning or homoge-
neous internal structures (Fig. 4) and high Th/U ratios of 2.14 to 0.91, all
indicative of igneous origin. All the 15 analyses yield concordant U-Pb
ages, with a weighted mean of 769.0 ± 5.2 Ma (2σ, MSWD = 0.66)
that we interpret as the crystallization age of the rhyolite.

The obtained zirconU-Pb ages of 769.0±5.2Ma and 761.9±6.1Ma
are in perfect agreement with previously reported 767–761 Ma and
768–765 Ma ages for the Sindreth and Punagarh felsic rocks (Dharma
Rao et al., 2012; van Lente et al., 2009;Wang et al., 2017b), further sub-
stantiating the MIS affinity of Sindreth and Punagarh sequences.

4.2. Bulk rock geochemistry of volcanic rocks

Geochemical characteristics of mafic volcanic rocks from Sindreth
and Punagarh basins and rhyolites from Jodhpur area were evaluated,
and geochemical dataset of 31 basalt, 3 dacite and 4 rhyolite samples
from van Lente et al. (2009) have also been considered for
interpretation.

4.2.1. Basalts
The Sindreth and Punagarh basalts share common geochemical sig-

natures, characterized by wide range of SiO2 (55.4–40.2 wt%), Al2O3

(16.8–12.0 wt%), highly variable TiO2 (3.18–1.96 wt%), Fe2O3
(T) (19.7–
Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U Con.(%)a

rho Ratio Age (Ma) 1sigma Age (Ma) 1sigma Age (Ma) 1sigma

16.4″
0.60 1.12 969 46 818 15 762 12 93.2
0.94 1.05 950 44 802 11 756 13 94.3
0.46 1.33 987 59 820 18 758 10 92.5
0.65 1.56 878 44 786 11 759 10 96.5
0.64 1.52 798 36 770 10 759 9 98.5
0.69 1.05 944 44 807 12 760 11 94.1
0.82 0.94 803 35 772 12 762 13 98.7
0.83 0.83 772 23 766 7 762 8 99.5
0.78 1.42 763 238 762 11 763 12 100.1
0.89 1.14 939 46 810 13 769 15 94.9
0.68 0.99 543 46 714 12 770 11 107.8
0.60 1.61 876 56 798 16 770 13 96.5
0.73 1.11 872 46 824 14 807 14 98.0
0.42 0.90 1033 59 875 22 809 12 92.5
0.60 1.48 650 54 773 14 819 12 106.0

.1″
0.60 1.26 766 45 765 13 764 10 99.9
0.57 1.46 843 158 784 11 763 9 97.4
0.65 0.97 731 37 753 10 761 9 101.0
0.50 2.14 1081 48 843 15 756 9 89.6
0.55 1.45 844 53 785 14 766 10 97.5
0.62 0.91 813 27 786 10 777 8 98.8
0.60 1.25 833 38 789 13 777 10 98.5
0.55 1.33 863 64 798 19 778 13 97.5
0.65 1.59 776 35 772 11 773 9 100.1
0.70 1.12 781 58 765 15 766 14 100.1
0.72 1.27 1144 38 871 13 773 12 88.8
0.60 1.48 785 44 781 12 780 10 99.9
0.66 0.94 769 37 774 11 776 9 100.3
0.85 2.13 1161 43 861 12 755 12 87.7
0.87 1.38 918 68 802 15 773 17 96.4



Table 2
Sr-Nd isotopes for the volcanic rocks from the Sindreth and Punagarh basins and the Malani Igneous Suites.

Sample Lithology U–Pb age Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr ±2σ 87Sr/86Sri Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd ±2σ εNd(t) TDM (Ma) TDM2
1 (Ma) fSm/Nd Note

Sindreth group
RJW14–11 Rhyolite 760 269 72.4 10.86 0.816457 17 0.698647 18.6 96.1 0.1170 0.512093 7 −2.89 1661 1672 −0.41 This study
RJW14–12 Rhyolite 760 265 56.5 13.73 0.841815 17 0.692787 21.0 107 0.1187 0.512074 6 −3.43 1722 1715 −0.40 This study
RJW14–15 Rhyolite 760 254 73.0 10.19 0.815107 11 0.704496 15.6 81.5 0.1155 0.512239 8 0.11 1412 1429 −0.41 This study
RJW14–17 Rhyolite 760 325 63.1 15.11 0.857724 15 0.693771 22.6 114 0.1201 0.512181 7 −1.47 1575 1557 −0.39 This study
RJW14–18 Rhyolite 760 206 69.9 8.60 0.796112 16 0.702793 13.8 71.2 0.1171 0.512123 6 −2.31 1617 1625 −0.40 This study
BVL-0057 Rhyolite 760 11.7 35.6 0.1994 0.512554 4 −1.90 6243 1575 0.01 Van Lente et al., 2009
RJW14–21 Basalt 760 4.40 596 0.021 0.705820 17 0.705588 10.0 41.3 0.1463 0.512461 5 1.45 1556 1320 −0.26 This study
RJW14–23 Basalt 760 73.6 234 0.909 0.715379 14 0.705515 8.7 38.7 0.1366 0.512421 7 1.61 1440 1307 −0.31 This study
RJW14–24 Basalt 760 88.2 102 2.505 0.733608 10 0.706424 12.8 59.1 0.1309 0.512326 5 0.31 1514 1413 −0.33 This study
RJW14–25 Basalt 760 1.10 59.5 0.054 0.707997 11 0.707416 8.6 37.9 0.1371 0.512275 4 −1.29 1737 1542 −0.30 This study
BVL-0037A Basalt 760 24.0 106 0.1364 0.512431 3 1.83 1416 1290 −0.31 Van Lente et al., 2009
BVL-0038 Basalt 760 4.9 21.3 0.1386 0.512529 4 3.53 1259 1152 −0.30 Van Lente et al., 2009
BVL-0046C Basalt 760 8.8 38.8 0.1366 0.512377 3 0.75 1525 1377 −0.31 Van Lente et al., 2009
BVL-0047A Dolerite 760 7.8 35.3 0.1331 0.512450 3 2.52 1322 1233 −0.32 Van Lente et al., 2009
BVL-0049 Basalt 760 13.0 51.0 0.1539 0.512316 4 −2.12 2117 1608 −0.22 Van Lente et al., 2009

Punagarh group
RJW14–56 Dacite 760 235 298 2.285 0.74193 15 0.717134 13.4 58.5 0.1384 0.511866 7 −9.41 2585 2196 −0.30 This study
RJW14–58 Dacite 760 100 154 1.882 0.738381 12 0.717961 10.0 46.5 0.1293 0.511891 7 −8.04 2264 2087 −0.34 This study
RJW14–59 Dacite 760 62.9 351 0.520 0.721384 11 0.715745 11.2 52.8 0.1285 0.511906 5 −7.66 2215 2056 −0.35 This study
RJW14–62 Dacite 760 110 190 1.671 0.735505 11 0.717371 9.9 46.2 0.1297 0.511921 6 −7.49 2221 2042 −0.34 This study
BVL–005B Dacite 760 8.0 36.7 0.1312 0.512358 4 0.91 1461 1364 −0.33 Van Lente et al., 2009
BVL–0016(2) Dolerite 760 3.8 13.1 0.1753 0.512793 4 5.11 1415 1023 −0.11 Van Lente et al., 2009
BVL–0019(2) Basalt 760 5.3 18.6 0.1736 0.512759 3 4.61 1484 1063 −0.12 Van Lente et al., 2009
BVL–0020 Dolerite 760 6.0 21.2 0.1710 0.512774 4 5.16 1339 1018 −0.13 Van Lente et al., 2009
BVL–005C Basalt 760 5.6 18.6 0.1816 0.512653 6 1.77 2346 1292 −0.08 Van Lente et al., 2009
BVL-005C(2) Basalt 760 5.4 17.7 0.1825 0.512651 4 1.64 2423 1302 −0.07 Van Lente et al., 2009
BVL–008B Basalt 760 5.8 19.7 0.1780 0.512686 23 2.76 1973 1212 −0.10 Van Lente et al., 2009
BVL–008B(2) Basalt 760 5.6 19.1 0.1781 0.512626 4 1.58 2234 1308 −0.09 Van Lente et al., 2009

Malni Igneous Suites
RJW14–82 Rhyolite 760 157 21.7 21.32 0.879082 10 0.647720 21.1 91.1 0.1400 0.512698 14 6.70 935 894 −0.29 This study
RJW14–83 Rhyolite 760 205 17.8 34.14 0.975822 12 0.605384 16.8 78.2 0.1299 0.512608 7 5.92 986 958 −0.34 This study
RJW14–97 Rhyolite 760 139 28.3 14.41 0.836995 12 0.680640 4.8 13.7 0.2146 0.512989 13 5.11 −29,370 1082 0.09 This study
RJW14–84 Rhyolite 760 137 58.5 6.820 0.769550 14 0.695553 13.0 55.4 0.1420 0.512734 5 7.20 885 854 −0.28 This study

1: TDM2 = TDM − (TDM-rock age) ∗ (−0.4 − (147Sm/144Nd/0.1967 − 1))/(−0.4 − 0.08592)
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Fig. 4. Concordia diagrams for the U-Pb isotopes of zircons from the Sindreth rhyolites.
Morphology and internal structures of typical zircons are also shown. Blue circles
represent the data for inherited zircons that are not included in age calculations. The
marked ages in the CL images refer to 206Pb/238U ages.

Fig. 5. Rock classification diagram Nb/Y versus Zr/TiO2 × 0.0001 showing the bimodal
nature of volcanic rocks in NW India (modified after Winchester and Floyd, 1976). Data
for some the Punagarh basalt and dacite as well as the Sindreth basalt and rhyolite are
compiled from Van Lente et al. (2009). Details of data compilations are provided in
Table S2.
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10.1 wt%), P2O5 (1.96–0.20 wt%), MgO (5.77–1.16 wt%) and CaO (9.07–
1.69wt%) (Table S2). Relatively high TiO2 content of Sindreth basalts in-
dicates alkaline affinity while Punagarh basalts are largely sub-alkaline
(Fig. 5). Most samples lack linear trends and systematic correlations in
the Harker diagrams except a moderately negative correlation between
SiO2 and Fe2O3

T (Fig. 6). Besides, Al2O3 shows slight negative correlation
with MgO, whereas TiO2 and CaO lack any linear correlation with MgO.

Although the Sindreth basalts have trace elemental concentrations
generally higher than the Punagarh basalts, both show similar primitive
mantle normalized trace-element patterns that are characterized by en-
richment of large ion lithophile trace elements (LILE) and depletion of
high field strength elements (HFSE) (Figs. 7a and b). Negative Nb, Ta
and P anomalies are observed in all the samples and three Sindreth
basalt samples also show prominent negative Ti anomalies (Fig. 7a). In
the chondrite normalized Rare Earth Element (REE) diagrams the
Sindreth basalts show OIB-like patterns, except slight to moderate
negative Eu anomalies (Fig. 8a) whereas most Punagarh basalts show
N-MORB signatures (Fig. 8b).

4.2.2. Rhyolites and dacites
The felsic volcanic rocks show high and variable SiO2 content (79.3–

63.2 wt%). Rhyolites from the Sindreth Basin and Jodhpur region show
similar high and variable K2O + Na2O (9.91–1.65 wt%) and low CaO
(0.90–0.09 wt%) contents (Table S2). The Punagarh dacites have lower
SiO2 (65.8–62.2 wt%) and K2O + Na2O (7.71–2.78 wt%) contents and
higher Fe2O3

T (8.66–5.69 wt%) and CaO (4.39–0.56 wt%) abundance as
compared to the studied rhyolites.

The rhyolite trace element patterns show prominent negative
anomalies for Nb, Ta, P and Ti (Fig. 7c). The Jodhpur rhyolites have
relatively high HFSE contents and show significantly positive Zr-Hf
anomalies, in contrast to the negative Zr-Hf anomalies observed in
Sindreth rhyolites (Fig. 7c). In addition, the Jodhpur rhyolite samples
have less fractionated REE patterns [(La/Yb)CN = 4.08–(0.67)] and
more prominent Eu anomalies (Eu/Eu* = 0.51–0.12), relative to
Sindreth rhyolites [(La/Yb)CN = 11.5–1.75 and Eu/Eu* = 0.73–0.20]
(Fig. 8c). The Punagarh dacites show significant depletion of Nb, Ta, P
and Ti, and slightly negative Zr-Hf anomalies, except one sample
showing Zr and Hf enrichment (Fig. 7d). The dacites have moderately
fractionated REE patterns with [(La/Yb)CN = 7.69–5.51] and smaller
negative Eu anomalies (Eu/Eu* = 0.75–0.38), relative to rhyolites
(Fig. 8d).

4.3. Bulk rock Sr-Nd isotopes

The Sindreth basalts have slightly variable 147Sm/144Nd (0.1539–
0.1309) and 144Nd/143Nd (0.512461–0.512275) ratios (Table 2) and
εNd(t) values ranging from +3.5 to −2.1. They also show variable
87Rb/86Sr ratios (2.505 to 0.021) and initial 87Sr/86Sr ratios (0.707416
to 0.705515). In contrast, the Punagarh basalts have higher
147Sm/144Nd (0.1825–0.1710) and 144Nd/143Nd (0.512793–0.512626)
ratios, corresponding to radiogenic εNd(t) values ranging from +5.11
to +1.58, (Table 2) (van Lente et al., 2009).

Each group of the felsic volcanic rocks has distinct Nd isotopic com-
positions (Table 2). The Jodhpur rhyolites have high εNd(t) values (+7.2
to +5.1) and young TDM2 ages (1082–854 Ma), while Punagarh dacites
show remarkably negative εNd(t) values (−7.5 to −9.4) and old TDM2
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Image of Fig. 5


(a) (b)

(c)

(d)

(e) (f)

Fig. 6. The SiO2 variation diagrams versus MgO, CaO, P2O5 and Fe2O3
T, and MgO versus Fe2O3

t , Al2O2, CaO and TiO2 plots for bimodal volcanic rocks from NW India.
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ages (2196–2042 Ma). The Sindreth rhyolites have near zero to moder-
ately negative εNd(t) values (+0.1 to −3.4) and 1715–1429 Ma TDM2

ages. Both Sindreth and Jodhpur rhyolites show unrealistically low ini-
tial 87Sr/86Sr ratios (0.702793–0.605384) that probably resulted from
disturbance of the Rb-Sr isotopic systems, while the Punagarh dacites
have high initial 87Sr/86Sr ratios (0.717961–0.715371), possibly
inherited from an old crustal source material.

5. Discussion

5.1. Effect of hydrothermal alteration

The Sindreth and Punagarh basalts are hydrothermally altered but
have still preserved igneous textures, such as subrounded amygdales
and vesicles and elongate and randomly oriented microphenocrysts of
plagioclase (van Lente et al., 2009). Their alkali element and LILE distri-
bution patterns testify the effect of alteration, as indicated by their var-
iable concentrations and lack of systematic fractionation trends. The
REE, HFSE, Cr and Ni are considered as immobile as they remain unaf-
fected during alteration (Arndt, 1994; Jochum et al., 1991), however,
they may become mobile during intense carbonic hydrothermal alter-
ation and/ormetamorphism (Lahaye andArndt, 1996). The Zr is consid-
ered as one of the least mobile elements and thus has been successfully
employed for petrogenetic interpretations for altered and low to mod-
erate grade metamorphosed rocks (Pearce and Peate, 1995; Polat
et al., 2002; Winchester and Floyd, 1976). In the present case, the mo-
bile elements like Rb and Sr display non-linear correlations with Zr
(Figs. 9a and b), while Th, Ti, Nb and REE showwell correlated relation-
ships with Zr, indicating their immobility. In addition, HFSE and some
transition elements also show similar patterns in the primitive
mantle-normalized diagrams (Fig. 7). The Sindreth and Punagarh ba-
salts demonstrate coherent REE patterns and negligible Ce anomalies,
consistent with their immobility during alteration (Fig. 8). Therefore
the mobile elements were screened out from further discussion and
petrogenetic interpretations.
5.2. Magma differentiation and crustal contamination of basaltic rocks

Fractional crystallization and crustal contamination play important
role in the petrogenesis of the basaltic rocks, reflected in modifications
in elemental and isotopic compositions (DePaolo, 1981). The Sindreth
and Punagarh basalts do not show clear correlations between Fe2O3

T

and MgO, precluding a prominent olivine (forsterite) fractionation.
Therefore, the negative correlation between MgO and SiO2 in the
Punagarh basalt may be attributed to clinopyroxene fractionation,
which is also evidenced by a positive correlation between Al2O3 and
MgO (Fig. 6f). The Sindreth basalts show negative correlation between
SiO2 and CaO, further corroborating clinopyroxene and plagioclase frac-
tionation. The plagioclase crystallization is also indicated by moderate
negative Eu anomalies (Fig. 8a). Insignificant positive correlation be-
tween MgO and CaO in Sindreth samples can therefore be attributed
to simultaneous crystallization of clinopyroxene and plagioclase. In
great contrast, Punagarh basalts fail to show any correlative relationship

Image of Fig. 6
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Fig. 7. Primitive mantle-normalized trace element patterns for the bimodal volcanic rocks of NW India. Normalization values after Sun and McDonough (1989).

(a) (b)

(c) (d)

Fig. 8. Chondrite-normalized REE patterns of the bimodal volcanic rocks of NW India. Normalization values after Sun and McDonough (1989).
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Fig. 9. Bi-elemental plots of Zr versus TiO2, Rb, Sr, La, Nb and Th to evaluate the mobility of these elements in studied bimodal volcanic rocks during metamorphism and hydrothermal
alteration.
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among SiO2-MgO, SiO2-CaO and MgO-TiO2 pairs, indicative of insignifi-
cant influence of fractionation on magma evolution.

The Sindreth and Punagarh basalts show positive Pb and negative
Nb-Ta anomalies in the multi-element spider diagrams that probably
resulted from crustal contamination (Figs. 7b). Nonetheless, minor
crustal contamination would also produce Zr and Hf enrichment and
Ti depletion (Rudnick andGao, 2003), not observed in the Punagarh ba-
salts (Figs. 7b). The Sindreth basalts show Ti depletion, however, slight
negative Zr-Hf anomalies rule out any significant crustal contamination.
All the basalt samples have low Th/Nb (average = 0.21) and La/Nb
ratios (average = 1.37), both within the ranges considered for pristine
basalts unaffected by substantial crustal influence (Condie, 2003;
Kerrich et al., 1999). In addition, εNd(t) values for all the basalt samples
lack any systematic correlation with SiO2 (Fig. 10a), further suggesting
insignificant crustal contamination duringmagma evolution. Therefore,
variations in elemental and Nd isotopic signatures in Sindreth and
Punagarh basalts indicate heterogeneous magma sources for them.

5.3. Heterogeneous mantle sources for Sindreth and Punagarh basalts

As discussed in preceding section, hydrothermal alteration and
crustal assimilation can be ruled out as possible causes for distinctive
geochemical characteristics of Sindreth and Punagarh basalts. Their spe-
cific compositional features are probably inherited from their mantle
sources. The Punagarh and Sindreth basalts show different trends in
Harker diagrams, in particular, in SiO2-P2O5, SiO2-MgO and SiO2-CaO
plots (Fig. 6), suggestive of chemically distinct mantle sources. Their
dissimilar Nb/Y and La/Yb ratios further underline chemically diverse
mantle source as these elements have similar geochemical behavior
during partial melting and magma fractionation. Higher εNd(t) values
(+5.2 to +1.6) in Punagarh basalts as compared to Sindreth basalts
(+3.5 to −2.1), in combination with variable LREE enrichment and
HFSE (Nb, Ta and Ti) depletion, provide definitive evidence to infer iso-
topically and geochemically distinct mantle source compositions for
Punagarh and Sindreth basalts.
5.3.1. Shallow mixed asthenospheric-lithospheric mantle source for
Punagarh basalts

The Punagarh basalts define slightly LREE-enriched and flat HREE
patterns and minor (slightly negative to positive) Eu anomalies, similar
to typical E-MORB (Figs. 7 and 8). Most of the Punagarh basalt samples
have La/Yb (6.23–2.19) and Ti/V (40.9–28.2) ratios comparable to
MORB but distinct from OIB (Fig. 11a). They plot within the MORB
field in the Ti-Zr diagram (Fig. 11b) and have relativelymore radiogenic
Nd isotopic compositions (εNd(t) =+5.2 to+1.6), in agreement with a
depletedmantle source. A positive correlation between εNd(t) and Nb/La
(Fig. 10b), however, reveals mixing of two isotopically distinct compo-
nents because crustal assimilation has been ruled out. The depleted
component can be interpreted as the asthenospheric mantle, as sug-
gested above, while the enriched component may be the lithospheric
mantle since continental crustal signatures, such as depletion of Zr, Hf
and Ti, are absent. The geochemical and isotopic signatures can be
interpreted in terms of amixedmantle source involving asthenospheric

Image of Fig. 9


Fig. 10. The εNd(t) values versus SiO2 and Nb/La ratios diagrams showing insignificant
influence of crustal contamination in Sindreth and Punagarh volcanics during magma
evolution.

(a)

(b)

Fig. 12. Elemental ratio plots for the bimodal Sindreth and Punagarh volcanic rocks; (a) La/
Nb versus Ba/Nb with data sources: PM primitive mantle (Sun and McDonough, 1989);
Average lower continental crust (Condie, 1993; Taylor and McLennan, 1985); OIB (Le
Roex, 1986); (b) Th/Yb versus Ta/Yb (Pearce, 1983). Abbreviation: S - subduction zone
enrichment; C - crustal contamination; W – within plate enrichment; F - fractional
crystallization.
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and lithospheric components, also revealed by the variable Nb/La ratios
(Fig. 12a).

The Punagarh basalts have low Sm/Yb and La/Sm ratios, consistent
with a spinel-bearing mantle source, which has undergone 10–20%
partial melting to generate the primary basaltic magma (Fig. 13). This
implies that the decompression induced asthenospheric mantle ascent
to a relatively shallow level, i.e. b85 km, where the transition from
garnet to spinel in the mantle occurs (Robinson and Wood, 1998).
(a)

(b)

Fig. 11. Elemental concentration and elemental ratio plots for the Sindreth and Punagarh
bimodal volcanic rocks; (a) Ti versus V (after Shervais, 1982); (b) Ti versus Zr (after
Meschede, 1986).
5.3.2. Slab melt enriched asthenospheric mantle source for Sindreth basalts
Although the Sindreth basalts display a prominent Nb-Ta trough, a

characteristic of arc-related magma systems (Fig. 7), they have TiO2

(3.18–1.96 wt%) and Nb (10.9–15.5 ppm) contents higher than typical
intra-oceanic arc basalts (TiO2 b 1 wt% and Nb b2 ppm). The Sindreth
basalts show pronounced LREE fractionated patterns with high
(La/Yb)CN ratios of 7.24–5.24, hinting at the stability of garnet in
the mantle source. This inference is further supported by their
Sm/Yb and La/Sm ratios that are higher than the spinel-lherzolite
melting curve but lower than the garnet-lherzolite melting trend
(Fig. 13a), indicating a spinel-garnet lherzolite mantle source
(Aldanmaz et al., 2000; Siddiqui and Ma, 2017). Relatively low de-
gree (~5%) of partial melting probably resulted in high abundance
of incompatible elements in the Sindreth basalts. These basalts
have high TiO2 (3.18–1.96 wt%), high Zr (762–183 ppm) and high
Ti/V ratios (285–47.6), consistent with ocean-island and alkali basalt
affinity (Figs. 11a and b). Therefore, the Sindreth basalts were derived
from a deeper asthenospheric source as compared to the shallow
mantle derived Punagarh basalts.

Depletion of Nb-Ta and Ti in the Sindreth basalts can be attributed to
enrichment of themantle source as crustal contamination has been pre-
cluded in the preceding sections. The enriched components, therefore,
were most likely sourced from the oceanic sediments, as constrained
by their relatively non-radiogenic Nd isotopic compositions (εNd(t) =
+3.5 to −2.1). Oceanic sediment derived melts are believed to be the
candidates to interact with asthenospheric mantle as evidenced by the
low Ba/Y and Th/Zr ratios, suggesting a slab melt enriched mantle
source for Sindreth basalts (Fig. 14).
5.4. Petrogenesis of the felsic volcanic rocks

Coexisitng felsic volcanic rocks (rhyolite and dacite) in Sindreth and
Punagarh basins and adjacent Jodhpur area have variable SiO2 (79.3–
62.2 wt%), high alkali contents (9.90–2.78 wt%), moderate to low CaO
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Fig. 13. (a) Sm/Yb vs. Sm plot for the Sindreth and Punagarh bimodal volcanic rocks.
Mantle array (heavy line) defined by depleted MORB mantle (DMM, McKenzie and
O'Nions, 1991) and primitive mantle (PM, Sun and McDonough, 1989). Melting curves
for spinel lherzolite (Ol53 + Opx27 + Cpx17 + Sp11) and garnet peridotite (Ol60
+ Opx20 + Cpx10 + Gt10) with both DMM and PM compositions are after Aldanmaz
et al. (2000). Numbers along lines represent the degree of the partial melting; (b) Sm/
Yb versus La/Sm diagram. Batch melting trends for various clinopyroxene/garnet ratios
in the residue solid are taken from D'Orazio et al. (2001).

(a)

(b)

Fig. 14. Plots of Th/Zr vs. Nb/Zr (a) and Nb/Y vs. Ba/Y (b) for the bimodal volcanic rocks at
NW India. Fields for the Kamchatka, Golovin/Belaya and Valovayam/Tymlat lavas are from
Kepezhinskas et al. (1997).
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(7.66–0.09 wt%) and MgO contents (1.76–0.22 wt%). They show high
Ga/Al*1000 ratios (4.9–2.2) and highHFSE concentrations aswell as sig-
nificant negative Eu and Sr anomalies (Table S2) (Fig. 6), similar to those
described for A-type granites (Collins et al., 1982; Loiselle and Wones,
1979; Whalen et al., 1987). Additionally, all the samples plot in the
field of A-type granites in the 1000*Ga/Al vs. (Zr + Nb + Ce + Y)
diagram (Fig. 15a). The zircon saturation temperatures have been
estimated between 1062 and 779 °C (average = 864 °C) for Sindreth
rhyolites and Punagarh dacite, and between 1000 and 949 °C for
Jodhpur rhyolite, consistent with high temperature A-type magmatism
(Clemens et al., 1986).

Proposed petrogenetic models for A-type granites include
fractionational crystallization of alkaline basaltic magma (Loiselle and
Wones, 1979; Turner et al., 1992) or anatexis of lower crustal granulite,
tonalitic I-type or charnockitic rocks (Collins et al., 1982; Jiang et al.,
2005; Landenberger and Collins, 1996; Whalen et al., 1987; Zhao et al.,
2008). Compared with the associated basalts, the Sindreth rhyolitic
and Punagarh dacitic samples have lower εNd(t) values that are non-
correlative with SiO2 (Fig. 10), ruling out the possibility that the felsic
rocks are differentiation products of the basaltic melts. Although the
Jodhpur rhyolites have high εNd(t) values (+7.2 to +5.1), their low zir-
con δ18O values (+4.12‰ to −1.1 ‰) indicate derivation from bulk
cannibalization of a hydrothermally altered juvenile crust (Wang
et al., 2017b). Moreover, the limited volume of basaltic rocks in the
MIS system as well as extreme enrichment of Zr, Nb and Ce, also argue
against fractionation of alkaline basaltic magma as the possible mecha-
nism for generation of A-type volcanic rocks in the MIS. Therefore, the
studied A-type volcanic rocks were produced by partial melting of het-
erogeneous mix of crustal rocks as indicated by their variable Nd
isotopes. The Jodhpur rhyolites have high εNd(t) values (+7.2 to +5.1)
andwere probably derived from the juvenile crustwhereas the Sindreth
rhyolites with relatively low εNd(t) values (+0.1 to −3.4) reflect in-
volvement of more mature crustal materials. The Punagarh dacites,
however, have high initial 87Sr/86Sr ratios (0.717961 to 0.715745),
strong negative εNd(t) values (−9.4 to −7.5) and old TDM2 ages (2196
to 2042 Ma), similar to the Paleoproterozoic (~1.66 Ga) granitoids in
the Aravalli belt (Kaur et al., 2007), indicating a much older source.
Therefore, the felsic volcanics in the study area were derived from
partial melting of variable crustal components, likely triggered by
upwelling of coeval basaltic magma.

Although the A-type igneous rocks are widely associated with
anorogenic or within plate rift environment (Collins et al., 1982; Eby,
1990), granites generated at convergentmargin settings can also posses
A-type signatures (Eby, 1992; Li et al., 2016;Whalen et al., 1987; Zhang
et al., 2017; Zhao et al., 2008). The Jodhpur rhyolites have high Y/Nb
(5.97–4.28) and Yb/Ta (9.36–6.99) ratios, resembling A-type magmatic
rocks derived from sources chemically similar to those of island arc or
continental margin basalts (Eby, 1990, 1992) (Fig. 15b). The Sindreth
rhyolites and Punagarh dacites have relatively lower Y/Nb (5.62–1.55)
and Yb/Ta (6.28–2.57) ratios, suggesting a syn-collision setting
(Fig. 15b). In the geochemical discrimination plot of Eby (1992), all
the rhyolitic and dacitic samples plot in the A2 field (Fig. 15c), indicating
a continental crustal source that has been through a cycle of continent-
continent collision or island-arc magmatism.

5.5. Mantle source heterogeneity and bimodal volcanism: consequence of
slab break-off

The spinel-bearing mantle source for the Punagarh basalts requires
upwelling of the convective asthenosphere to a relatively shallow
level, i.e. b85 km, the depth of transition from spinel to garnet at the
peridotite solidus (Robinson and Wood, 1998). This shallow astheno-
spheric source is inconsistent with the thickness of lithosphere beneath
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Fig. 15. Plots of the Sindreth and Punagarh bimodal volcanic rocks (a) Zr + Ce+ Nb + Y
vs.10,000 × Ga/Al diagram (afterWhalen et al., 1987) showing an A-type granite affinity;
(b) Yb/Ta vs. Y/Nb diagram (Eby, 1992) for Sindreth and Punagarh volcanics exhibiting
similarities with IAB; (c) Nb–Y–Nb–Y–Ga and Nb–Y–Ce ternary diagrams (Eby, 1992)
showing A2-subtype granite affinity for Sindreth and Punagarh felsic volcanics.
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an overall Andean type accretionary system below the NW Indian con-
tinental crust (Ashwal et al., 2013; Collins et al., 2014; T. Torsvik et al.,
2001; Wang et al., 2017b). Therefore, it seems quite likely that the lith-
osphere was locally thinned to allow decompression melting of as-
thenosphere. Generally, three competing mechanisms, including
gravity induced delamination of orogenic root (Gardien et al., 1997),
convective thinning of the lithospheric root (Houseman et al., 1981)
and slab break-off (von Blanckenburg and Davies, 1995) have been pro-
posed to explain asthenospheric thinning in the orogenic context.
Gravity-induced collapse of the orogenic root would produce wide-
spread and intensive asthenosphere-derived mafic magmas (Gardien
et al., 1997; Xu et al., 2008), which is not observed in the NW India. A
Neoproterozoic OIB-like magmatism is limited to the Sindreth Basin
while Malani Igneous Suite is largely dominated by felsic volcanics
and plutons, arguing against a delamination model (Sharma, 2005;
van Lente et al., 2009). Similarly, convective thinning could result in dif-
fusive and widespread volcanism, which is inconsistent with the spa-
tially limited and linearly distributed basic rocks in the Sindreth and
Punagarh basins (Fig. 1) (van Lente et al., 2009). Moreover, a progres-
sive decrease in melting depth accompanied by transition from
metasomatized lithospheric to asthenospheric mantle is expected in a
convective thinning context (McKenzie and Bickle, 1988; Turner et al.,
1999). The asthenosphericmantlemelting for OIB-type Sindreth basalts
is interpreted at a deeper level as compared to Punagarh E-MORB type
basalt (Fig. 13), arguing against a convective thinning process.
The heterogeneous mantle sources inferred for the Sindreth and
Punagarh basalts can be explained through slab break-off as the likely
mechanism. Decompression melting of upwelling sub-slab astheno-
sphere through slab window facilitated interaction between astheno-
sphere derived magma and down moving sub-arc lithosphere,
resulting in the generation of basaltic rocks with depleted MORB and
enriched OIB-like geochemical signatures (Cole et al., 2006; D'Orazio
et al., 2001; Gorring et al., 2003; Thorkelson et al., 2011). Therefore,
the presence of E-MORB and OIB type basalts, as well as A-type volca-
nics, in Punagarh and Sindreth basins, can be explained through a slab
break-off process. In this scenario, the Punagarh E-MORB type magma
was generated by a relatively higher degree (~10–20%) of partial melt-
ing of this metasomatizedmantle source at a shallow depth. In contrast,
the Sindreth OIB-type basaltic melt was generated by a relatively lower
degree (~5%) of partial melting of upwelling asthenosphere at a greater
depth, further enriched by slab-derived fluids. The OIB-type volcanic
rocks may be more resistant to melting during subduction than
MORB-type, thus metasomatizing the mantle wedge at a depth greater
than the source required for normal arc volcanoes (Zhou et al., 2012).
Moreover, linear distribution and limited extent of mafic volcanic
rocks in Sindreth and Punagarh basins are consistent with their narrow,
linear zone and small volume as compared to oceanic island, plateau ba-
salts and mafic magmas produced by slab break-off (Cole et al., 2006;
Gorring et al., 2003; Tang et al., 2012; Xu et al., 2008).

The isotopically variable A-type felsic melts were generated by par-
tial melting of both juvenile mafic crust andmature continental crust of
the arc basement, which were heated by high heat flow resulting from
upwelling asthenosphere and basaltic underplating. As discussed in
the preceding sections, the A-type volcanic rocks have high Y/Nb and
Yb/Ta ratios that are geochemically different from oceanic island basalts
related to intraplate rifting but similar to continent-continent collision
or island-arc magmatism. On the other hand, the 870–800 Ma Erinpura
Granite in the NW India has been considered the product of conver-
gence initiated by subducting oceanic plate (Just et al., 2011; Solanki,
2011) (Fig. 16a); the process that continued at least till 780–770 Ma
(Ashwal et al., 2013; de Wall et al., 2012; Dharma Rao et al., 2012).
Therefore, it seemsmore likely that the Sindreth and Punagarh volcanic
rocks were generated in a convergent setting (Fig. 16b), notwithstand-
ing the bimodal nature. The bimodal volcanismmay not necessarily be a
definitive indicator of continental rifting or plume-related regionally ex-
tensional settings, especially in case of small and dismembered geolog-
ical entities (e.g. van Lente et al., 2009). There are several examples of
present day and ancient convergent continental setting bimodal
magmatism, such as the Villarrica-Lanin volcanic chain and Meseta del
Lago Buenos Aires plateau in the Andes (D'Orazio et al., 2001; Hickey
-Vargas et al., 1989) as well as Neoproterozoic bimodal volcanism in
back-arc basin in the Yangtze Block of South China (Li et al., 2016).

5.6. Implications for paleoposition of NW India in Rodinia

MIS has been identified as a key segment in the reconstruction of the
Rodinia supercontinent, as it forms part of a pulse of activity linking
Madagascar, the Seychelles, NW India and South China. Their spatial po-
sition has been envisaged either at supercontinent peripheral or as a
separate tectonic micro-plate off the supercontinent (Ashwal et al.,
2002; Cawood et al., 2013, 2017; Merdith et al., 2017; T.H. Torsvik
et al., 2001; Wang and Zhou, 2012; Yan et al., 2002; Zheng, 2004;
Zhou et al., 2006). Moreover, petrogenetic models for MIS are varied
and at times, contradictory (rift-related, A-type, plume- related,
subduction- related and even associated with mantle delamination)
and continue to be debated (Ashwal et al., 2013). Absence of large vol-
ume of mafic component refutes a mantle-plume driven origin for
Malani magmatism. Structural elements and microstructural criteria,
such as steep foliations, vertical lineations, dextral displacement, etc.
observed in the ~765 Ma Mt. Abu batholith, spatially proximal to
Sindreth Basin, indicate a transpressional setting (unclassified granites

Image of Fig. 15
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Fig. 16. Cartoon illustrating tectonic evolution in NW India duringmiddle Neoproterozoic.
(a) 870–800 Ma: oceanic plate subduction under the NW India leading to the generate
early arc-related plutons, the 870–800 Ma Erinpura granitic rocks; (b) Slab-roll back in-
duced back-arc extension and generation of variable types of basaltic magma due to up-
welling asthenosphere through the slab window.
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in Fig. 1c) (de Wall et al., 2012). The transpressional forces responsible
for shaping the structural architecture in the Mt. Abu-Sirohi region
were induced during closure of the Mozambique Ocean (de Wall et al.,
2012). Therefore, an overall convergent continental margin setting for
the NW India at 770–750 Ma is interpreted. The slab break-off model
for generation of bimodal volcanics in the Sindreth and Punagarh basins
is consistent with local structural geometry and does not support the
continental rifting or plume setting. This interpretation envisages a con-
vergent margin setting and paleoposition of NW India either along the
periphery of Rodinia or off the Supercontinent with convergence and
plate margin magmatism coinciding with the breakup of Rodinia.

6. Conclusions

Geochemical characteristics of Punagarh and Sindrethbasalts under-
line chemically heterogeneous E-MORB and OIB type mantle sources,
respectively. The primary magma for Punagarh basalts was derived
from relatively shallow spinel facies mantle source whereas Sindreth
basalts were sourced from a relatively deeper garnet bearing mantle
source. Both the source regions were enriched by slab melts either
from a previous or an ongoing subduction. Decompression melting of
upwelling sub-slab asthenosphere through slab window facilitated in-
teraction between asthenosphere derived magma and down moving
sub-arc lithosphere, resulting in the generation of MORB- and OIB-like
basalts. The associated felsic volcanics were derived from melting of
continental crust that had been through a cycle of continent-continent
collision or island-arc magmatism. A localized extension setting within
an overall convergent background is inferred for Sindreth and Punagarh
volcanics, and possibly, the MIS. Accordingly, the NW Indian block is
inferred to occupy an external paleoposition in the Rodinia superconti-
nent assembly.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2017.11.010.
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