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Abstract

The Singhbhum craton in eastern India, one of the four major Archgan cratons of
JIndian Shield, is mainly underlain by Paleoarchean granitoids (trondhjemite-tonalite-
granodiorite i.e. TTGs, and potassic granites) that are encircled by greenstone belts
rich in banded iron formation known as Iron Ore Group. This study presents whole rock
major-trace elements, Sr and Nd isotopes, K-feldspar common Pb isotopes, along with
in-situ zircon U-Pb age and Hf isotopes data to characterize the source(s) of these
rocks and their role in evolution of the Palgoarchean continental crust. Zircon U-Pb
ages show that these granitoids were emplaced in two magmatic episodes at ca. 3.47-
3.44 Ga and 3.37-3.26 Ga. The volcanic rocks in the greenstone belts of the eastern
Singhbhum craton are basalt to basaltic andesite with rare komatiite, whereas in the
western Singhbhum craton they are basaltic-andesite to andesite. The whole rock Sm-
Nd regression lines for the samples of volcanicrocks from gast (including komatiite)
and west yield ages of 3746+340 Ma (MSWD = 169) and 2961+420 Ma (MSWD = 3.3),

respectively. The major-trace element data show tii the volcanic rocks of the eastern

and western Singhbhum were derived from two&3tinct sources. The Paleoarchgan
granitoids are highly evolved with SiO, contents upto 75.86 wt.%. The major and trace
element data indicate that the granitoids of the Singhbhum craton were derived by

partial melting of a basaltic-andesitic crust at variable depths correspondingto-the

pressures—of ca. 10-15 > Compositions—of common-Pb measured-on leached K-

feldspars from the Palescchean granitoids show mantle-like characteristics and

negate the possible recycling of much older crust into the mantle before formation of
these rocks. The whole rock initial Nd isotopic compositions (eNd; = -0.2 to +2.2) and
zircon in-situ initial Hf isotopic compositions (eHf, = -0.5 to +2.1) of the granitoids
calculated using U-Pbzircon ages indicate that they were derived from a near-
chondritic reservoir. These data suggest that only a limited volume of felsic crust
formed prior to ca. 3.5 Ga, and major crust extraction from the mantle happened at ca.
3.5 Ga. Using this time as the start or major crustal growth and concomitant mantle
depletion, Nd and Hf mantle depletion histories are proposed that can be described by
the equations eNdr = -2.78 x (Tga) + 10, and eHfy = -4.56 x (Tg,) + 16.4. These curves
will not change the model ages for the young rocks, but, they will make a significant

difference for the old samples.
Keywords

Sr-Nd-Hf isotopes; Comm@-’b; U-Pb zircon dating, Geochemistry; Paleoarchean
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1. Introduction

The continental@st is the “end product” of the differentiation of the Earth’s mantle.
The oldest known continental crust formed more than 4 Gyr ago (eoBowring and
Housh, 1995) and crustal growth models suggest that at least 6 qume of the
continental crust had formed by the end of the Archean (e.g., Taylor and
McLennan, 1995). The oldest crustal rocks record history—of the chemical

differentiation of t:ﬁarly Earth’s mantle and therefore can be used to track the

crust extraction a hantle depletion during the Hadean and Archean. Whether
formation and recycling of the crust happened on early Earth, as it does today,
remains unanswered, thus the amount and extent of early formed crust remains
obscure. Key questions relate to the timing for the onset of formation of the
continental crust and its growth through time (e.g. Hurley and Rand, 1969;
Armstrong, 1991; Bennett et al., 1993; Moorbath et al., 1997; Condie, 2000;
Harrison et al. 2005; Kemp et al., 2006; Rollinson, 2008; Belousova et al., 2010;
Korenaga, 2013; O’Neil et al.,, 2016; Rosas and Korenaga, 2018). Armstrong
(1991) suggested that most, or all, of the contirﬁal crust was formed soon after
formation of the Earth and underwent multiple recycling events ever since.
However, others have argued for episodic growth of the continental crust (e.g.

McCulloch and Bennet, 1994; Condie, 1998; Rino et al., 2004).

Many studies have highlighted the strength of the application of multiple isotopic
proxies in extracting information about the evolutionarv history of the crust-mantle
interaction during the Hadean and Archean eons (DePaoIo and Wasserburg,
1976a, b; Jacobsen and Wasserburg, 1980; Patchett et al., 1981_\ervoort et al.,
1996; Blichert-Toft and Albaréde, 1997, 2008; Nagler and Kram«f?,—h 998; Rino et
al., 2004; Tolstikhin et al., 2006; Scherer et al., 2007; Zeh et al., 2007, 2008; Dey,
2013, 2017; Bauer et al., 2017). One of the principal problems in understanding
Precambrian geological processes is that only a tiny amount of old (> 3.6 Ga)

continental crust is preserved today. Later tectonometamorphic overprinting of the

Archean rocks makes it even more challenging to study their genesis. Is<3ent day
exposed “Hadean” to Paleoarchean crustal masses include the purported ca. 4.3
Ga Nuvvuagittuq greenstone belt (O’'Neil et al., 2008), the supposedly-4.03 Ga
Acasta gneisses in the Canadian Shield (Stern and Bleeker, 1998), Archean
terranes (3.8-3.6 Ga) in Greenland (e.g. Black et al., 1971; Moorbath et al., 1972;
Baadsgaard, 1976; Compston et al., 1986; Bennett et al., 1993; Nutman et al.,
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1999), ca. 3.7 Ga components in the Yilgarn craton (e.g. Myers, 1988; Pidgeon and
Wilde, 1990), isolated Hadean (4.4 Ga) zircon grains from the Jack Hills in the
Australian Shield (Wilde et al., 2001), ca. 3.5 Ga Barberton greenstone belt (e.g. de
Wit et al., 1987; Kroner and Todt, 1988; Armstrong et al., 1990; Kamo and Davis,
1994; Kroner et al.,, 1996; Kroner et al., 2016), ca. 3 Ga components in the
Brazilian Shields (e.g. Pidgeon et al., 2000; Santos et al., 2000), North China
craton (e.g. Liu et al., 1992, 2008), and Archean (3.6-3.3 Ga) Indian cratons (e.g.
Mishra et al., 1999; Ghosh, 2004; Devaraju et al., 2007; Acharyya et al., 2010; Tait
et al., 2011; Kaur et al., 2014; Nelson et al., 2014; Upadhyay et al., 2014; Dey et
al., 2017). To understand the evolution of the crust on the early Earth, numerous
isotopic (e.g. Pb-Pb, Sm-Nd, Lu-Hf) studies have been conducted on the Archean
terranes such as SW Greenland which have undergone multiple phases of post-
emplacement metamorphism (e.g. Bennett et al.,, 1993; Vervoart et al., 1996;
Moorbath et al., 1997; Nutman et al., 1999; Fisher and Vervoort 8), Kaapvaal
craton (e.g. Wilson and Carlson, 1989; Kréner et al., 1996; Schoene et al., 2009,
Zeh et al., 2013), and Acasta gneisses (e.g. Bowring and Housh, 1995; lizuka et
al., 2009; Bauer et al., 2017). It has been demonstrated in many studies that
metamorphic overprinting of Archean rocks can disturb their pristine isotopic (e.g.
Sm-Nd) signatures (e.g. McCulloch and Black, 1984; Windrim et al., 1984; Black
and McCulloch, 1987; Whitehouse, 1988; Bridgwater et al., 1989; Li et al., 1990;
Tourpin et al., 1991; Gruau et al., 1992; Frost and Frost, 1995; Lahaye et al., 1995;
Poitrasson et al., 1995; Gruau et al., 1996; Moorbath et al., 1997). Therefore,
Archean rocks that are unaffected by any late, post-emplacement, major

metamorphic events, are very important for early crustal evolution studies.

The Singhbhum craton in eastern India assumes significance as it is one of the
oldest cratonic nuclei which exposes a diverse geological association of
Paleoarchean to Neoarchean, well preserved and pristine rocks, thus ideally suited
for understanding Archean crustal evolution. The craton contains large regions of a
Paleoarchean (ca. 3.6-3.3 Ga) sialic crust that was—cratonized at around 3.1 Ga
(e.g. Mishra et al., 1999; Acharyya et al., 2010; Tait et al., 2011; Nelson et al.,
2014; Upadhyay et al., 2014; Dey et al., 2017).

This study combines whole rock major-trace element, and Sr-Nd jisotope data;

leached K-feldspar common Pb isotope data; and in-situ zircon Hf isotope and U-
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Pb age data from the Paleoarchean granitoids and volcanic rocks of the

Singhbhum craton to characterize their source and evolution.
2. Geological setting

The Indian landmass heouses, four major Archean cratons, including the Dharwar,
Aravali-Bundelkhand, Bastar, and Singhbhum craton. The=—Singhbhum craton in
eastern India (R%J1) comprises some of the oldest, wreserved and easily
accessible Archean lithological units of India. The craton covers an area of ca.
40,000 km? and is bordered by the Eastern Ghats Belt to the southeast, the Bastar
craton to the southwest, and the North Singhbhum Mobile Belt to the north. Three
major components that-make—up the craton are—up-tg amphibolite facies, meta-
sedimentary and meta-igneous rocks of the Older Metamorphic Group (OMG),
trondhjemite-tonalite-granodiorites (TTGs) of the Older Metamorphic Tonalite
Gneisses (OMTG), and granitoids of the Singhbhum Granite (SG) batholith (Saha,
1994; Mukhopadhyay, 2001; Upadhyay et al., 2014; Dey et al., 2017). The granitoid
nucleus of the Singhbhum craton is enveloped by various supracrustal

assemblages with poorly constrained ages.

2.1. Components of the Singhbhum craton
2.1.1. Older Metamorphic Group (OMG)

The OMG has-been, considered the oldest component of the craton and has been
intruded synkinematically by the OMTG (Saha, 1994; Mukhopadhyay, 2001). The
OMG comprises para- and ortho-amphibolites, quartz-silimanite to quartz-
muscovite schists, biotite-muscovite schists, quartz-magnetite-cummingtonite
schists, metapelites, quartzites, and banded calc-gneisses (Ray et al., 1987; Saha,
1994; Mukhopadhyay, 2001; Hofmann and Mazumder, 2015). The ?’Pb-**Pb ion
microprobe zircon ages from the OMG metasediments scatter between 3.63 and
3.20 Ga but cluster around 3.55, 3.40, 3.35, and 3.20 Ga (Basu at 1993;
Goswami et al.,, 1995; Mishra et al., 1999). Based on zircon single grﬁng-Pb
ages, Goswami et al. (1995) and Mishra et al. (1999) suggested ~3.5 Ga to be the
older limit for the ages of the OMG sediment deposition. The younger 3.40, 3.35
and 3.20 Ga ages have been interpreted as metamorphic events (Basu at al., 1993;
Mishra et al., 1999; Upadhyay et al., 2014).

2.1.2. Older Metamorphic Tonalite Gneisses (OMTG),
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The OMTG contains greenschist to amp@olite facies tonalite, trondhjemite,
granodiorite, and granite (Saha, 1994; Mukhopadhyay, 2001; Misra, 2006).
Acharyya et al. (2010) reported two U-Pb zircon ages of 3448+19 Ma (20) and
3527+17 Ma (20) from the least studied OMTG enclave in the northern area of the
Singhbhum craton (Fig. 1). In more recent studies, U-Pb zircon ages ranging from
3.47 Ga to 3.28 Ga have been reported (Nelson et al., 2014; Upadhyay et al.,
2014). Upadhyay et al. (2014) demonstrated that tonalites and trondhjemites of the
OMTG were emplaced at ca. 3.45-3.44 Ga, whereas granites belonging to the
OMTG were emplaced later at ca. 3.35-3.32 Ga.

2.1.3. Singhbhum Granite (SG) batholith

The SG batholith is the most widespread unit of the Singhbhum craton and
occupies an area of about ~8000 km? (Saha, 1994). The batholith hosts a suite of
biotite-granodiorite/granite, adamellitic granite, trondhjemite and tonalite (Saha,
1984; Mukhopadhyay, 2001; Misra, 2006). Based on field studies, color index and
modal mineralogy, Saha (1994) proposed that the SG batholith was emplaced in
three phases viz. Phase |, I, lll (henceforth SG-I, SG-II, SG-IIl), SG-I and SG-lII
being oldest and youngest, respectively. Saha (1994) described SG-I rocks as K-
poor granodiorites-trondhjemites (mean modal comp

55.2%, Kfs: 6.7%, Qz: 30.1%, Bt: 2.8%, Ep-Zo+Chl: 4.9%, Ms: 0.1%, An content of
Pl: 15.28), whereas SG-Il rocks (Pl: 49.2%, Kfs: 15.6%, Qz: 28.2%, Bt: 1.5%, Ep-
Zo+Chl: 4.6%, Ms: 0.15%, An content of Pl: 13.32) and SG-Ill rocks (Pl: 44.5%,
Kfs: 18.3%, Qz: 30.2%, Bt: 1.9%, Ep-Zo+Chl: 3.8%, Ms: 0.7%, An content of PI:

8.22) as granodiorites to adamellitic granites (mineral abbreviations after: Whitney

bn in volume percent; PI:

and Evans (2010)). Recent U-Pb zircon studies have revealed that rocks of the SG
batholith were emplaced between ~3.45 Ga and ~3.32 Ga (Tait et al., 2011; Nelson
et al., 2014; Upadhyay et al., 2014; Dey et al., 2017). Based on texturally controlled
Laser Ablation Inductively Coupled Plasma Mass Spectrometer (LA-ICP-MS) U-Pb
dating of the zircon grains, Upadhyay et al. (2014) suggested that SG-IIl rocks
along with tonalities and trondhjemites of the OMTG were emplaced at ca. 3.45-
3.44 Ga, whereas, SG-I and SG-Il together with granites of the OMTG were
emplaced at ca. 3.35-3.32 Ga.

2.1.4. Volcano-sedimentary successions
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The Archean Singhbhum granitoid nucleus is surrounded by various volcano-
sedimentary assemblages of poorly constrained age, such as the Iron Ore Group
(I0G) and the Dhanjori-Jagannathpur-Malangtoli lavas (Fig. 1). The 10G is a low-
grade greenstone succession, comprising banded iron formation, ferruginous
quartzite, shale, phyllite, chert, minor carbonates, mafic-felsic volcanic rocks and
ultramafic rocks (Saha, 1994; Mukhopadhyay, 2001). These volcano-sedimentary
rocks (IOG) occur in three major basins, Gorumahisani-Badampahar, Noamundi-
Jamda-Koira, and Tomka-Daitari on the eastern, western, and southern margin, of
the granitoid nucleus, respectively (Fig. 1). Due to paucity of geochronological data

from the 10G greenstonercgjcessions, the time of their deposition is unclear.
ionships a minimum age of 3.2-3.1 Ga has been

However, based on field
assigned for their deposition (Paul et al., 1991; Mishra et al., 1999). Mukhopadhyay
et al. (2008) reported a U-Pb SHRIMP zircon age of 3506.8+2.3 Ma (10) for the
dacitic lava of the Southern 10G (SIOG; Tomka-Daitari basin). Enclaves of banded
iron formation and calc-silicate rocks, presumably derived from the eastern |I0G
(EIOG; Garumahisani-Badampahar basin) hosted within 3326+5 Ma (10) biotite-
muscovite monzogranite of the SG batholith near Rairangpur provide a minimum
age for the EIOG succession (Nelson et al., 2014). Komatiites from the EIOG have
been reported from Patharkata (Sahu and Mukherjee, 2001), Dhipasai (Tua Dungri
hillock; Chaudhuri et al., 2015), and Kapili (e.g. Yadav et al., 2015; Chaudhuri et al.,
2017) villages. Although no direct geochronological data are available for these
komatiites, based on their field relationship with other lithologies an age of ~3.34
Ga has been assigned to the Kapili komatiites by Chaudhuri et al. (2017). The
Singhbhum craton hosts some shallow volcano-sedimentary basins viz. Dalma-
Dhanjori-Simlipal-Malangtoli and Jagannathpur (Fig. 1). Geochronological and
isotopic data from these volcanic rocks present in different basins are scanty,
hence the time of their emplacement and-their petrogenesis remain unclear.

3. Samples and analytical methods

Representative and best-preserved samples were collected from the OMTG, SG-l,
SG-Il, SG-IIl, I0G, Jagannathpur Lava (JL), and Malangtoli Lava (ML). Sample

details are given in Table 1.

San@s were crushed in a steel jaw crusher and powdered to ca. 7@n particle
size using agate mortar. Aliquots of 5 mg were taken from all the samples and

analyzed by Actlabs Canada for major and trace elements analyses (package
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code: 4 Lithoresearch). Samples were fused with lithium metaborate/tetraborate
and dissolved in 5% HNO;. All major elements (as oxides) and some trace
elements (Sc, V, Sr, Zr, and Ba) were analyzed with an Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES); whereas, all other trace elements were
analyzed with an Inductively Coupled Plasma Mass Spectrometer (ICP-MS).

Further analytical details can be four@n http://www.actlabs.com. Common Pb,

Sm-Nd, and Rb-Sr isotopic measurements were done at the Institute of Geological

Sciences, University of Bern, Switzerland.
3.1.  Sample preparation for common Pb analysis

For common Pb isotopic measurements samples were crushed in a steel jaw
crusher and washed with water. The K-feldspars were separated using heavy liquid
(mixture of methyl iodide and acetone) and handpicked under the microscope.
Handpicked K-feldspar grains were leached in three steps, using an extension of
the protocol of Villa et al. (2006) and Villa & Hanchar (2013). This had the purpose
of removing all the secondary clays and sericite, as well as external Pb adsorbed
on the surface of the grains. In the first step the grains were leached in ~1 ml of
aqua regia (mixture of 6.4 M HCI and 7 M HNO3) on a hotplate in 7ml screw-top
PTFE (polytetrafluoroethylene) beakers at 100°C for ca. 15 hours. In the second
step the K-feldspars were leached in a mixture of 6.4 M HCI + 7 M HNO; (~0.5 ml)
and a few drops of weak HF on a hotplate for ca. 3 minutes. In the third step, the
grains were leached in a mixture of 6.4 M HCI + 7 M HNO; (same amount as in the
previous step) and weak HF by putting the vials on the hotplate for ca. 2-3 minutes
until ca. 50% of the sample had dissolved. Grains were washed four times with
deionized water between each leaching step. Finally, the grains were completely
dissolved in few drops of concentrated HF on a hotplate at 100°C for ca. 12-24
hours (depending on the rate of dissolution) and then dried. Lead was isolated by
using DOWEX® 1-X8 anion resin. Lead isotopes were measured on the Nu
Plasma® Multicollector ICP-MS (MC-ICP-MS). For mass bias correction samples
were doped with Tl, and ?®TI, 2Tl were measured simultaneously with the
isotopes of Pb. Interference of **Hg on **’Pb was corrected by monitoring the
signal for 2°?Hg. Lead isotope ratios were corrected for mass bias using exponential
law. Measurements of the common Pb isotopic standard (NIST SRM® 981) yielded
207pp/2%ph = 0.91470+0.00011 (20; n = 6).

3.2.  Sample preparation for Sm-Nd and Rb-Sr analyses
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For Sm-Nd and Rb-Sr isotopic analyses, ca. 100 mg of whole rock powder of each
sample were digested in Parr® bombs after adding ®Rb-3*Sr and "**Sm-"**Nd mixed
whole rock spikes. For the complete dissolution of the samples they were
processed in several steps. At first, samples were treated with 1.5 ml concentrated
(48%) HF and a few drops of 14 M HNO; in 3 ml PTFE vials. These vials were then
put inside PTFE liners and then into Parr® bombs. Parr® bombs were kept in an
oven at 180°C temperature for 48 hours. After the bombs had cooled, the beakers
were removed and kept on a hotplate with open lids at 100°C to dry. In the second
step, 1.5 ml 2 M HNO; was added and beakers were placed on the hotplate with
closed lids at 100°C (near boiling) for 6 hours. Then, samples were dried on a
hotplate at 100°C. In the third step, 2 ml 2.5 M HCI was added to the samples and
they were boiled on the hotplate at 100°C for 1 hour with closed lids. Afterwards,
the vials were placed on hotplate with open lids at 100°C until almost dry. Samples
with undigested residue were processed again through steps 2 and 3. After this, the
samples were completely digested and dissolved in 2 ml 2.5 M HCI by keeping the
beakers with closed lids on hotplate at 100°C for 30 minutes. After cooling the
samples were loaded on 6 ml DOWEX® AG 50W-X8 (200-400 mesh) cation
exchange columns to separate Rb, Sr and Rare Earth Elements (REE). To isolate
Sm and Nd, REE fractions were passed through 5 ml HDEHP (di-(2-ethylhexyl)

phosphoric acid) columns.

Rubidium and Sm concentrations in the spiked samples were measured on Thermo
Scientific™ Neptune Plus™ MC-ICP-MS. Neodymium and Sr isotopes were
measured on a Thermo Scientific™ Triton Plus™ Thermal lonization Mass
Spectrometer (TIMS) in static mode. Total procedural blanks for all the elements
(i.e. Rb, Sr, Sm, and Nd) were <700 pg (i.e. <0.15% of the sample amount) and are
thus negligible. Rubidium and Sm isotope ratios were corrected for mass bias
(using the exponential law) by the standard-sample-standard bracketing method by,
measuring JMC Rb and Sm standards. Strontium cuts were loaded in 6.4 M HCI
with Ta-fluoride as an activator on zonerefined Re single filaments, whereas Nd
fractions were loaded with 6.4 M HCI on zone-refined Re double filaments without
any activator. Neodymium and Sr isotope ratios were corrected for mass bias using
exponential law and jteration method (Stracke et al. 2014), as samples were
spiked. For quality control, isotope ratios of Nd and Sr isotopic standards JNdi-1
and NIST SRM® 987 respectively.-were measured. The isotopic ratios of Nd and Sr

standards were corrected for mass fractionation using exponential law with
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normalization ratios of "°Nd/"**Nd = 0.7219 and %Sr/%Sr = 0.1194, respectively.
Standards JNdi-1 and NIST SRM® 987 yielded '**Nd/"**Nd = 0.512067+0.000009
(20; n = 26) and ¥Sr/*Sr = 0.710329+0.000011 (20; n = 14), respectively.
Neodymium and Sr isotope ratios of the samples were corrected for the offset with
respect to recommended values for JNdi-1 ("**Nd/"*Nd = 0.512115; Tanaka et al.,

2000) and NIST SRM® 987 (¥"Sr/%®Sr = 0.710245).
3.3.  U-Pb zircon dating with LA-ICP-MS

Uranium-Pb dating was performed on a Thermo Scientific™ iCAP-Q™ quadrupole
ICP-MS coupled with a 193nm ArF @:imer laser ablation system, at the
Department of Geology and Geophysics, Indian Institute of Technology (IIT),
Kharagpur. The ICP-MS was optimized for maximum sensitivity on 2°®Pb, ?*?Th and
28 using the NIST SRM® 612 reference glass. The oxide production was
monitored on mass 248 (*?Th'®0) and found to be <0.9% during all analytical
sessions. The laser was operated at 5 Hz repetition rate, and ca. 5 J/icm? beam
energy density. The spot size was 35 um for the GJ-1 and 91500 reference zircons
(Jackson et al., 2004; Wiedenbeck et al., 1995) and @\5 pm for samples. The
spots were pre-ablated with five laser pulses prior to analysis to remove any
surface contamination. The data were acquired in a time-resolved mode with each
analysis consisting of 30 s measurement of instrument background/gas blank with
the laser off and 50 s measurement of peak signals with the laser ablating on the
sample. Helium was used as a carrier gas (0.55 L/min) to transport the ablated
aerosol. The data were reduced offline using an in-house Excel® spreadsheet,

which corrects for instrument/gas background, Iaser-irﬁ:ed elemental

fractionation, instrumental mass-bias and drift. The signal for b was very low
(for the analyses used for age calculations), hence no common Pb correction was
applied. The #°U was estimated using ?*®U/?°U ratio of 137.88. External
standardization was done by bracketing ten measurements of the sample with
three measurement of GJ-1 reference zircon. The 91500-reference zircon was
analyzed as unknown for monitoring data quality. The uncertainty on each spot
analysis was estimated by quadratic addition of the 20, (standard error on the
mean) internal run statistics of each analysis, and the 20 (standard deviation) of the
ratios measured in the bracketing standard (GJ-1). The measured **°Pb/***U
(0.179+0.004, 20) and *°’Pb/**°Pb (0.0748+0.0007, 20, n=18) match recommended

values (Wiedenbecl@ al.,, 1995). The U content of the zircons were estimated



O J o U bW

OO OO UTTUIUTUTUTUTUTUTUTOTE B DB DB DD DSDNWWWWWWWWWWNNNMNNNMNNNNNNR R PR PR RRP R R
O WNRPOWVWOJdANT D WNRPRPOW®O-TAUBRWNROWOWO®-JdNUD™WNRFROWOW-JOUDWNR OW®W--I0 U D WN R O W

329
330

331

332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360

Page 11 of 40

relative to the GJ-1 reference zircon. Concordia diagrams were constructed using
Isoplot 4.15 (Ludwig, 2003).

3.4.  Zircon in-situ Hf isotope analysis

Hafnium isotopes were measured on a Thermo Scientific™ Neptune Plus™ MC-
ICP-MS coupled with same laser ablation system used for the U-Pb dating. All
analyses were done at a laser spot size of 50 um. The 91500 reference zircon was
used as an external bracketing standard with ten measurements of the samples
bracketed with three measurements of the 91500 zircon. The laser was operated at
10 Hz repetition rate, and 4.5-5 J/cm? beam energy density. The data were
acquired in time-resolved mode with 30 s of background measurement without the
laser firing and 55 s of peak signal measurement with the laser on using an
integration time of 0.524 s per cycle. The isobaric interference of "®Yb and '"°Lu on
'"®Hf were corrected using the peak stripping method. For Yb, the isobaric
interference correction was done using the values reported by Thirlwall and
Anczkiewicz (2004). The mass-bias factor for Yb isotopes (By,) was calculated
using the exponential law from the measured '*Yb/'"'Yb. The mass-bias factor for
Hf (Bur) was calculated using exponential law from the measured "°Hf/'""Hf ratio
(recommended value of 0.7325; Patchett et al., 1981). The isobaric interference of
"Lu on "®Hf was corrected using the interference free "°Lu isotope and the
natural ""®Lu/"°Lu value of 0.02656 (Chu et al., 2002). The mass-bias factor for Lu
is assumed to be identical to that of Hf (i.e., B, = Bnr). The uncertainties on each
spot were estimated by quadratic addition of the within run precision (2SE) of each
analysis and the reproducibility (2SD) of the bracketing standard 91500. The
accuracy and external reproducibility of the method was tested by measuring the
Temora-2 (Black et al., 2004) and PleSovice (Slama et al., 2008) reference zircons
as unknown. The measured "®Hf/'"’Hf values of Temora-2 and PleSovice zircon
reference zircons range from 0.282641 to 0.282688 (mean = 0.282669+37 (20
(1.3€), n = 5)) and 0.282460 to 0.282486 (mean= 0.282479+26 (20 (0.9¢), n = 4)),
respectively. Despite spread, the mean '°Hf/'"’Hf values of Temora-2 and
PleSovice zircon agree (within uncertainty) with the accepted values
("CHF/" " Hfromoraz = 0.282686+8 (20), and "CHF/"'Hf pesovice = 0.282482+12 (20);
Fisher et al., 2014).
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For the calculation of the eHf;, the chondritic uniform reservoir (CHUR) value of
Bouvier et al. (2008) ("°Lu/"""Hf = 0.0336 and ""°Hf/"""Hf = 0.282785), and "°Lu
decay constant of 1.867x10"" a” (Scherer et al., 2001; Séderlund et al., 2004)
were used. Initial ""°Hf/'""Hf, and eHf; for all the analysed grains were calculated
using either concordia ages or the 207Pb/mges of the respective samples. The
error propagation and the uncertainties on the initial OHf/"""Hf, ratios and eHf; are

after Ickert (2013). Further instrumental details are presented in Appendix A1.
4. Results

The whole rock major-trace element, Sm-Nd isotope, and Rb-Sr isotope data are
listed in Table 2, Table 4, and Appendix A3, respectively. Common Pb isotope data
for leached K-feldspars, single zircon U-Pb dating, and zircon in-situ Hf isotope
data are given in Table 3, Appendix A2, and Appendix A4 (mean of eHf; for each

sample jn Table 5), respectively.
4.1.  Whole rock major-trace elements
4.1.1. Granitoids

Most of the granitoids of the Singhbhum craton fall in the trondhjemite and granite
field in the albite-orthoclase-anorthite ternary plot of Barker (1979), except sample
Om 23 (SG-I) which is a tonalite (Fig. 2a). Whole rock major-trace elements data
are given in Table 2. The SiO, content of trondhjemites and granites range from
6776 to 7473 wt.% and 72.07 to 75.86 wt.%, respectively; whereas; fonalite (Om
32) has 6584 wt.% SiO, (concentrations normalized to 100% after correcting for
loss on ignition). Trondhjemite and tonalite have higher Na,O, Al,O;, CaO, MgO,
MnO, TiO,, Fe,O5(T), and Sr; and lower K,O contents compared to granites (Fig.
3). Most granitoid samples show a trend of decreasing Na,O, Al,O;, CaO, MgO,
MnO, TiO,, Fe,O3(T), and Sr with increasing SiO, in Harker diagrams (Fig. 3);
whereas K,O displays a positive trend against SiO, (Fig. 3). The granitoids show
the REE composition ranging from high HREE content (La/Yb = 10.94) to low
HREE content (La/Yb = 147.39; Fig. 3, Table 2).

In the chondrite pormalized REE diagrams (Sun and McDonough, 1989),
trondhjemite, granite, and tonalite show enriched light-REE (LREE) and depleted
heavy-REE (HREE) patterns with a steep slope for LREE and gentler for the HREE
(Fig. 4). Trondhjemite_of OMTG do not show any significant Eu anomaly (Eu/Eu* =



O J o U bW

OO OO UTTUIUTUTUTUTUTUTUTOTE B DB DB DD DSDNWWWWWWWWWWNNNMNNNMNNNNNNR R PR PR RRP R R
O WNRPOWVWOJdANT D WNRPRPOW®O-TAUBRWNROWOWO®-JdNUD™WNRFROWOW-JOUDWNR OW®W--I0 U D WN R O W

393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410

411

412
413
414

416
417
418
419

420
421
422
423
424
425
426

Page 13 of 40

0.83-1.46); whereas, trondhjemite, of SG batholith display both positive and
negative Eu anomaly (Eu/Eu*sg = 0.65-0.94; and Eu/Eu*sg = 0.51-1.27%; Figs.
4a, c, d). One of granite samples from OMTG (Om 30a) shows a smooth REE
pattern without any Eu anomaly (Eu/Eu* = 1.04), whereas the other (Om 11b) has a
pronounced negative Eu anomaly (Eu/Eu* = 0.45; Fig. 4a). The granites of SG-II
have a slightly negative to a slightly positive Eu anomaly (Eu/Eu* = 0.74-1.22; Fig.
4c), whereas granites belonging to SG-lll show both negative and positive Eu
anomalies (Eu/Eu* = 0.2Z2-1.91) and have large spread in HREE concentrations
(Fig. 4d). Trondhjemite_and granite with negative Eu anomaly, are less depleted in
HREE compared to those with a positive or no Eu anomaly (Figs. 4a, c, d). Tonalite
(Om 32; SG-I) shows smooth LREE enriched-HREE depleted pattern with no Eu
anomaly (Eu/Eu* = 0.99; Fig. 4b). Sample{Om-2a)from-a gabbroic-diorite xenolith
in SG-Il has a gentle REE pattern with Eu/Eu* = 0:99 (Fig. 4c), whereas a diorite
(Om 10b) from the SG-IIl association shows a relatively steeper REE pattern with a
slight negative Eu anomaly (Eu/Eu* = 0.78; Fig. 4d). All rock types display
differently pronounced negative Nb, Ta, and Ti; and positive K (except Om 32; SG-
I; tonalite; Fig. 4f); and Pb anomalies in primitive mantle (Sun and McDonough,

1989) normalized multi-element diagrams (Figs. 4e-h).
4.1.2. Volcanic rocks

Fourteen volcanic rocks were selected for this study (4 from EIOG, 3 from western
I0G WIOG,-Noamundi-Jamda-Koira basin), 1 from JL, and 4 from ML) including 2
samples of komatiite (OPP 10a & OPP 10b; from EIOG)

craton (see Table 1 and Fig. 1). For simplicity of the figures, volcanic rocks from the
western part of the craton (i.e. WIOG, JL, and ML) have been grouped as ‘West
Singhbhum Volcanic Rocks’ and volcanic rocks from the eastern part (i.e. EIOG)
have been grouped as ‘East Singhbhum Volcanic Rocks’. Komatiites from the

EIOG are grouped as ‘East Singhbhum Komatiite’.

In the total-alkali-silica (TAS) diagram after Le Maitre et al. (1989), samples
belonging to the West Singhbhum Volcanic Rocks fall in the basaltic-andesite to
andesite field; whereas samples belonging to East Singhbhum Volcanic Rocks and
desite field (Fig. 2b).

East Singhbhum Komatiite fall within the basalt to basaltjc-a
Whole rock major-trace element data is presented in TC.,> 2. West Singhbhum

Volcanic Rocks have Al,O; and Fe,O;(T) contents (after correcting for loss on
ignition) between 10-53-13.41 wt.%, and 878-11.28 wt.%, respectively. East
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Singhbhum Volcanic Rocks have lower Al,O; (6.25-8-35 wt.%) and higher Fe,O5(T)
(12:69-13.63 wt.%). The K;0, Na,0, Al,O3, Sr, and Zr of the volcanic rocks show a
positive correlation with SiO, (Fig. 3). For most of the samples the concentration of
Ca0, MgO, MnO, and Fe,05(T) decreases with increasing SiO, content (Fig. 3).

The West Singhbhum Volcanic Rocks show a slightly LREE enriched and HREE
depleted pattern, with a negative Eu anomaly (Eu/Eu* = 0.52-0.89) in-a-chondrite
normalized REE diagram (Fig. 5a; Table-2). The East Singhbhum Volcanic Rocks
display almost flat REE pattern with slightly enriched LREEs and no significant Eu
anomaly (Eu/Eu* = 0.89-1.04; Fig. 5a;-Table-2). The East Singhbhum Komatiites
areleast depleted in REE compared to the other volcanic rocks; however, they
show slight L d Ce enrichment and HREE depletion with Eu/Eu* = 0.87-1-05
(Fig. 5a; Table-2). In a primitive mantle normalized multi-element plot (Fig. 5b) the
West Singhbhum Volcanic Rocks have negative Nb, and Ti anomalies; and most of
the rocks have positive K and Pb anomalies. Komatiites and other volcanic rocks
from the East Singhbhum Volcanic Rocks display a variable degree of negative Ba,

and Nb anomalies (Fig. 5b).
4.2. Common Pb isotope in leached K-feldspars

Initial Pb isotope compositions of 14 granitoid samples of the Singhbhum craton
were determined on leached K-feldspars. Measured Pb isotope data are reported in
Table 3 and plotted in Fig. 6. In 2°Pb/?**Pb vs. °*®Pb/?**Pb and 2°Pb/**Pb vs.
27pp/2%Pp  diagrams, Pb isotopic composition of the studied samples cluster
closely around the model Pb evolution curve of Kramers and Tolstikhin (1997),
which, for the Paleoarchean, is almost identical to the simplified precursor model by
Stacey and Kramers (1975). The Pb model ages of the leached feldspars are ca.
3.3-3.1 Ga (Fig. 6). For comparison, Pb isotope data for the-Archean rocks from
West Greenland (Kamber and Moorbath, 1998; Kamber et al., 2003; leached
feldspars) and the Barberton greenstone belt (Ulrych et al., 1967; Sinha and Tilton,
1973; galena, jamesonite, and unleached feldspar) are also plotted and show a

large, scatter compared to the results from the Singhbhum craton (Fig. 6).
4.3. Single zircon U-Pb LA-ICP-MS dating

Zircon grains separated from eight selected granitoid samples were used for in-situ
Hf and U-Pb isotope analyses. Cathodoluminescence (CL) images of some of the

analysed zircon grains are presented in Fig. 7. Laser ablation spots for U-Pb and Hf
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isotopic analyses are marked with solid and dotted circles, respectively. Data for
individual U-Pb analyses are reported in Appendix A2 and are plotted in concordia

diagrams in Fig. 8. Uncertainties on all ages presented in this study are 20.

The two trondhjemite samples Om 11a and Om 29 from OMTG yielded concordant
U-Pb zircon ages of +17 Ma and 3@13 Ma respectively (Figs. 8a, b). One
zircon grain (Om 29 _19; Fig. 7) from sample Om 29 has a *’Pb/*®Pb age of
3440+37 Ma (Fig.-8h) and is interpreted as inherited zircon age. Zircons from
granite sample (O 1b) from OMTG have concordant U-Pb age of 3304115 Ma;
however an inherited zircon grain Om 11b_6 (Fig. 7) yielded a ?’Pb/*®Pb age of
3472157 Ma (Fig. 8c). Trondhjemite sample (Om 5b) fro G-Il yielded
¢
the discordia line (Fig. 8d). Zircons from granite (Om 22) of SG-lIl have a
concordant U-Pb age of 332711@3 (Fig. 8e). The trondhjemite sample Om 12
from SG-lll yielded a concordia age of 3470@

concordant U-Pb age of 3335+19 Ma which is similar to the upp=atercept age of

Ma (Fig. 8f); whereas, zircons from
sample Om 18 neither yield a concordia U-Pb date n]qg’eﬁne a discordia, hence
the oldest and least discordant ?’Pb/*®°Pb age of 3263+26 Ma (Fig. 8g; Appendix
A2) has been assigned to this sample. Zircon grains from granite (Om 15) of SG-lII
have a concordia U-Pb age of 33@10 Ma (Fig. 8h). All these ages (except from
inherited zircons grains/cores) are interpreted as emplacement ages for their

respective rocks.

4.4, Whole rock Nd and Sr isotopes
4.4.1. Granitoids

Whole rock Sm-Nd isotope composition of the older (except Om 12) and younger
(Om 11a) granitoids (OMTG, SG-I, Il, lll) form alignments with significant scatter
(MSWDgger = 258; MSWDyounger = 1097). The apparent ages of these alignments
are 3344+160 Ma and 31421390 Ma with initial eNd values of -0.2 and -1.4,
respectively (Fig. 9a & b). These ages are in broad agreement (within uncertainties)
with reported U-Pb zircon ages (e.g. Upadhyay et al., 2014) and those presented in
this study (Appendix A2, Fig. 8) for the granitoids of the Singhbhum craton. The
initial *Nd/"**Ndratios-and eNd for the dated samples have been calculated using
their respective U-Pb zircon ages presented-inFig-—8; whereas,those for other
granitoid samples are calculated based on U-Pb zircon ages reported in Upadhyay
et al. (2014) (Table 4).
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Most of the samples have near-chondritic initial eNd and/or-isotoperatios, close to
the-values, corresponding to some of the proposed mantle depletion model curves
(e.g. DePaolo, 1981; Nagler and Kramers, 1998). The initial **Nd/***Ng values for
the older granitoids (3440 Ma) range from 0-508165 {eNd; = +0.1)-and 0.508273
(eNd; = +2.2). The younger granitoids (3263 Ma - 3363 Ma) have initia@\ld/”“Nd
values between 0.508269 (eNd; = -0.2) and 0.508477 (sNd; = +1.6). Some samples
such as Om 12 (3470 Ma), Om 11a (3374 Ma), Om 5b (3335 Ma), and Om 22
(3327 Ma) have higher eNd; values of +5.2, +4.8, +3.2, and +2.6, respectively
(Table 4, Fig. 10a).

The calculated initial 2’ Sr/**Sr for the older granitoids range from 0.634132 (Om 17)
to 0.717160 (Om 12); whereas, the younger intrusive suite has initial ®Sr/*°Sr
values between 0.683335 (Om 11b) and 0.711441 (Om 2b) (A dix A3). The
large spread of the initial #Sr/*®Sr values and the presence of values lower than the
solar system initial (~ 9) indicate post-emplacement disturbance of the Rb-Sr
system, which has a large effect on the calculated initial Sr-isotope ratios due to the
high Rb/Sr ratios in these rocks (e.g. ¥Rb/*®Sr = 6.164 for Om 17). Just a 1%
change in ¥Rb/*®Sr (6.164) changes the initial 8'Sr/**Sr by 48¢ indicating even a
slight modification in Rb/Sr ratio leads to the erroneous initial ®’Sr/®**Sr value.

Hence, the Sr isotope data does not yield robust initial 3’Sr/%®Sr for these rocks.
4.4.2. Volcanic rocks

Whole rock Sm-Nd isotope data for the East Singhbhum Volcanic Rocks (including
East Singhbhum Komatiite) and the West Singhbhum Volcanic Rocks (except Om
37, Om 42, Om 43) define regression lines corresponding to 3746+340 Ma (MSWD
= 169) and 2961+420 Ma (MSWD = 3.3), with initial eNd values of +2.7 and +0.2,
respectively (Fig. 9c & d). However, in the absence of other direct radio-isotopic
ages for these rocks, robust initial eNd values for individual samples cannot be
constrained; and initial eNd values obtained from regression lines with high MSWD
also cannot be considered robust. West Singhbhum Volcanic Rocks have lower
“Sm/™*Nd (present day) ratios (0.1275-0.1353), whereas East Singhbhum
Volcanic Rocks have significantly higher values (0.1437-0.2053) (Table 4; Fig. 9c
& d).

The present day ®Rb/**Sr and initial ®’Sr/**Sr ratios (calculated using Sm-Nd

regression line ages) for these rocks range from 0.0110 to 1.591 and 0.667480 to
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0.709015, respectively (Appendix A3). The spread of initial ¥ Sr/*Sr ratios over a
large range and most of them being below ca. 0.699 (solar system initial) confirm
some post-emplacement modification of the initial Rb/Sr ratios, which led to the
erroneous calculated values of initial Sr isotopic composition. Hence, these Sr

isotope data have not been used for petrogenetic interpretation.
4.5.  Zircon in-situ Hf isotopes

Hafnium isotopes in single zircon grains from eight granitoid samples were

measured using LA-MC-ICP-MS and data for individual grain analyses are

presented in Appena~A4. The samples with high initial eNd values (+5.2 — +1.6;

depleted mantle signature) along with two samples, Om 29 (eNd; = +0.5) and Om

15 (eNd; = +1.1) with near chondritic values, were selected for Hf isotope analysis.

Individual zircon grains from the same sample (with the same age) show an intra-
sample spread in their initial eHf values of 2 to 6 & units. Sample Om 5b shows the
lowest spread (eHfssss ma = 0 — +2.2), whereas sample Om 12 shows the largest
spread (gHf3470 ma = -2.5 — +3.8;-Appendix-A4). Despite this spread, in the measured
8Hf/'""Hf values of the reference zircons Temora-2 and Pleovice, their mean are
in the agreement with the accepted values. Therefore; the mean of the initial eHf
values of individual zircon grains of the same sample has-also-been, considered to
be the representative of the initial eHf of the specific sample-The-mean-cHf values
for-all- the-samples-have beenreported-in-Table 5, The errors reported on the mean

eHf; are the 2 x standard error (20,,) on the mean.

The initial eHf values for most of the analyzed samples are near-chondritic ranging
from -0.5+0.8 (20:-n = 9) to +2.1+0.6 (20,+—n = 14). The samples with high initial
eNd values, such as Om 12 (eNd3470 ma = +5.2), Om 11a (eNd3374 ma = +4.8), Om 5b
(eNd3335 Ma = +3.2), and Om 22 (eNds37 wa = +2.6), yielded initial eHf values of
+0.1£1.1 (20 n = 11), +1.5+1.0 (20, n = 6), +1.4+0.4 (20,0 = 10), and +0.74£0.9
(2om—n = 11) respectively (Fable—5; Fig. 10b). In an eHf; vs. age (Hf-mantle
depletion) diagram, the scatter of the data from the individual analyses have been
marked with the yellow shaded region, which spreads from the sub-chondritic to the
conver@al mantle depletion line. However, the mean eHf; of each sample clusters

well below the mantle depletion line (Fig. 10b).

5. Discussion
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5.1.  Major-trace element constraints on the petrogenesis

The high SiO, content (as high as 75.86 wt.%) of the granitoids from the
Singhbhum craton shows that they are highly evolved. The -correlation of
decreasing Na,O, Al,O;, CaO, MgO, MnO, and Fe,O3(T), TiO,, Sr; and increasing
K;O with increasing SiO, content (Fig. 3); hint towards the derivation of these
granitoids by differentiation of chemically and mineralogically similar source(s)
followed by similar differentiationprocesses (i.e. partial melting and/or fractional
crystallization). The-chondrite; and primitive mantle (Sun and McDounough, 1989)
normalized REE; and multi-element patterns (Fig. 5) of the West Singhbhum
Volcanic Rocks (basaltic-andesite to andesite) differ from the East Singhbhum
Volcanic Rocks (basalt to basaltic-andesite) and East Singhbhum Komatiite. The
East Singhbhum Volcanic Rocks along with the East Singhbhum Komatiite have
almost flat RE@tterns without any significant Eu anomaly, a negative K anomaly
and Pb below @ction limit (<5 ppm); whereas, the West Singhbhum Volcanic
Rocks have slightly fractionated REE patterns with negative Eu anomalies, and

positive K and Pb anomalies (Fig. 5). The difference indicates that the West

Singhbhum Volcanic Rocks, and the East Singhbhum Volcanic Rocks (including

East Singhbhum Komatiite) are derived fronrwvo different sources. The granitoids
have multi-element patterns similar to the West Singhbhum Volcanic Rocks (Figs.
4e-h, 5b). This is consistent with the granitoids @19 derived by partial melting of
lower crust with a composition similar to the West Singhbhum Volcanic Rocks (i.e.
basaltic-andesite to andesite), but the ultimate source (i.e. upper mantle) itself was
enriched in K and . The compositional gap between the West Singhbhum
Volcanic Rocks and the granitoids in bivariate plots (Fig. 3) also indicates that the
granitoids are the product of partial melting rathe@n fractional crystallization of
mafic melt. In the Sr vs. SiO,, Nb vs. Ta, La/Yb vs. Yb, and Sr/Y vs. Y diagrams
(Fig. 3), the Singhbhum granitoids range from ‘high pressure’ (at least 15 kbar; low-
HREE, i.e. high La/Yb) to the low pressure (ca. 10-12 kbar; high-HREE, i.e. low
La/Yb) field; however most of them fall in medium to low pressure category (see
Hoffmann et al., 2011; Moyen, 2011; Moyen and Martin, 2012). Hence, it is
interpreted that the Singhbhum granitoids are derived by the melting of a mafic
crust at variable depths corresponding to the pressure range of ca. 10-15 kbar. The
variable degree of negative to positive Eu anomalies observed in these granitoids
can be the result of plagioclase fractionation or accumulation during fractional

crystallization of the melt.
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The similar element patterns observed in the granitoid ‘;:Id the West Singhbhum

Volcanic Rocks indicates that they may be derived ultin from the same source,
but at different times. The two rock suites were not produced by the same melting
event, because the granitoids (ca. 3.5-3.2 Ga) are older than the West Singhbhum
Volcanic Rocks (ca. 2.96 Ga, Fig. 9d) and are derived by partial melting of lower
crust. The high Cr (330-1380 ppm) and Ni (130-460 ppm) contents of the West
Singhbhum Volcanic Rocks attest to their derivation from primitive mantle derived
melts. Therefore, their positive K and Pb anomalies, which are also observed in the
granitoids, are a mantature. Thus, it is possible that the source rocks of the
older granitoids origina from a mantle reservoir that is chemically similar to the

source of the younger volcanic rocks in this region.

The similarity of the high Ni and Cr contents of the_ East Singhbhum Volcanic Rocks
(Ni = 240-800 ppm, Cr = 760-2520 ppm) and Qst Singhbhum Komatiite (Ni =
1680-2070 ppm, Cr = 1240-1680 ppm) and almost flat REE patterns (Fig. 5a)

indicate their derivation by high degree melting of mantle peridotite.

5.2.  Constraints from common Pb isotope data

Common Pb contained in mineral phases that strongly exclude U (e.g. K-feldspar,
galenal_records the Pb isotopic composition of the source at the time of last
crysta

radiogenic Pb. In 2®°Pb/*Pb vs. 2®Pb/**Pb and 2*°Pb/*Pb vs. 2*’Pb/***Pb

diagrams, Pb isotopic composition of the stzdied samples cluster cIosaround

ion because there is no to negligible post-crystallization ingrowth of

the model Pb-evolution curve of Stacey anarramers (1975) at ~3.3 G&<Ahd ~3.1

Ga (Fig. 6). This narrow range of initial Pb-isotope rat

®)

the Singhbhum craton implies that the source oOr the granitoids was quite

for rocks covering most of

homogenous and mantle-derived, and later metamorphic processes had no
discernible effect on the Pb-isotopes in feldspar. This attests to the absence of later
overprint that is common and extensive in other crustal terranes of the same age
like the contemporaneous Dharwar craton or the well-studied Barberton region,
which show extensive reworking during medium to high grade metamorphism and
magmatism in the late Archean and even the Proterozoic. The Pb isotope
compositions in K-feldspars from the West Greenland also show a much wider

range, indicating disturbance long after the formation of primary rock suite (Fig. 6).
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Thus, the Pb isotopes provide strong support for the pristine character of granitoids
of the Singhbhum craton, where the last over ing occurred before ca. 3.1 Ga;
ma these rock suites suitable for isotopic studies that try to define the initial

conammons of crust formation. The Pb isotopes from these samples—show no

evidence for the presence of much older crustal material with a 1w (i.e.
238/?Pp). The high Pb concentrations in crustal material, and higher growth rate
of 2’Pb/***Pb expected in older evolved crust would have resulted in Pb isotope
composition above the mantle growth curve in Fig. 6b. The close agreement of the
Pb isotopes from K-feldspars with the model mantle curve and the general absence
of older zircons attests to the juvenile character ese evolved rock suites and
the insignificance of Hadean or Eoarchean crustal material in these rocks or their

source.
5.3.  Nd-Hf isotopic constraints on crustal evolution of the Singhbhum craton

Most of the Paleoarchean granitoids of the Singhbhum craton have eNd; values
{whele-rock) ranging from -0.2 to +2.2 (26-==~1¢) indicating a chondritic to slightly
depleted source for these rocks (Fig. 10a). Taking the uncertainty on eNd; values
(20 = ~1¢) into account, these samples have a very restricted spread of eNd; with
values that are @r-chondritic.

The mean in-situ eHf; values for the zircon grains from the granitoids (3470-3263
Ma) range from -0.5+0.8 (20,,) to +2.1+£0.6 (20,,) and are thus characteristic of a
chondritic to slightly depleted source (Table 5, Fig. 10b). The mean eHf; values of
the studied granitoids overlap within uncertainties indicating a homogeneous
source. Dey et al. (2017) reported Hf isotope data for the 3.47, 3.35, and 3.30 Ga
granitoids (from the central part of the Singhbhum craton) having €Hf; values (in-situ
zircon) of +2.1+2.8 — +4.8+2.8 (20), +1.843.0 — +4.043.6 (20), and +0.8+2.8 —
+3.7+2.8 (20) respectively, which are in agreeme@/\/ithin uncertainty) with the Hf
data of this study.

Some samples with higher eNd; values (e.g. Om 12, eNds470 ma = +5.2) suggest a
strongly depleted mantle source; however, the low eHf; values of the same samples
(e.g. Om 12, eHfz470 wa = +0.1£1.1) indicate a near-chondritic source (see section
4.5; Table 5). Since there is no existing model which could account for the

decoupling of Sm-Nd and Lu-Hf sy s during magma evolution, the disparity
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between high eNd; (whole rock) and near-chondritic eHf; values (in-situ zircon) for
the samples Om 12, Om 11a, and Om 5b (Table 5) requires a post-magmatic

decoupling of the Sm-Nd signature of the_ whole rock from the Lu-Hf signature in

zircon grains, for example during metamsrehic events (McCulloch and Black, 1984;
Windrim et al., 1984; Black and McCulloch, 1987; Whitehouse, 1988; Bridgwater et
al., 1989; Li et al., 1990; Tourpin et al., 1991; Gruau et al., 1992; Frost and Frost,
1995; Lahaye et al., 1995; Poitrasson et al., 1995; Gruau et al., 1996; Moorbath et
al., 1997). Evidence for alteration is observed in the zircons of the samples Om 12,
Om 11a, and Om 5b, as many of the zircons yielded very low 2®Pb/?*Pb (<50)
which were then not included for age calculations. Even the zis from these

samples that yielded the concordant U-Pb ages have altered rims

g. 7). Since_ Hf
isotopes (and U-Pb dates) reported—here; were measured from the most @ct
domains of the zircon grains, their composition (near chondritic) should be the
source signature. In contrast, the whole rock Nd isotop! or the samples with

largely altered zircons appear disturbed.

All zircons from the major units of the Singhbhum craton are younger than 3.5 Ga
and older than 3.2 Ga, which means that major crust formation happened at that
time from a near chondritic source. However, the rare Hadean-Eoarchean inherited
and detrital zircons (4.24-3.61 Ga) reported from the Singhbhum craton (e.g.
Upadhyay et al., 2014; Chaudhuri et al., 2018; Miller et al., 2018) suggest the
formation of some crust i, that time period. Chaudhuri et al. (2018) reported eHf;
values (SHRIMP in-situ—zircon) of -2.5+1.6 to -5.2+1.3 for 4.24-4.03 Ga of
xenocrystic zircons from OMTG. A single zircon (4.01 Ga) from the modern
sediment of the Baitarani River within the Singhbhum craton yielded a eHf; value
(LA-MC-ICPMS in-situ-zircon) of -5.3+4.1 (Miller et al., 2018). These negative (i.e.
sub-chondritic) initial eHf values for the Hadean zircons indicate that they were
formed from an enriched source (e.g—TTG-magma). However, near-chondritic to
slightly depleted Nd and Hf isotopic signatures for the Paleoarchean granitoids of
the Singhbhum craton suggest that very limited volumes of crust formed and/or was
recycled back into the mantle before emplacement of the Singhbhum granitoids. In

addition, the homogeneous composition of the Pb isotopes (Table 3, Fig. 6) and the

narrow range in initial Hf isotopes argue against the recyc of large amounts of

crust into the source of the major rock units of the Singhbhum craton and are more

consistent with a primitive near-chondritic source.
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5.4. Implications for the crustal evolution on the early Earth

Many Sm-Nd and Lu-Hf isotopic studies_have been conducted on Hadean-Archean
terranes (e.g. West Greenland, Canagan Shield, Kaapvaal qr and Yilgarn
graton) to reconstruct the evolution of the continental crust on the early Earth (Figs.
10c, d). Bennet et al. (1993) reported initial eNd values ranging from +4.5 to -4.5 for
3.87-3.76 Ga metadiorites and tonalities from southern West Greenland suggesting
extreme Nd-isotope heterogeneity in the early Archean. Similar data were reported
for the Acasta gneisses (zircon U-Pb age 4.0-3.6 Ga) with initial eNd values of -4.8
to +3.6 viewed as supporting a—heterogeneous and depleted reservoir_ in the
Hadean-Eoarchean period (Fig. 10c) (Bowring and Housh, 1995). However, these
were contested by Moorbath et al. (1997) and Whitehouse (2001) who argued that
the initial eNd values calculated based on zircon U-Pb ages in these studies may
be of little or no significance for early crust-mantle geochemical evolution as those
rock suites have undergone later tectonometamorphic events which led to effective
resetting of the Sm-Nd system. Recent Hf isotope studies on zircons of the
Eoarchean rocks from West Greenland demonstrate a near chondritic source (gHf;
= -1.3 to +1.0; Fig.10d) of these rocks (e.g. Kemp et al., 2009; Fisher and Vervoort,
2018). Hadean-Paleoarchean zircons from the Canadian Shield (Acasta gneisses)
show sub-chondritic to chondritic initial Hf isotopic compositions (eHfi = -9.6 to
+0.7), except for two 4.02 Ga zircons with eHf; of +2.7 and +3.4 (Fig. 10d) (e.g.
lizuka et al., 2009; Reimink et al., 2016; Bauer et al., 2017). The sub-chondritic
initial Hf isotopic composition of the zircons from the Acasta gneisses essentially
o
of the data do not support the extremely depleted Nd signature as suggested by
Bennet et al. (1993) and Bowring and Housh (1995) (Figs. 10c, d).

indicate t rmation of some felsic crust in the Hadean-Eoarchean, but g majority

Schoene et al. (2009) reported sub-chondritic to slightly depleted whole rock initial
eNd values (-4.6 to +1.6) for ca. 3.7-3.1 Ga granitoids of the Kaapvaal craton,
except a few outliers ranging from +2.8 to +6.4 (Fig. 10c). These outliers were
viewed as the result of local alteration and disturbance of Sm-Nd system (Schoene
et al., 2009). Zircon Hf isotope data from these rocks indicate an enriched to slightly
depleted source (eHf, = -6.8 to +2.2; Fig. 10d) (e.g. Zeh et al., 2011; Hoffmann et
al., 2016). Wijthin uncertainties the majority of initial eHf data are (near) chondritic.
Nutman et al. (1993) reported whole rock Nd isotope data for ~3.7-3.1 Ga gneisses

and granites of Yilgarn craton (Western Australia) ranging from -3.9 to +2.4 (Fig.
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10c). Most of the Hadean-Paleoarchean detrital zircon grains from the Jack Hills
and Mt. Narryer (Yilgarn craton, Western Australia) yield sub-chondritic (negative)
initial eHf values, except very f@rvith positive values (Fig. 10d) (e.g. Kemp et al.,
2010; Nebel-Jacobsen, 2010).

Combining the initial Hf isotope compositions of most of the Eoarchean-
Paleoarchean zircons from major Eoarchean-Paleoarchean cratons (e.g. West

Greenland, Acasta gneisses, Yilgarn cr@ Kaapvaal cratoE-nd Singhbhum

craton) indicate their derivation from near-chondritic to slightlygepleted reservoir
(Figs. 10c & d). They also confirm that extreme Nd depletion signatures found in
some studies are the results of disturbance in Sm/Nd ratios of the rocks after their
formation. Hence, extrapolation of the initial eNd to the zircon crystallization ages
yield strongly positive but inaccurate values. The subchondritic initial Hf isotopic
compositions of detrital zircons (Hadean to early Archean) from the Yilgarn craton
(Jack Hills and Mt. Narri@and zircons from Acasta gneisses essentially confirm

the presence of felsic cr the Hadean but they do not show strong evidence of

mantle depletion during that period. The literature reports of cr;jolder than ca.
3.5 Ga pertain to limited rock volumes, most of which were eitfrer—assimilated or

otherwise recycled.

If the mantle source for that generated the continental crust was still near chondritic
at ca. 3.5 Ga as suggested by th@f and Nd data from the Singhbhum craton and

other Eoarchean-Paleoarchean terranes, th ajor depletion of the mantle and

concomitant crust formation started at ca. 3.5~3a. Using this point in time for the
beginning of major crust formation and the present-day isotope composition of the
depleted mantle, i.e. the chemical complement to the enriched continental crust, Nd
and Hf depletion trends for the mantle can be derived in analogy to previous
models (e.g. DePaolo, 1981; Goldstein et al., 1984; Nagler and Kramers, 1998)
(Fig. 10a, b):

eNd;=-2.78 x (tga) + 10, and
eHf = -4.56 X (tga) + 16.4.

These curves will not change the model ages for the young rocks significantly, but,

they will make a major difference for the old rocks (i.e. Archean). If these equations
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describe the average depletiov@the mantle, they cannot be used to obtain model

ages with geological significance for Paelo- and Eoarchean rocks.
6. Conclusions

The East Singhbhum Volcanic Rocks are basalt to basaltic andesite, whereas the
West Singhbhum Volcanic Rocks are more evolved and range from basaltic
andesitic to andesitic composition. The East Singhbhum Volcanic Rocks and East
Singhbhum Komatiites have flat REE patterns, no significant Eu anomaly, and a
negative K anomaly; whereas the West Singhbhum Volcanic Rocks have slightly

fractionated REE pattern with negative Eu an ly, and positive K and Pb

anomalies. This indicates their derivation from two inct sources. The high Ni and
Cr contents of the East Singhbhum Volcanic Rocks (Ni = 240-800 ppm, Cr = 760-
2520 ppm) and East Singhbhum Komatiite (Ni = 1680-2070 ppmj ﬁr = 1240-1680

ppm) and almost flat REE patterns indicate their derivation by h

degree melting

of mantle peridotite. The West Singhbhum Volcanic Rocks with mantle like_Cr (330-

1380 ppm) and Ni (130-460 ppm) contents attest to their derivation fromQ'nitive

mantle derived melts. Therefore, their pesitive K and Pb anomalies, which are also
observed in the granitoids, are a mantle rature. This indicates that the source of
the older granitoids share chemical similarities with the sou@ of the younger

volcanic rocks in the craton.

The Paleoarchean granitoids of the Singhbhum craton formed between ca. 3.5 and
3.2 Ga by partial melting of a basaltic-andesitic crust at variable depths
corresponding to ca. 10-15 kbar. The Pb, Hf and N tope compositions of these
rocks indicate an origin from a near-chon@ reservoir, meaning that the mantle
source of the Singhbhum granitoids was not significantly depleted and possibly only
a small volume of enriched continental crust had been extracted from the mantle by

®

this time. The Pb isotopes from leached K-feldspars are manscike and indicate

that only insignificant amounts of older crust contributed to the igneous rocks of the
craton either in the source or through assimilation. Besides rare@r zircon grains,
the rocks do not show evidence for the presence of older enriched crustal material.
The formation of the Singhbhum craton at ca. 3.5-3.2 Ga coincides with the
appearance of the first extensive continental crust wor@de as observed in other
cratons (e.g. Kaapvaal, Yilgarn, Dharwar, and Bastar). This may indicate the onset

of significant growth of continental crust and concomitant mantle depletion.
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Figure Captions:

Fig. 1. Geological map of the Singhbhum craton (modified after Saha-{1994)-and-Upadhyay et
al. {2014)) showing sample locations marked with solid circles. The inset map shows the
different Indian cratons and other major geological units (Orogenic belts: 1. Mahakosal, 2.
Satpura, 3. North Singhbhum, 4. Sakoli, 5. Dongargarh, 6. Eastern Ghats, 7. Pandyan;
abbreviations: CGC = Chhotanagpur Gneiss Complex, SC = Singhbhum Craton, BC = Bastar
Craton, EDC = Eastern Dharwar Craton, EDC = Western Dharwar Craton). Sample details are
given in Table 1.

Fi@ Classification diagram, for the granitoids and volcanic rocks of the Singhbhum craton
used in this study. (a) Granitoids classification pased on their normative albite-anorthite-
orthoclase composition (after Barker, 1979). Normative feldspar contents were calculated from
whole rock major element analyses presented in Table 2. (b) Total Alkali Silica (TAS; SiO, wt.%
on x-axis and Na,O+K,0 wt.% on y-axis) rock type diagram for volcanic rocks (after Le Maitre et
al. (1989)) based on whole rock major element composition presented in Table 2. For plotting,
all the concentrations have been normalized to 100% after excluding loss on ignition (LOI).

Fig. 3. Major-trace element variation diagrams based on whole rock major element composition
presented-in, Table 2, All oxides are in wt.%; whereas; Sr, Nb, Ta, Yb, and Y are in parts per
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million (ppm). For plotting, all oxide concenf=%9ns have been normalized to 100% after
excluding loss on ignition (LOI). The marked E medium, and low pressure fields are after
Moyen (2011).

Fig. 4. Chondrite;normalized REE and primitive mantle normalized multi-element plots (Sun and
McDonough, 1989) for-the granitoids of the Singhbhum craton.

Fig. 5. Chondrite;normalized REE and primitive mantle normalized multi-element plots (Sun and
McDonough, 1989) for-the, volcanic rocks of the Singhbhum craton.

Fig. 6. CommonPb isotope diagrams showing initial isotope compositions measured on
leached K-feldspars separated from the granitoids of the Singhbhum craton (data-presented-in
Table 3). Common Pb isotope data compilation for the Barberton greenstone belt and West
Greenland are from Ulrych et al. (1967), Sinha and Tilton (1973), Kamber and Mp=yath (1998),
and Kamber et al. (2003). The curves correspond to the Pb-evolution curves QStacey and
Kramers (1975) and, Kramers and Tolstikhin (1997). For details, see the text.

Fig. 7. Representative cathodoluminescence (CL) images of the zircon grains from the selected
granitoids. The numbers maeron these images refer to their respective grain number.
Dashed and solid circles (not Q cale) show laser ablation spots for U-Pb and Hf isotope
analyses, respectively. Analyses number (laser spots) for U-Pb and Hf isotope are named after
the grain number (Appendix A2 and A4).

selected granitoids (data in Appendix A2). Ellipses corresponding tqy¥D% concordance (except
inherited zircons) are color coded with light green.

Fig. 8. Concordia diagrams showing the results of U-Pb analyses zircon grains from the

Fig. 9. Whole rock Sm-Nd evolution diagrams for (a) older granitoids (except Om 12), (b)
younger granitoids except (Om 11a), (c) East Singhbhum Volcanic Rocks (including komatiites),
and (d) West Singhbhum Volcanic Rocks (except Om 37, Om 42, Om 43) of the Singhbhum
craton. Ages given by the regression lines are not intended for strict geochronological purpose
rather for petrogenetic context. (a), (b) Ages given by the Sm-Nd regression lines for the
granitoids are in broad agreement (within uncertainties) with the zircon U-Pb ages. Whole rock
Sm-Nd isotope data are presented in Table 4.

Fig. 10. —(a) Whole rock eNd; vs.
age plot for the granitoids of the Singhbhum craton from-this-study (data-inpresented-in Table
4). (b) Zircon {in-sitw) eHf; vs. age plot for the selected granitoids from the Singhbhum craton
(this study; Hf-isotope data fo ) )
Appendix A4 and Table 5, r-espeetwely) The area shaded in yeIIow represents the scatter of
individual analysis. (c) Whole rock eNd; vs. age plot and, (d) Zircon €Hf; vs. age plot for some of
the well-studied Hadean-early Archean rocks and zircons from the West Greenland, Acasta
Gneisses, Kaapvaal craton (Southern Africa), and Yilgarn craton (West Australia) (data
compilation-from-Bennett et al. (1993), Nutman et al. (1993), Bowring and Housh (1995), lizuka
et al. (2009), Kemp et al. (2009, 2010), Schoene et al. (2009), Nebel-Jacobsen et al. (2010),
Zeh et al. (2011), Hoffmann et al. (2016), Reimink et al. (2016), Bauer et al. (2017) and, Fisher
and Vervoort (2018)). Legends given in (a) are valid for (a) & (b) both. Abbreviations: DM =
depleted mantle, CHUR = ghondritic yniform geservoir; DM-1, DM-2, and DM-3 correspond to
depleted mantle evolution model of Goldstein et al. (1984), Nagler and Kramers (1998), and
DePaolo (1981) respectively. DM-Nd and DM-Hf refer to the depleted mantle Nd and Hf
evolution trends proposed in this study.
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Table 1 Details of the samples and type of analyses performed on them.

Sample No. Litho-Unit Rock Type Latitude (N) Longitude (E) Analysis Type

Om 8 OMTG Trondhjemite 22° 23.452' 86° 04.871' Kfs Common Pb; WR M-T, Rb-Sr, Sm-Nd
Om 11a OMTG Trondhjemite 21° 39.627' 86° 06.128' WR M-T, Rb-Sr, Sm-Nd; Zircon U-Pb, Lu-Hf
Om 24/0OP 10a OMTG Trondhjemite 21° 57.988' 85° 36.313' Kfs Common Pb; WR M-T, Rb-Sr, Sm-Nd
Om 29 OMTG Trondhjemite 22° 04.603' 85° 42.636' Kfs Common Pb; WR M-T, Rb-Sr, Sm-Nd; Zircon U-Pb, Lu-Hf
Om 30b OMTG Trondhjemite 22° 06.667' 85° 41.607" Kfs Common Pb; WR M-T, Rb-Sr, Sm-Nd
Om 11b OMTG Granite 21° 39.627' 86° 06.128' WR M-T, Rb-Sr, Sm-Nd; Zircon U-Pb, Lu-Hf
Om 30a OMTG Granite 22° 06.667' 85° 41.607" Kfs Common Pb; WR M-T, Rb-Sr, Sm-Nd
OP 9b OMTG Granite 22° 00.015’ 85° 37.437" Kfs Common Pb

OP 10b OMTG Granite 21° 57.988' 85° 36.313' Kfs Common Pb

OP 3a SG- Granite 22° 26.461' 86° 03.390' Kfs Common Pb

OP 3b SG- Tonalite 22° 26.461' 86° 03.390' Kfs Common Pb; WR M-T, Rb-Sr, Sm-Nd
Om 32 SG- Tonalite 22°24.210' 86° 01.123' WR M-T, Rb-Sr, Sm-Nd

Om 2a SG-lI Gabbroic-Diorite 22° 09.116' 86° 23.395' WR M-T, Rb-Sr, Sm-Nd

Om 2b SG-lI Trondhjemite 22°09.116' 86° 23.395' WR M-T, Rb-Sr, Sm-Nd

Om 5b SG-II Trondhjemite 22° 08.776' 86° 14.348' WR M-T, Rb-Sr, Sm-Nd; Zircon U-Pb, Lu-Hf
Om 9c SG-lI Trondhjemite 22° 14191 86° 09.613' Kfs Common Pb

Om 9a SG-II Granite 22° 14191 86° 09.613' WR M-T, Rb-Sr, Sm-Nd

Om 9b SG-II Granite 22° 14191 86° 09.613' WR M-T, Rb-Sr, Sm-Nd

Om 21 SG-II Granite 21° 37.489' 85° 38.265' WR M-T, Rb-Sr, Sm-Nd

Om 22 SG-l Granite 21° 41.375' 85° 35.038' WR M-T, Rb-Sr, Sm-Nd; Zircon U-Pb, Lu-Hf
OP 11 SG-II Granite 21° 41.290' 85° 40.685' Kfs Common Pb

OP 12 SG-l Granite 21° 46.657' 85° 47.249’ Kfs Common Pb

OP 13 SG-l Granite 21° 49.045' 85° 48.874' Kfs Common Pb

Om 10a SG-lll Trondhjemite 21° 43.762' 86° 03.288' WR M-T, Rb-Sr, Sm-Nd

Om 12 SG-lll Trondhjemite 21°33.178' 86° 08.979' WR M-T, Rb-Sr, Sm-Nd; Zircon U-Pb, Lu-Hf
Om 18 SG-lll Trondhjemite 21° 31.444' 85° 48.867" WR M-T, Rb-Sr, Sm-Nd; Zircon U-Pb, Lu-Hf




Table 1 (continued) Details of the samples and type of analyses performed on them.

Sample No. Litho-Unit Rock Type Latitude (N) Longitude (E) Analysis Type

Om 10c SG-llI Granite 21° 43.762' 86° 03.288' WR M-T, Rb-Sr, Sm-Nd
Om 15 SG-llI Granite 21°19.886' 86° 02.373' WR M-T, Rb-Sr, Sm-Nd; Zircon U-Pb, Lu-Hf
Om 16 SG-llI Granite 21° 26.436' 85° 52.343' WR M-T, Rb-Sr, Sm-Nd
Om 17 SG-llI Granite 21° 30.668' 85° 49.464' WR M-T, Rb-Sr, Sm-Nd
Om 31 SG-llI Granite 22°12.605' 85° 44.338' WR M-T, Rb-Sr, Sm-Nd
OP 14b SG-ll Granite 22°03.043' 86° 11.249’ Kfs Common Pb

Om 10b SG-ll Diorite 21° 43.762' 86° 03.288' WR M-T, Rb-Sr, Sm-Nd
Om 4a EIOG Basaltic Andesite 22° 08.776' 86° 14.066' WR M-T, Rb-Sr, Sm-Nd
OPP 10e EIOG Basaltic Andesite 22° 32.220' 86° 05.420’ WR M-T, Rb-Sr, Sm-Nd
Om 4b EIOG Basalt 22° 08.776' 86° 14.066' WR M-T, Rb-Sr, Sm-Nd
Om 6 EIOG Basalt 22° 28.274' 86° 04.655’ WR M-T, Rb-Sr, Sm-Nd
OPP 10a EIOG Komatiite 22° 32.220' 86° 05.420’ WR M-T, Rb-Sr, Sm-Nd
OPP 10b EIOG Komatiite 22° 32.220' 86° 05.420’ WR M-T, Rb-Sr, Sm-Nd
Om 34 WIOG Basaltic Andesite 21° 54.103' 85° 26.092' WR M-T, Rb-Sr, Sm-Nd
Om 35a WIOG Andesite 21° 54.375' 85° 26.077" WR M-T, Rb-Sr, Sm-Nd
Om 35b WIOG Andesite 21° 54.375' 85° 26.077' WR M-T, Rb-Sr, Sm-Nd
Om 37 JL Andesite 22°12.173' 85° 32.372' WR M-T, Rb-Sr, Sm-Nd
Om 39a ML Andesite 21° 28.449' 85° 27.931' WR M-T, Rb-Sr, Sm-Nd
Om 41b ML Andesite 21° 41.517" 85° 26.606' WR M-T, Rb-Sr, Sm-Nd
Om 42 ML Basaltic Andesite 21°41.612' 85° 26.749' WR M-T, Rb-Sr, Sm-Nd
Om 43 ML Basaltic Andesite 21°41.493' 85° 27.361" WR M-T, Rb-Sr, Sm-Nd
Abbreviations: OMTG = Older Metamorphic Tonalite Gneiss; SG-I, Il, lll = Singhbhum Granite Phase-I, Il lll; EIOG = Eastern Iron Ore Group; WIOG = Western Iron Ore Group; JL =

Jagannathpur Lava; ML = Malangtoli Lava; WR M-T = Whole rock major-trace element analyses; Kfs = K-feldspar.




Table 2 Major (wt.%) and trace (ppm) element composition of granitoids and volcanic rocks from the Singhbhum craton.

Analyte Om8 Omi1la Om24 Om29 Om30b Om11b Om30a Om32 Om2a Om2b Om5b Om9%c Om9a Om9Sb Om21 Om22 Om10a Om12 Om18 Om 10c
SiO2 69.21 74.34 72.74 71.03 69.58 72.78 74.38 64.02 52.81 67.24 72.52 69.06 73.82 72.27 72.72 72.29 68.31 72.30 72.50 72.05
Al203 15.98 14.00 14.59 15.00 15.11 13.87 13.25 15.85 11.69 16.01 14.23 16.04 14.11 15.22 14.01 14.32 16.24 14.11 14.43 15.31

Fe2O3m  3.00 1.72 1.69 2.47 3.32 1.00 0.68 4.64 11.45 4.32 2.54 3.65 1.22 1.88 2.10 2.52 3.21 2.12 1.62 0.59
MnO 0.044 0.026 0.021 0.036 0.042 0.017 0.007 0.058 0.190 0.079 0.043 0.057 0.016 0.041 0.030 0.028 0.045 0.037 0.025 0.011
MgO 0.78 0.29 0.32 0.80 0.87 0.12 0.07 1.67 8.16 1.19 0.55 0.74 0.07 0.31 0.25 0.46 1.02 0.41 0.35 0.06
CaO 2.56 1.44 1.75 2.76 2.92 0.53 0.55 4.19 10.33 3.19 2.28 243 0.95 1.61 1.09 1.92 2.61 1.64 1.53 0.53
Na20 5.19 4.77 4.79 5.26 4.93 3.12 2.73 4.60 2.03 5.14 4.39 5.71 4.24 4.93 4.61 4.39 5.69 5.15 4.69 3.18
K20 1.99 2.69 1.95 1.74 2.41 6.68 6.46 1.43 1.39 1.39 2.86 1.52 4.96 3.38 4.10 2.95 1.69 1.99 2.76 8.19
TiO2 0.254 0.169 0.143 0.255 0.381 0.075 0.029 0.556 0.792 0.487 0.262 0.374 0.035 0.169 0.228 0.314 0.364 0.132 0.217 0.048
P20s 0.09 0.03 0.04 0.12 0.13 0.01 0.01 0.22 0.13 0.19 0.12 0.13 0.01 0.06 0.05 0.09 0.12 0.05 0.04 0.01

LOI 1.02 0.49 1.06 0.82 0.63 0.44 0.66 1.44 1.38 1.02 0.83 0.58 0.27 0.32 0.99 0.96 0.71 0.78 0.87 0.50
Total 100.1 99.97 99.10 100.3 100.3 98.63 98.83 98.67 100.4 100.3 100.6 100.3 99.70 100.2 100.2 100.2 100.0 98.73 99.03 100.5
Sc 2 2 1 3 4 1 <1 5 26 6 3 2 <1 2 2 3 3 2 2 <1
\Y 23 8 8 24 38 5 <5 77 180 34 27 27 6 11 11 15 28 10 10 6
Cr <20 <20 <20 <20 <20 <20 20 30 650 <20 <20 <20 <20 <20 <20 <20 30 <20 <20 <20
Co 5 2 2 5 7 2 2 11 56 8 4 6 <1 2 2 3 6 2 <1 2
Ni <20 <20 <20 <20 <20 <20 <20 20 340 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Cu <10 <10 <10 <10 <10 <10 <10 <10 160 10 10 <10 <10 <10 <10 10 <10 <10 <10 10
Zn 50 <30 <30 50 50 <30 <30 50 90 60 40 50 <30 <30 40 50 50 30 40 <30
Ga 19 15 17 20 20 16 11 19 15 21 18 21 17 19 18 18 20 20 19 21
Ge 1.0 0.7 0.7 0.8 0.9 1.1 1.1 0.9 1.8 1.1 0.9 0.8 0.9 0.8 0.9 0.8 0.8 0.8 0.8 1.2
Rb 53 64 59 59 63 206 129 46 104 105 91 112 127 112 125 87 88 95 89 184
Sr 420 294 534 494 561 114 278 793 236 356 375 464 300 379 283 346 406 259 341 228
Y 10.4 5.0 4.7 5.2 9.0 135 4.0 15.3 16.6 25.0 7.7 11.8 4.1 13.6 9.9 8.3 46 14.3 7.6 7.3
Zr 150 125 125 145 164 62 26 156 104 197 121 203 37 112 218 228 246 87 135 80
Nb 5.0 7.2 2.8 4.5 5.2 46 1.2 8.4 42 13.6 4.5 7.7 4.1 9.0 7.0 75 7.7 9.9 34 0.4
Cs 0.8 0.6 1.9 1.0 1.9 1.9 2.1 0.9 6.8 5.8 23 11.8 2.2 3.3 4.4 1.7 34 1.5 0.6 2.2
Ba 267 474 419 222 402 184 690 325 228 210 282 176 579 321 591 447 128 135 445 577
La 24.4 33.8 25.6 28.1 36.0 16.3 20.9 40.8 11.9 375 29.2 45.6 7.79 17.5 48.4 45.2 16.5 14.4 41.8 9.08
Ce 43.8 57.4 42.9 52.5 67.3 29.9 40.3 78.6 25.2 69.6 51.9 82.5 14.1 32.0 89.1 83.1 30.4 26.5 68.6 17.3
Pr 4.54 5.90 417 5.33 7.01 2.99 3.81 9.41 3.12 7.66 5.67 8.12 1.32 3.17 8.97 8.35 3.14 2.82 6.42 1.96
Nd 15.5 19.6 14.0 18.6 25.4 9.76 12.8 35.0 13.3 26.9 20.2 271 4.45 10.9 28.3 27.6 111 9.62 20.6 7.17
Sm 2.79 3.21 2.48 3.03 3.89 2.07 2.23 6.85 3.28 5.31 3.35 3.75 0.91 2.10 4.33 4.14 2.02 2.10 3.05 1.63
Eu 0.773 0.708 0.766 0.818 1.140 0.296 0.578 1.880 1.070 1.030 0.873 0.861 0.331 0.545 0.913 0.840 0.713 0.351 0.764 0.437
Gd 2.30 2.10 1.65 1.85 2.70 1.97 1.37 4.94 3.35 4.44 242 2.77 0.76 1.92 2.71 2.69 1.46 2.09 1.95 1.27
Tb 0.32 0.25 0.18 0.20 0.34 0.35 0.18 0.64 0.52 0.73 0.30 0.37 0.12 0.33 0.36 0.35 0.18 0.37 0.25 0.20
Dy 1.78 1.10 0.90 0.97 1.82 2.25 0.79 3.23 3.13 4.20 1.41 1.98 0.67 2.15 1.89 1.70 0.94 2.31 1.31 1.08
Ho 0.34 0.18 0.17 0.17 0.31 0.44 0.13 0.54 0.59 0.82 0.25 0.39 0.11 0.43 0.33 0.30 0.16 0.42 0.25 0.23
Er 1.0 0.46 0.51 0.41 0.78 1.39 0.34 1.39 1.72 2.36 0.64 1.07 0.29 1.25 0.87 0.82 0.43 1.25 0.72 0.70
Tm 0.143 0.065 0.075 0.050 0.101 0.201 0.057 0.188 0.244 0.351 0.093 0.156 0.042 0.177 0.114 0.110 0.063 0.172 0.111 0.116
Yb 0.87 0.40 0.53 0.31 0.59 1.32 0.39 1.14 1.52 242 0.63 1.00 0.30 1.06 0.68 0.72 0.42 1.14 0.75 0.83
Lu 0.118 0.069 0.085 0.050 0.089 0.204 0.059 0.165 0.240 0.378 0.087 0.137 0.051 0.163 0.108 0.103 0.064 0.190 0.117 0.142
Hf 2.9 3.1 2.8 3.1 3.1 1.7 0.9 35 22 3.9 2.6 4.1 1.2 24 4.1 4.7 46 23 3.1 2.2
Ta 0.37 0.21 0.22 0.23 0.51 0.53 0.32 0.64 0.28 2.39 0.45 0.90 0.57 1.50 0.70 0.55 0.61 1.46 3.07 0.62
Pb 21 17 15 11 11 39 31 10 11 19 16 9 16 23 21 17 14 19 12 28
Th 6.13 11.40 8.18 6.17 6.95 11.30 9.11 6.88 0.90 7.39 6.81 9.20 2.73 6.91 13.20 7.19 3.47 5.72 12.00 9.83
U 0.77 1.03 1.16 0.57 0.57 3.08 2.02 0.80 2.99 4.00 1.48 0.74 0.96 2.56 1.67 1.81 1.25 1.65 1.09 2.56

Nb/Ta 13.51 34.29 12.73 19.57 10.20 8.68 3.75 13.13 15.00 5.69 10.00 8.56 7.19 6.00 10.00 13.64 12.62 6.78 4.74 0.65
La/Yb 28.05 84.50 48.30 90.65 61.02 12.35 53.59 35.79 7.83 15.50 46.35 45.60 25.97 16.51 71.18 62.78 39.29 12.63 55.73 10.94

Sr/Y 40.38 58.80 113.62  95.00 62.33 8.44 69.50 51.83 14.22 14.24 48.70 39.32 73.17 27.87 28.59 41.69 88.26 18.11 44.87 31.23
Eu/Eu* 0.93 0.83 1.16 1.06 1.08 0.45 1.01 0.99 0.99 0.65 0.94 0.82 1.22 0.83 0.82 0.77 1.27 0.51 0.96 0.93




Table 2 (continued) Major (wt.%) and trace (ppm) element composition of granitoids and volcanic rocks from the Singhbhum craton.

Analyte Om15 Om16 Om17 Om31 Om10b Omd4a Om4b Om6 OPP10e OPP10a OPP10b Om34 Om35 Om35b Om37 Om39a Om4ib Om42 Om43
SiO2 73.23 75.88 74.96 72.56 55.97 50.45 46.38  50.40 53.44 41.74 43.36 54.93 54.99 55.72 54.17 58.60 57.36 53.74 51.75
Al203 13.98 13.09 13.42 14.28 13.51 6.53 5.95 7.95 8.32 1.09 2.15 11.26 12.38 13.18 11.98 13.01 11.54 11.55 10.00

Fe203(T) 1.89 1.26 1.36 1.73 8.60 12.97 12.98 12.54 12.65 9.91 12.69 10.28 10.99 10.03 10.09 9.40 8.75 8.47 8.57
MnO 0.024 0.011 0.025 0.028 0.098 0.209 0.185  0.204 0.212 0.193 0.189 0.158 0.165 0.171 0.153 0.132 0.135 0.141 0.159
MgO 0.27 0.10 0.09 0.22 6.95 14.60 20.13 12.22 9.34 34.95 27.37 7.83 7.29 6.79 8.20 6.15 7.95 10.78 12.91
CaO 1.52 0.80 0.74 0.78 7.01 9.44 8.89 12.66 14.43 1.69 6.51 9.81 8.44 6.79 7.21 7.39 6.72 7.50 8.67
Na0 4.10 2.94 4.31 3.75 3.28 1.70 0.13 1.23 0.43 0.03 0.11 2.14 1.58 3.99 2.57 1.85 1.98 2.75 1.58
K20 3.74 5.83 4.13 5.34 2.02 0.10 0.02 0.28 0.15 <0.01 0.01 1.06 0.83 0.90 0.58 0.93 1.80 0.97 1.00
TiO2 0.195 0.093 0.068 0.184 1.032 0.552 0.524  0.850 0.650 0.220 0.360 0.571 0.670 0.652 0.531 0.557 0.509 0.444 0.317
P20s 0.06 0.02 <0.01 0.04 0.29 0.06 0.06 0.15 0.05 <0.01 0.03 0.08 0.08 0.09 0.06 0.09 0.08 0.08 0.05

LOI 0.52 0.37 0.74 0.69 1.40 2.31 4.35 1.22 1.09 10.14 6.59 1.89 3.47 2.44 3.27 2.54 2.54 3.53 3.74
Total 99.52 100.4 99.85 99.59 100.2 98.90 99.59  99.71 100.8 99.95 99.37 100.0 100.9 100.8 98.82 100.7 99.37 99.95 98.74
Sc 2 <1 2 2 22 25 24 35 37 10 16 32 32 33 30 26 28 25 26
\ 6 <5 <5 1" 192 165 151 261 263 59 102 198 207 199 182 163 167 145 144
Cr <20 <20 <20 <20 310 2070 2520 760 960 1240 1680 540 380 330 590 370 670 960 1380
Co 2 <1 <1 2 41 106 103 113 102 105 122 81 72 73 82 78 70 86 75
Ni <20 <20 <20 <20 220 620 800 280 240 2070 1680 210 160 160 200 130 230 420 460
Cu <10 <10 <10 <10 30 110 130 170 100 20 130 80 80 110 80 70 70 70 50
Zn 30 <30 <30 <30 100 70 90 70 70 120 60 80 70 60 80 60 60 50 50
Ga 17 13 19 20 21 7 8 8 10 2 3 14 13 10 14 12 10 10 9
Ge 0.7 0.8 1.0 1.1 1.2 1.7 1.5 1.8 1.8 1.1 1.5 1.6 1.4 1.2 1.2 1.4 1.5 1.4 1.7
Rb 99 95 124 199 80 3 <1 1 2 <1 <1 42 23 24 18 27 55 24 24
Sr 259 188 52 113 274 62 16 86 133 23 78 171 80 72 150 158 156 98 43
Y 3.7 1.5 13.3 18.1 18.2 12.4 12.4 16.9 15.0 3.7 6.7 214 28.8 41.7 19.0 21.7 17.8 16.5 14.0
Zr 164 59 52 165 164 47 39 52 36 12 19 99 124 120 115 115 95 77 57
Nb 4.7 3.6 10.3 14.0 8.3 23 1.3 22 14 0.7 0.9 3.7 5.2 5.1 20 5.3 3.9 3.2 25
Cs 1.0 0.9 23 22 1.8 0.3 0.2 0.2 <01 0.1 0.1 0.3 0.2 0.2 0.1 0.2 0.6 0.2 0.2
Ba 387 430 102 662 203 31 22 35 14 4 4 254 187 143 174 196 576 298 190
La 33.9 17.2 15.8 56.4 241 6.95 4.35 4.20 2.74 1.71 4.19 16.0 22.8 24.0 13.8 18.2 13.0 13.3 8.70
Ce 58.2 30.9 31.0 105 55.3 14.5 10.1 10.0 5.27 3.50 7.45 33.6 43.1 45.4 28.2 36.9 271 26.8 16.7
Pr 5.47 3.20 3.49 9.90 7.12 1.75 1.43 1.37 0.96 0.41 0.79 3.84 5.10 5.32 3.28 4.26 3.17 2.96 1.92
Nd 17.8 10.9 12.6 31.2 29.9 7.71 6.91 6.64 4.60 2.20 3.90 15.6 19.4 20.2 13.1 16.4 12.6 1.3 7.79
Sm 2.65 1.43 2.84 4.75 6.92 2.00 1.88 2.30 1.60 0.75 1.25 3.45 4.06 4.53 3.04 3.69 2.90 243 1.77
Eu 0.624 0.693 0.236 0.604 1.710 0.630 0.607 0.842 0.663 0.231 0.467 0.981 0.734 1.100 0.775 0.928 0.643 0.735 0.540
Gd 1.61 0.86 2.59 3.52 6.38 2.25 2.30 2.90 2.38 0.88 1.48 3.78 4.67 5.31 3.10 3.56 2.96 273 1.94
Tb 0.17 0.08 0.39 0.52 0.82 0.37 0.37 0.50 0.42 0.14 0.23 0.60 0.79 0.96 0.51 0.60 0.49 0.44 0.34
Dy 0.80 0.35 2.36 3.12 3.99 2.23 2.19 3.02 2.79 0.84 1.34 3.64 4.90 6.58 3.27 3.77 3.10 2.82 2.28
Ho 0.12 0.05 0.44 0.60 0.66 0.44 0.43 0.63 0.55 0.15 0.25 0.76 1.01 1.45 0.67 0.77 0.64 0.59 0.49
Er 0.29 0.15 1.24 1.77 1.59 1.28 1.23 1.74 1.50 0.42 0.68 2.15 3.01 4.35 1.97 222 1.87 1.74 1.51
Tm 0.036 0.024 0.181 0.270 0.198 0.187 0.178  0.247 0.227 0.066 0.098 0.333 0.437 0.598 0.285 0.336 0.281 0.274 0.240
Yb 0.23 0.15 1.12 1.74 1.10 1.25 1.17 1.55 1.47 0.43 0.60 2.22 278 3.36 1.93 2.20 1.89 1.83 1.54
Lu 0.039 0.022 0.171 0.274 0.170 0.179 0.172  0.242 0.202 0.066 0.092 0.338 0.448 0.508 0.280 0.336 0.287 0.277 0.250
Hf 3.3 1.6 1.8 4.1 3.7 1.1 1.0 1.3 0.9 0.3 0.5 22 2.6 2.6 2.8 26 22 1.7 14
Ta 0.21 0.11 0.81 1.70 0.69 0.44 0.26 0.87 0.74 0.15 0.22 0.87 0.81 0.77 0.72 1.00 0.74 0.76 0.55
Pb 17 15 20 32 8 <5 <5 <5 <5 <5 <5 7 8 7 6 8 6 <5 <5
Th 10.70 9.33 11.40 26.50 3.84 0.96 0.61 0.32 0.18 0.19 0.15 2.98 3.78 5.39 2.99 3.78 2.7 1.91 1.54
U 1.10 0.72 3.34 3.24 1.42 0.23 0.17 0.09 0.07 0.04 0.05 0.93 1.10 1.35 1.04 1.28 0.91 0.45 0.44
Nb/Ta 22.38 32.73 12.72 8.24 12.03 5.23 5.00 2.53 1.89 4.67 4.09 4.25 6.42 6.62 2.78 5.30 5.27 4.21 4.55
La/Yb 147.39 11467 14.11 32.41 21.91 5.56 3.72 2.71 1.86 3.98 6.98 7.21 8.20 7.14 7.15 8.27 6.88 7.27 5.65
Sr/Y 70.00 125.33 3.91 6.24 15.05 5.00 1.29 5.09 8.87 6.22 11.64 7.99 2.78 1.73 7.89 7.28 8.76 5.94 3.07

Eu/Eu* 0.93 1.91 0.27 0.45 0.79 0.91 0.89 1.00 1.04 0.87 1.05 0.83 0.52 0.69 0.77 0.78 0.67 0.87 0.89

LOI = loss on ignition; Eu/Eu* = (Eun{(Sm)nx(Gd)n}""?; (Eu)n, (Sm)n, and (Gd), are normalized to chondrite (Sun and McDonough, 1989).




Table 3 Common Pb isotope data from leached K-feldspars of granitoids of the Singhbhum craton.

Sample No. 206pPh/204Ph 1se 207Ph/204Pp 1se 208ph/204Ph 1se
Om 8 12.3192 0.0018 13.9899 0.0020 32.051 0.005
Om 30b 12.2869 0.0008 14.0066 0.0012 32.146 0.004
Om 29 12.2705 0.0029 13.9837 0.0033 32.200 0.008
Om 24/0OP 10a 12.7887 0.0009 14.2047 0.0011 32.884 0.003
Om 30a 12.3872 0.0008 14.0555 0.0014 32.210 0.004
OP 9b 12.5983 0.0009 14.1776 0.0013 32.285 0.004
OP 10b 12.7974 0.0045 14.2142 0.0050 32.505 0.010
OP 3a 12.3594 0.0009 14.0432 0.0013 32.165 0.004
OP 3b 12.3361 0.0008 14.0254 0.0013 32172 0.004
Om 9c 12.3586 0.0007 13.9879 0.0008 32.153 0.002
OP 11 12.6599 0.0009 14.1587 0.0012 32.672 0.003
OP 12 12.5290 0.0006 14.1126 0.0008 32.453 0.003
OP 13 12.6519 0.0007 14.1503 0.0010 32.449 0.003
OP 14b 12.5557 0.0006 14.1398 0.0008 32.372 0.002

Pb isotope ratios are corrected for isobaric interference and mass bias. se = standard error




Table 4 Sm-Nd isotope data for granitoids and volcanic rocks of the Singhbhum craton.

Sample No. Age Sm Nd 47Sm/144Nd  3Nd/™4Nd 2se (143Nd/™4Nd)i  eNdi
(Ma)  (ppm)  (ppm)

Om 38 3440 2.890 16.79 0.1040 0.510557 0.000003 0.508190 +0.5
Om 11a 3374 4.289 29.92 0.0866 0.510425 0.000004 0.508492 +4.8
Om 24/0OP 10a 3440 2.446 14.98 0.0986 0.510519 0.000003 0.508273 +2.2
Om 29 3363 2.901 19.14 0.0916 0.510328 0.000004 0.508292 +0.5
Om 30b 3440 4.844  29.45 0.0994 0.510492 0.000004 0.508231 +1.3
Om 11b 3304 2432 11.79 0.1246 0.511156 0.000004 0.508433 +1.8
Om 30a 3320 2.209 13.33 0.1002 0.510507 0.000004 0.508308 -0.2
Om 32 3320 6.926  36.73 0.1139 0.510842 0.000003 0.508340 +0.4
Om 2a 3440 3.722 15.43 0.1458 0.511494 0.000003 0.508175 +0.3
Om 2b 3320 6.829  37.03 0.1115 0.510749 0.000002 0.508303 -0.3
Om 5b 3335 3.876 25.37 0.0923 0.510501 0.000002 0.508465 +3.2
Om 9c 3350 4.503  32.66 0.0833 0.510115 0.000003 0.508269 -0.2
Om 9a 3350 0.7141 3.794 0.1137 0.510792 0.000005 0.508272 -0.2
Om 9b 3320 2.598 14.43 0.1087 0.510749 0.000008 0.508362 +0.8
Om 21 3320 4.027 27.84 0.0874 0.510285 0.000006 0.508367 +0.9
Om 22 3327 6.266 50.55 0.0749 0.510093 0.000007 0.508446 +2.6
Om 10a 3440 2.385 15.11 0.0953 0.510387 0.000003 0.508217 +1.1
Om 12 3470 3.030 15.63 0.1172 0.511079 0.000004 0.508390 +5.2
Om 18 3263 3.562 26.80 0.0803 0.510209 0.000006 0.508477 +1.6
Om 10c 3440 1.502 7.251 0.1251 0.511085 0.000004 0.508238 +1.5
Om 15 3352 3.234 22.90 0.0853 0.510227 0.000005 0.508336 +1.1
Om 16 3440 1.258 9.119 0.0834 0.510086 0.000004 0.508190 +0.5
Om 17 3440 3.422 15.16 0.1364 0.511270 0.000005 0.508165 +0.1
Om 31 3440 42.77 275.3 0.0939 0.510334 0.000002 0.508199 +0.7
Om 10b 3440 7.084 30.91 0.1385 0.511336 0.000003 0.508184 +0.4
Om 4a 3746  2.019 7.972 0.1531 0.511691 0.000002 0.507894 +2.6
Om 4b 3746  1.864 7.840 0.1437 0.511465 0.000063 0.507900 +2.8
Om 6 3746  2.351 7.346 0.1935 0.512680 0.000002 0.507881 +2.4
OPP 10e 3746 1.623  4.780 0.2053 0.513039 0.000003 0.507947 +3.7
OPP 10a 3746 0.6987 2.137 0.1976 0.512732 0.000005 0.507830 +1.4
OPP 10b 3746 1.242 4.034 0.1861 0.512522 0.000005 0.507906 +2.9
Om 34 2961  3.404 15.36 0.1339 0.511423 0.000002 0.508805 +0.3
Om 35a 2961  3.883 17.99 0.1304 0.511353 0.000003 0.508803 +0.2
Om 35b 2961 3.712 17.09 0.1313 0.511365 0.000003 0.508798 +0.1
Om 37 2961  3.017 13.62 0.1339 0.511394 0.000003 0.508776 -0.3
Om 39a 2961 3.711 17.47 0.1284 0.511311 0.000003 0.508801 +0.2
Om 41b 2961 2.884 13.03 0.1337 0.511410 0.000007 0.508795 +0.1
Om 42 2961 2.443 11.58 0.1275 0.511254 0.000003 0.508761 -0.6
Om 43 2961 1.684 7.524 0.1353 0.511393 0.000002 0.508748 -0.9
se = standard error on the mean; i = initial; Parameters used for initial "**Nd/'**Nd and eNd calculation are as follows:

(M3Nd/"Nd)crurto = 0.512638; (1#7Sm/™4Nd)churto = 0.1967; Aarsm = 6.54 x 10°'2 year

CHUR = chondritic uniform reservoir; to = present day; errors on Sm, Nd concentration and "47Sm/'"*Nd are ~0.1%; error on eNdiis ~1¢.
Ages in bold and italics are U-Pb zircon ages and Sm-Nd whole rock regression line ages respectively from this study and rest are from

Upadhyay et al. (2014). The initial "**Nd/'*“Nd and eNd for the volcanic rocks (Om 4a to Om 43) are calculated and reported here based on

ages obtained from the Sm-Nd regression lines with high MSWD, hence are not robust and not used for crustal evolution interpretation.




Table 5 Mean initial eHfi zircon LA-MC-ICP-MS data for selected granitoids of the Singhbhum

craton (detailed data presented in Appendix A3).

Sample Litho- Rock-type Assigned +20 eHf; +20m  Number of eNd;
No. unit age (Ma) (mean) analyses (whole rock)
n
Om 11a OMTG Trondhjemite 3374 17 +1.5 1.0 (6) +4.8
Om29 OMTG Trondhjemite 3363 13 +0.6 1.2 9 +0.5
Om 11b OMTG Granite 3304 15 +0.1 0.9 9 +1.8
Om5b  SGIlI  Trondhjemite 3335 19 +1.4 04 10 +3.2
Om22 SGll Granite 3327 11 +0.7 0.9 11 +2.6
Om 12 SG Il  Trondhjemite 3470 10 +0.1 1.1 11 +5.2
Om 18 SGIIl  Trondhjemite 3263 26 -0.5 0.8 9 +1.6
Om15 SGIll Granite 3352 15 +2.1 0.6 14 +1.1

Omis standard error on the mean. Assigned ages are U-Pb LA-ICP-MS zircon ages from this study.
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