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In paleogeographic reconstructions of the Columbia and Rodinia Supercontinents, the position of the Greater
India landmass is ambiguous. This, coupled with a limited understanding of the tectonic evolution of the mobile
belts along which the mosaic of crustal domains in India accreted, impedes precise correlation among the dis-
persed crustal fragments in supercontinent reconstructions. Using structural, metamorphic phase equilibria,
chronological and geochemical investigations, this study aims to reconstruct the tectonic evolution of the
Chottanagpur Gneiss Complex (CGC) as a distinct crustal block at the eastern end of the Greater Indian Protero-
zoic Fold Belt (GIPFOB) along which the North India Block (NIB) and the South India Block (SIB) accreted. The
study focuses on two issues, e.g. dating the Early Neoproterozoic (0.92 Ga) accretion of the CGCwith the NIB con-
temporaneous with the assembly of Rodinia, and documenting the widespread (>24,000 km2) plutonism of
1.5–1.4 Ga weakly peraluminous, calc-alkalic to alkali-calcic and ferroan A-type granitoids (± garnet) devoid
of mafic microgrannular enclaves and coeval mafic emplacements in the crustal block. These dominantly
within-plate granitoids arguably formed by asthenospheric upwelling induced partial melting of garnet-
bearing anatectic quartzofeldspathic gneisses that dominate the Early Mesoproterozoic basement of the block.
The major and trace element chemistry of the granitoids is similar to the 1.35–1.45 Ga A-type granitoids in
Laurentia/Amazonia emplaced contemporaneous with the 1.5–1.3 Ga breakup of the Columbia Supercontinent.
This study suggests the Chottanagpur Gneiss Complex occured as a fragmented crustal block following the
breakup of the Columbia Supercontinent; the crustal block was subsequently integrated within India during
the Early Neoproterozoic oblique accretion between the NIB and SIB contemporaneous with the Rodinia Super-
continent assembly.
©2021ChinaUniversity of Geosciences (Beijing) andPekingUniversity. Production andhostingby Elsevier B.V. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Greater India landmass is a mosaic of Archean crustal domains
that were accreted along Late Archean through Proterozoic to Early Pa-
leozoic mobile belts (Fig. 1; Radhakrishna and Naqvi, 1986). The accre-
tion between the Western Dharwar and the Eastern Dharwar Cratons
(Fig. 1) is the oldest 2.55–2.51 Ga (Manikyamba and Kerrich, 2011,
and references therein), whereas the youngest accretion zones formed
as late as ~500 Ma, e.g. along the western margin of the Eastern Ghats
Province (Nasipuri et al., 2018), the Achankovil Shear Zone between
the Trivandrum and the Madurai Blocks in the Kerala Khondalite Belt,
at the southern tip of India (Santosh et al., 2006), and in the Shillong-
Meghalaya Gneiss Complex (Chatterjee et al., 2007) (Fig. 1). As the
final configuration of the Greater Indian landmass possibly came into
existence as late as ~500 Ma, the paleogeographic positions of the
g) and Peking University. Production
Greater Indian landmass in the reconstructions of the Paleoproterozoic
Columbia Supercontinent (Rogers and Santosh, 2002; Evans and
Mitchell, 2011;Meert and Santosh, 2017) and the LateMesoproterozoic
to Early Neoproterozoic Rodinia Supercontinent (McMenamin and
McMenamin, 1990; Li et al., 2008; Evans, 2009) are enigmatic.

Based on paleomagnetic data in the Paleoproterozoic dykes
(2.37–1.88 Ga) of the Dharwar, Bundelkhand and Bastar cratons
(Fig. 1) (Halls et al., 2007; Pradhan et al., 2012; Meert et al., 2013;
Belica et al., 2014; Nagaraju et al., 2018; Pivarunasa et al., 2019), India
is assigned peripheral positions inmost reconstructions of the Columbia
Supercontinent; others suggest India was not a part of the Columbia
Supercontinent (Zhao et al., 2004; Li et al., 2008). On the other hand,
paleomagnetic studies pertaining to the formation and breakup of the
Rodinia Supercontinent are obtained from the Neoproterozoic dykes
(1.2–0.75 Ga) in the Dharwar craton (Miller and Hargraves, 1994;
Radhakrishnan and Mathew, 1996; Pradhan et al., 2008) and
Bundelkhand craton (Pradhan et al., 2012), Vindhyan sediments
(Gregory et al., 2006; Malone et al., 2008) and the Malani Igneous
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Tectonic domains of peninsular India (modified after Prabhakar et al., 2014). The Greater India Proterozoic Fold Belt (GIPFOB) is marked by the thick dashed lines. Acronyms used:
MC: Mewar Craton, BK: Bundelkhand Craton, CITZ: Central Indian Tectonic Zone, CGC: Chottanagpur Gneiss Complex, SMGC: Shillong-Meghalaya Gneiss Complex, NSMB: North
SinghbhumMobile Belt, SC: SinghbhumCraton, RP: Rengali Province, EGP: Eastern Ghats Province, NSB: Nellore Schist Belt,WDC:Western Dharwar Craton, EDC: Eastern Dharwar Craton,
SGT: Southern Granulite Terrain, SNNF: Son Narmada North Fault, CISZ: Central Indian Shear Zone.
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Suite (Torsvik et al., 2001; Gregory et al., 2009;Meert et al., 2013). How-
ever, as the Indian landmass grew due to accretion of smaller crustal
blocks through time, the paleomagnetic pole data used to ascertain
the position of India within the Proterozoic Supercontinents applies
only to the particular crustal domain/craton from which the paleopole
is derived, and not to the entire Indian landmass, for the entire landmass
may not have existed at that point of time.

Paleomagnetic data in the intervening time span (1.9–1.2 Ga) is
lacking in India, the only exception being the paleomagnetic pole cal-
culated by Pisarevskiy et al. (2013) from the localized arc-related
Lakhna dykes (1.47 Ga) in the Bastar Craton (Fig. 1) that places SE
India close to Baltica in the Mid-Mesoproterozoic. Baltica, Laurentia
and Amazonia formed the core of the Columbia Supercontinent
2

(Rogers and Santosh, 2002, 2009; Zhao et al., 2004; Li et al., 2008;
Pisarevskiy et al., 2013). The age is significant because it is contem-
poraneous with the age of the fragmentation of the Columbia Super-
continent (1.5–1.35 Ga; Condie, 2002; Zhao et al., 2004; Rogers and
Santosh, 2009; Pisarevskiy et al., 2013). Asthenosphere upwelling
and plume-driven occurrences of globally widespread emplacement
of anorogenic granitoids, coeval rhyolite and mafic volcanism, and
rift-related ensialic sedimentation in Laurentia, Baltica, Amazonia,
Tanzania and Congo, the Siberian Craton and the South China Craton
(Rogers and Santosh, 2002, 2009; Zhao et al., 2004; Pisarevskiy et al.,
2013; Han et al., 2017; Meert and Santosh, 2017) are cited as evi-
dences for the breakup of the Columbia Supercontinent. However
the 1.5–1.4 Ga ferroan A-type granitoids in the Rocky Mountains in
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a magmatic belt >1000 km wide are possibly not associated with
rifting in spite of the local occurrences of syn-plutonic extensional
fabrics (Nyman et al., 1994; Ferguson et al., 2004 and references
therein). Hoffman (1989) suggested that the anorthosite-
ferrogranite suites extending NW from California to Quebec were
produced by mantle upwelling, without rifting. Also there is little ev-
idence of syn-rift sediments (although the Belt Supergroup in British
Fig. 2. (a) Simplified geological map of the CGC showing the network of E-striking shear zone
pseudosection construction (pink triangle). The southern terrane boundary shear zone in the
the poorly constrained northern terrane boundary is shown by broken line south of Gaya. CBT
the south with the North Singhbhum Fold Belt (NSMB; Mahato et al., 2008). The Dalma Ophi
the Mesoproterozoic South-NSMB (Mahato et al., 2008; Rekha et al., 2011). The Bihar Mica B
and the Kharagpur Hills. Locations cited in text are indicated. The broad age ranges in diffe
Bhattacharya, 2013), NSMB (Mahato et al., 2008; Rekha et al., 2011), CGC (this study and re
2017). The inset is a map of India showing the Greater India Proterozoic Fold Belt (GIPFOB; b
(SIB), with the CGC (darkened) at its eastern end. The red box denotes the area structurally m
structures, lithologies and ages in the CGC based on recent findings (see text for discussion). A
(Bhattacharya et al., 2019), the centrally-located areas (Sequeira et al., 2020), and in the anatec
tion episodes, metamorphic events and magmatic emplacements in the CGC. For details refer t

3

Columbia, Montana and Idaho formed by rifting at this age; Evans
et al., 2000), and dike swarms of this age are lacking in the
western US.

In the Greater India Landmass, ~1.4 ± 0.1 Ga magmatism is largely
unknown, except for the ~1.4 Ga silica under-saturated syenite com-
plexes (Kumar et al., 2007), the Elchuru alkaline rocks (1442 ±
30 Ma; Upadhyay et al., 2006) of the Eastern Ghats Mobile Belt at the
s (dark lines), locations of the zircon dated samples (stars) and sample SM21 used in P-T
CGC is indicated by the line straddling R (Rajgangpur), K (Kolomda) and B (Balarampur);
is the acronym for Copper Belt Thrust that juxtaposes the Archean Singhbhum Craton in

olite Belt (DOB) demarcates the boundary between the Grenvillian-age North-NSMB and
elt (BMB) and the Gangpur Schist Belt (GSB) are shown. RH and KH stand for Rajgir Hills
rent crustal domains are indicated in black boxes: Singhbhum craton (Prabhakar and
ferences therein), Gaya-Rajgir crustal domain (Chatterjee and Ghose, 2011; Saikia et al.,
roken line) sandwiched between the North India Block (NIB) and the South India Block
apped in Fig. 5. (b) Schematic geologic section across the CGC summarizes the mesoscale
lso included are the reconstructed P-T paths in supracrustal rocks at the southern margin
tic granitoid GY-68 at the northernmargin (Sequeira, 2020). (c) Time bar shows deforma-
ext. Note the bar diagram is based on the findings in this study.
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southeastern tip of the Eastern Ghats Granulite Belt (Fig. 1), and the re-
ports of Chatterjee et al. (2007) of ~1.4 Ga monazite chemical dates of
unknown origin. Mukherjee et al. (2017, 2018a, 2019) reported
1.45 Ga A-type granitoids in the Dumka-Deoghar sector in the
Chottanagpur Gneiss Complex (CGC), at the eastern end of the Greater
India Proterozoic Fold Belt (GIPFOB, Fig. 1; Radhakrishna and Naqvi,
1986) which is inferred to be the zone of amalgamation of the North
India Block (NIB) and the South India Block (SIB) (Fig. 1).

This study for the first time documents the widespread occurrence
of the Mid-Mesoproterozoic A-type ferroan granite plutonism in an ex-
tensional tectonic setting in the CGC. The CGC covers an
area > 80,000 km2 in Eastern India (Fig. 2a), but the structural and lith-
ological continuity across the terrain has thus far not been explored. De-
tailed analyses of mesoscale structures in the western part of the CGC,
newmetamorphic P-T path reconstruction in north-CGC, and newmon-
azite chemical dates and U-Pb zircon dates are integrated with existing
data elsewhere in the CGC to suggest a coherent tectonic evolutionary
history for the entire crustal block of the CGC. It is suggested that the
CGC crustal block is a fragment of the Columbia Supercontinent that
was integratedwithin India during the oblique Early Neoproterozoic ac-
cretion between the NIB and the SIB, contemporaneous with the
Rodinia Supercontinent assembly (Sequeira and Bhattacharya, 2020;
Sequeira et al., 2020, and references therein).

2. A synthesis of the tectonics in the CGC

The Precambrian crystalline rocks of the CGC (Fig. 2a) may be
grouped into three lithodemic units: (a) The Early Mesoproterozoic
(1.7–1.5 Ga: Acharyya, 2003; Karmakar et al., 2011; Rekha et al., 2011;
Mukherjee et al., 2017, 2019) granulite facies anatectic felsic
orthogneisses, charnockites, garnet–sillimanite–K-feldsparmetapelites,
calc-silicate gneisses, mafic granulites, and lens-shaped plutons of mas-
sif anorthosites (1.5 Ga; Chatterjee et al., 2008) and syenites; (b) the
Mid-Mesoproterozoic granitoids (1.45 Ga; Mukherjee et al., 2017,
2018a, 2019) (earlier restricted to the Dumka-Deoghar area), and ex-
pansive Late Mesoproterozoic to Early Neoproterozoic granitoids
(Karmakar et al., 2011; Rekha et al., 2011; Bhattacharya et al., 2016,
2019; Sequeira and Bhattacharya, 2020, 2021; Sequeira et al., 2020);
and (c) linear belts of allochthonous (Sequeira and Bhattacharya,
2020, 2021; Sequeira et al., 2020) non-anatectic amphibolite facies
supracrustal rocks composed of muscovite-biotite ± garnet ±
sillimanite schists, epidote-amphibole-plagioclase bearing meta-marls,
meta-dolomites and amphibolites. The supracrustal rocks are closely as-
sociated with a network of steeply-dipping, dominantly left-lateral cur-
vilinear E/ESE/ENE-striking transpressional shear zones (Fig. 2a)
(Bhattacharya et al., 2019; Sequeira and Bhattacharya, 2020, 2021;
Sequeira et al., 2020).

2.1. Structural and kinematic analysis

Based on structural analyses (Maji et al., 2008; Rekha et al., 2011;
Bhattacharya et al., 2016, 2019; Sequeira and Bhattacharya, 2020,
2021; Sequeira et al., 2020) and deformation kinematics
(Bhattacharya et al., 2019; Sequeira and Bhattacharya, 2020; Sequeira
et al., 2020) four major deformation events (D1 to D4) are recognized
in the central, southern and eastern parts of the CGC. Supplementary
Figure 1 displays the field areas investigated in the previous studies
that are pertinent in the present context. The schematic cross-section
across the CGC (Fig. 2b) and a time-bar diagram showing the different
geological events (Fig. 2c) are reconstructed based on synthesis of the
earlier findings, and those presented in this study (see following text).

Only the Early Mesoproterozoic anatectic gneisses in the basement
preserve the inter-relationship between the early D1 fabric (metatexite
layering) and the later D2 foliations. Both the fabrics are steeply-dipping
and N-trending, where unaffected by the subsequent D3 and D4
4

deformations. Intrafolial to the penetrative D2 fabric, rootless hinges
of steep to moderately plunging folds on early metatexite layers, and
boudinaged metatexite layers, are the remnants of the oldest D1 defor-
mation in the CGC. The Mid-Mesoproterozoic granitoids intrusive into
the basement gneisses contain only the penetrative high-T D2 fabrics,
but lack the intrafolial folds on D1 layers. Syn-D2 anatexis manifested
by diatexite pods at boudin necks is uncommon, and evidence for
post-D2 melting in the gneisses is lacking (Sequeira et al., 2020). Gran-
itoids lacking both the D1 and D2 fabrics occur as stocks and bosses
within the basement rocks.

At structurally higher levels, the basement rocks evolve into a
carapace of flat-lying to shallow-dipping granitoid mylonites and non-
anatectic amphibolite facies supracrustal rocks inter-leaved with re-
cumbent to gently inclined folds on the D1-D2 composite fabric in the
anatectic basement gneisses (D3 deformation; Sequeira and
Bhattacharya, 2020; Sequeira et al., 2020). Relict intrafolial folds in the
supracrustal rocks are obliterated, but early metamorphic fabrics are
preserved as oblique strands in D3 intrafolial domains, and as inclusion
trails in pre-D3 garnet porphyroblasts in biotite-muscovite schists
(Bhattacharya et al., 2019; Sequeira et al., 2020). The supracrustal
rocks in the shallow-dipping carapace are inferred to be an allochtho-
nous unit (Bhattacharya et al., 2016, 2019; Sequeira and Bhattacharya,
2020, 2021; Sequeira et al., 2020), and the carapace is regionally expan-
sive in crustal sections that are not deeply eroded. Kinematic analyses
indicate the shallowly-dippingmylonitic fabric in the granitoids in east-
ern CGC (Sequeira et al., 2020) is a pure shear dominated extensional
fabric.

The D4 deformation is manifested by networks of anastomosing ESE
to ENE-striking regional scale steeply-dipping shear zones that modify
both the steeply-dipping basement gneisses unaffected by theD3 defor-
mation, and the overlying shallowly-dippingD3 carapace (Bhattacharya
et al., 2016, 2019; Sequeira and Bhattacharya, 2020, 2021; Sequeira
et al., 2020). The pure shear dominated transpressive shear zones ex-
hibit dominantly sinistral kinematics, although shorter shear zone seg-
ments with dextral kinematics have also been observed (Bhattacharya
et al., 2019; Sequeira and Bhattacharya, 2020; Sequeira et al., 2020). In
the Dumka-Deoghar-Giridih-Chakai segment in east-CGC
(Supplementary Figure 1), these transpressive shear zones are associ-
ated with orogen-parallel inclined extrusion leading to metamorphic
core complex formation (Sequeira et al., 2020). The variations in the
stretching lineations in the D4 shear zones are caused by competency
differences in the rocks, variations in the convergence angles during ac-
cretion (Sequeira and Bhattacharya, 2020), and the amount of
triclinicity of the deformation strain (Sequeira and Bhattacharya,
2020; Sequeira et al., 2020).

The D3-D4 structures are attributed to Grenvillian-age oblique ac-
cretion of the CGC with the composite of the North Singhbhum Belt
and the Singhbhum Craton along the southern margin of CGC (Rekha
et al., 2011; Bhattacharya et al., 2016, 2019), and between the CGC
and the Paleoproterozoic ensemble of granitoids and low-grade
supracrustal rocks of the Gaya-Rajgir Belt along the northern margin
of the CGC (Sequeira and Bhattacharya, 2021). The Gaya-Rajgir Belt
shares considerable structural, lithological and chronological similari-
ties with theMahakoshal Belt further to thewest along the strike exten-
sion of the Gaya-Rajgir Belt (Deshmukh et al., 2017; and references
therein). The Grenvillian-age accretion at the southern margin of CGC
initiated with northward subduction of the NSMB leading to profuse
Grenvillian-age felsic magma emplacements within the CGC. Following
slab break off, continued crustal convergence caused the metamor-
phosed orogenic wedge sediments and interleaved distended ultra-
mafic slabs to be thrust northward (D3) over the CGC, post-dating
solidification of the granitoids (Bhattacharya et al., 2019). With contin-
ued shortening these shallowly-dipping D3 fabrics were folded (D4)
and dissected by orogen-parallel steeply-dipping D4 shear zones. At
the northern boundary, both the Grenvillian-age D3 and D4 fabrics are
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documented in the CGC; the CGC is thrust northwards over the
Paleoproterozoic Gaya-Rajgir crustal block (Sequeira and
Bhattacharya, 2021), but the transpressive steeply-dipping D4 shear
zones are not prominent as in the south.
2.2. Thermo-barometric controls on deformation events in the CGC

Fig. 3 provides a summary of existing metamorphic P-T paths re-
trieved for the Early Mesoproterozoic basement gneisses, and the over-
lying Early Neoproterozoic supracrustal rocks and a granitoid in the
shallowly-dipping carapace; the P-T path retrieved in this study is also
shown. Along the accretion margins, the metamorphic P-T paths in
the supracrustal rocks exhibit near-isothermal loading, e.g.
500–550 °C, 5–7 kbar (Bhattacharya et al., 2019) at the southernmargin
(Figs. 2b and 3), and 700–720 °C, 9.5–11 kbar (Sequeira, 2020) at the
northern margin (Figs. 2b and 3). At the southern margin, the loading
paths are punctuated by heating segments inferred by Bhattacharya
et al. (2019) (Fig. 3). At the northern margin, loading induced in situ
melting in the shallowly-dipping anatectic granitoid (Fig. 4a) (GY-68;
Sequeira, 2020) is synchronous with thrusting of the CGC over the
Paleoproterozoic undeformed granitoids (Fig. 4b; Chatterjee and
Ghose, 2011; Saikia et al., 2017) and greenschist to sub-greenschist fa-
cies rocks of the Gaya-Mahakoshal Belt (Sarkar and Basu Mallick,
1982; Deshmukh et al., 2017; Sequeira and Bhattacharya, 2021). In the
centrally-located parts of the CGC, a garnet-bearing muscovite-biotite-
sillimanite schist in the shallowly-dipping carapace yields an Early
Neoproterozoic mid-crustal prograde heating path (5–6 kbar;
620–680 °C; Sequeira et al., 2020; Figs. 2b and 3).
Fig. 3. Summary of existing P-T paths reconstructed in different parts of the CGC. The P-T
loci of the wet melting curve for granite and the phase transitions of kyanite-sillimanite
and sillimanite-andalusite are for reference only. The continuous lines are Early
Neoproterozoic paths, and the dotted lines are >1.4 Ga, as suggested by the original
authors. The broken sectors of the P-T paths are suggested by the original authors. The
P-T paths shown in green are for muscovite-biotite (± garnet ± staurolite) schists:
samples prefixed with R are from the southern accretion zone (Bhattacharya et al.,
2019), samples labeled SM-22 is from the east-central part of CGC (Sequeira et al.,
2020); the P-T paths for muscovite-biotite-garnet schist SM-21 is from this study and
GY-16B is after (Sequeira and Bhattacharya, 2021). P-T path in magenta is derived from
an anatectic granitoid (GY-68B) at the northern accretion zone (Sequeira, 2020) and
discussed in detail in this study.
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These Early Neoproterozoic P-T paths obtained in the non-anatectic
amphibolites facies supracrustal rocks sharply contrast with the granu-
lite facies P-T paths obtained in the basement gneisses, e.g. felsic
orthogneisses, mafic granulites and garnet-sillimanite gneisses in the
basement (Fig. 3). The P-T paths in the basement gneisses exhibit varied
trajectories, although clockwise P-T paths dominate (Karmakar et al.,
2011; Mukherjee et al., 2017; Chatterjee et al., 2008; Dey et al., 2019).
These paths exhibit pronounced decompression and cooling sectors in
the retrograde sector (Fig. 3). An Early Neoproterozoic age is assigned
to the retrograde P-T path in the multiply-deformed poly-
metamorphic basement rock having polychronous (Early/Mid-
Mesoproterozoic to Early Neoproterozoic) zircon grains, and in which
the Early Neoproterozoic dates are obtained from discontinuous thin
rims (few tens of micronswide) around the older zircon cores that con-
stitute major parts of the zircon grains (Mukherjee et al., 2017, 2019;
Dey et al., 2019). Two aspects are noteworthy. First, the authors do
not document the D3-D4 deformations (Sequeira et al., 2020) in the
rocks around Dumka-Deogarh, and do not assess their impact in the
P-T path reconstructions. Second, the high-T decompression-cooling
sector is incompatible with the P-T trajectories in the Early
Neoproterozoic supracrustal rocks (Sequeira et al., 2020) that did not
experience the Early Mesoproterozoic granulite facies metamorphism
(Fig. 3). It is possible that the low-T Early Neoproterozoic imprint was
not recorded in the basement gneisses because of their anhydrous na-
ture. Also the basement rocks in the Dumka-Deogarh sector (Fig. 2a,
Supplementary Figure 1) are located below the shallowly-dipping cara-
pace (Sequeira et al., 2020), and therefore, were largely unaffected by
the D3-D4 Early Neoproterozoic tectonism.

3. Additional structural and thermo-barometric constraints in
the CGC

Most previous investigation have focused on the geochronologic and
metamorphic aspects of the basement rocks of eastern and southern
CGC (Karmakar et al., 2011; Rekha et al., 2011; Mukherjee et al., 2017,
2018a, 2018b, 2019; Dey et al., 2019). But the lithological-structural
input to the tectonic history of the CGC has been sparse. Recent studies
on the structural setup of the CGC show intrinsic similarities in south-
ern, central and eastern CGC (Rekha et al., 2011; Bhattacharya et al.,
2016, 2019; Sequeira and Bhattacharya, 2020, 2021; Sequeira et al.,
2020), however, the continuity of these features into western CGC is
largely unknown, although Patel et al. (2007) document locally devel-
oped structures in these areas. This study investigates a fairly large
area in western CGC to establish the structural continuity of the CGC
in the west, and to determine if the entire crustal block of the CGC be-
haved as a single coherently evolved crustal block.

3.1. The structural setup in western CGC

An area of ~2500 km2 in the Daltongunj-Chipadohar sector was
structurally mapped based on observations in 310 field stations
(Fig. 5a; geologic section along A–A' in Fig. 5b). The area is divided
into three sectors, e.g. Sector A comprises the steep-dipping (dip
>70°) basement anatectic gneisses and foliated granitoids (Figs. 4c
and 5a–c); Sector B is composed of flat/shallowly-dipping (dip
amount < 40°) granitoid mylonites (Figs. 4d and 5a, b, d), and anatectic
gneisses that exhibit gently-inclined and recumbent folds in (Figs. 4e
and 5a, b, d); Sector C (dip amount: 41°–69°) is the transition zone
where the NNW-trending steep foliations in Sector A are reoriented to
the flat/shallow foliations in Sector B (Fig. 5a, b). The planar and linear
structures in the three sectors are truncated by two E/ENE-trending
steep-dipping sinistral shear zones that differ in their orientations of
the stretching lineations, i.e. moderate/steep-plunging to the NNW in
the northern shear zone (Fig. 5e), and gently plunging to the E and W
in the southern shear zone (Figs. 4f and 5f). Supracrustal rocks in this



Fig. 4. Field photographs from the Gaya-Chatra area (a, b) and Daltongunj-Chipadohar area (c–g). (a) Plan view of shallowly-dipping (D3) anastomizing leucosome layers that coalesce
into diatexite pods formed due to D3 thrusting in CGC anatectic granite mylonite (GY-68) close to the northern CGCmargin. (b) Paleoproterozoic granitoid lacking penetrativemesoscale
tectonic fabric. Note the randomly oriented nature of the euhedral feldspar phenocrysts, locally recrystallized (the coin is 2.5 cm in diameter). (c) Multiply-deformed steeply-dipping
anatectic gneiss in Sector A (plan view) exhibit isoclinal D2 folds on D1 metatexite layers intrafolial to D2 fabrics, and open D4 folds with E-striking axial planes. (d) Section view
(looking E) of gently inclined D3 folds and axial planes in anatectic gneisses in Sector B. Note the top-to-the-N shear sense. (e) Shallow-dipping granite mylonite with well-developed
E-trending stretching lineation. (f) Steeply-dipping D4 granitoid mylonite with sub-horizontal stretching lineations. Crenulated quartz vein parallel to D4 foliation shows subhorizontal
D4 fold hinges. (g) Perspective view (looking NE) showing gently-plunging non-cylindrical D4 folds on shallowly-dipping D3 layers in anatectic gneiss.
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area are only preserved within the southern shear zone and are other-
wise rare and highly weathered.

In Sector A, the steep NW/NNW-striking planar fabric (Fig. 5a, c) in
the gneisses is identical to the penetrative D2 gneissic fabric docu-
mented in eastern CGC (Sequeira et al., 2020). It is axial planar to
isoclinal steeply-plunging inclined and reclined intrafolial folds on
garnet-bearing leucocratic layers (D1) (Fig. 4c). The Mid
Mesoproterozoic granitoids (see section 4.2) intrusive into the
gneisses also possess the N/NNW-striking D2 fabrics (Mukherjee
et al., 2019), but the intrafolial D1 layers are lacking. However, some
of these granitoids lack the steeply-dipping D2 fabric. By implication
the emplacement of some of the Mid Mesoproterozoic granitoids
was pre- to post-D2. The Late Mesoproterozoic/Early Neoproterozoic
granitoids (section 4.1) intrude the basement gneisses post-D2. Sector
B occurs in a 60 km long NW-trending belt and in two adjacent
smaller domains (Fig. 5a). The shallow foliation (cf. Patel et al.,
2007) in the granitoid mylonites and recumbent to gently-inclined
folds and foliations in basement gneisses in this sector (Figs. 4d, e
and 5d), identical to the D3 fabrics in other parts of the CGC, sharply
6

contrast with the steep-foliations in Sector A (Fig. 5c). The stretching
lineations in Sector B granitoids plunge gently towards N/NW and E/
ESE (Fig. 5a, d). Sector C (dip amount: 41°–69°) at the interface be-
tween Sector A and Sector B, therefore marks the lower boundary of
a decollement in the basement gneisses of Daltongunj (Fig. 5b) over-
lain by the shallow-dipping D3 carapace. The shear zones (D4; cf.
Sequeira et al., 2020) modify and truncate all earlier fabrics in the
three lithodemic units. The axes of the D4 folds (Fig. 4g) in the cara-
pace are collinear with the stretching lineations (Fig. 5e, f), but the
D4 folds in the steeply-dipping basement gneisses underlying the car-
apace plunge steeply and the axial planes of D4 folds share a small
angle obliquity with the D4 shears.

The four deformation events recorded in other parts of the CGC are
therefore continuous into the Daltongunj-Chipadohar areas in western
CGC and the carapace forming D3 translation tectonics appears to be a
regional phenomenon that affected large parts of the CGC. The preserva-
tion of the shallow-dipping structureswithin thedecollement transition
zone depends on the present day level of the erosion surface and its in-
tersection with the steep-to-shallow dipping transition zone.
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3.2. Metamorphic P-T conditions in the supracrustal unit in NE-CGC

In this section, we provide a new P-T path retrieved from a
supracrustal rock located close to a D4 shear zone in north eastern
CGC to understand the thermal response of the crust in response to
the D3-D4 deformations. The rock is a quartz mica schist (SM-21)
consisting of quartz, garnet, biotite, muscovite, K-feldspar, plagioclase
and ilmenite in accessory amounts. The rock exhibits a penetrative
shallowly-dipping D3 schistosity (Fig. 6a) defined by wisps of biotite-
muscovite aggregates in a quart >> feldspar dominated matrix, with
intrafolial folds on an earlier schistosity defined by the same minerals
(Fig. 6a). The schistose layers occur in amosaic of dynamically recrystal-
lized grains of quartz pinned against the mica aggregates, and K-
feldspar. The K-feldspar grains are chemically homogeneous, but some
grains exhibit thin (<10 μm wide) plagioclase lamellae. Almost all pla-
gioclases grains, xenomorphic in shape, occur adjacent to the signifi-
cantly larger recrystallized K-feldspar grains. Ilmenite is the only Fe-Ti
oxidemineral, largely restricted to themica layers, and themodal abun-
dance of ilmenite is <1%. Garnet porphyroblasts are sieve-texturedwith
randomly oriented quartz inclusions, and occur as small (diame-
ter < ~60 μm) discrete grains mostly within the quartz-feldspar matrix.
Themica domains appear to terminate against themargins of the garnet
grains, and thus the outer margins of the porphyroblasts seem to post-
date D3 deformation.

The BSE image and the X-ray element maps for Fe, Mg, Mn and Ca of
the analyzed garnet are shown in Fig. 6b. A core to rim profile of 602 μm
(Fig. 6b) was chosen for the analyses; 72 spots within the garnet were
analyzed for major element oxides. The profile was chosen to be distal
from thebiotite grain in contact to avoid retrograde Fe-Mg exchange be-
tween garnet and biotite. In addition, 26 spots were analyzed inmusco-
vite, biotite and feldspars in the matrix (Supplementary Material 2).

The almandine-rich garnet exhibits weak nebulous chemical zoning.
In Fig. 6c, XFe’ is computed as Fe/(Fe + Mg); and Xi [=i/
(Mg + Fe + Ca + Mn)] where i = Fe, Mg, Mn and Ca. From the core
to rim, XCa exhibits an overall increase, and then a rimward decrease;
XMn shows a complementary trend, albeit weaker. XMg and XFe decrease
weakly from core to the rim, but XFe’ shows almost no variation along
the profile. Muscovite is near stoichiometric in composition; XFe [=Fe/
(Fe + Mg)] in biotite varies between 0.78 and 0.79, and Ti contents in
biotite are low, e.g. between 0.19 and 0.23 pfu (11 oxygens basis). Albite
contents in plagioclase in both textural types vary between 61 and
67 mol% (Supplementary Material 2).

The bulk composition of the quartz-mica schist is approximated to
the system MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O
(MnNCKFMASH). Perple_X_6.8.6 software version (Connolly, 2005)
and the updated internally-consistent thermodynamic data set for
end-member phase components (Holland and Powell, 1998) were
used to construct the MnNCKFMASH P-T pseudosection (Fig. 6d). The
following phases and the phase components (in square brackets)
were chosen from those listed in the software: garnet, Gt [alm, py, gr,
sps], staurolite, St [fst, mst, mnst], cordierite, Crd [crd, fcrd, hcrd,
mncrd], biotite, Bio [ann, phl, east, mnbi], chlorite, Chl [ames, clin,
daph, mnchl], Mica [mu, pa, cel, fcel], plagioclase, Pl [abh, an], K-
feldspar, Kfs [san], clinozoisite [cz], andalusite [and], sillimanite [sill],
kyanite [ky], epidote [ep] ilmenite, rutile and quartz [q]. The solution
model of Holland and Powell (1998) is used for chlorite and staurolite.
Fig. 5. (a) Structural map of the Daltongunj-Chipadohar area. The WSW part of the area is po
(Geological Survey of India, 2002) in 1:300,000 scale published by the Geological Survey of Ind
rocks and (ii) the shallowly-dipping carapace (< 40°) respectively. Sector C (dip between 40 a
structurally deeper levels are rotated in the overlying carapace. (b) Geological section along
(www.floodmap.net). (c–f) Southern hemisphere equal area stereographic plots of mesoscale
and stretching lineation (red dot). (c) In Sector A, D2 planar fabric in gneisses and granitoid,
D3 planar fabric in gneiss and granitoid mylonite, D3 fold axis in gneiss and D3 stretching line
zone, D4 planar fabric in gneiss and granitoids, D4 fold axes in gneiss and stretching lineation
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Powell and Holland's (1999) model is used for biotite. The melt was
modeled after Holland and Powell (2001) and White et al. (2001). The
solution model CHA (Auzanneau et al., 2010; Coggon and Holland,
2002) is used for muscovite. Garnet was modeled using the Berman
(1990) solution model. Quartz was taken to be in excess, and the fluid,
assumed to be pure H2O, was constrained by the loss on ignition (LOI)
value in the computations.

None of the garnets in the sample display retrograde textures, hence
the P-T path reconstructed here is considered to represent the growth
history of the garnet. A clockwise P-T path was derived in the direction
of increasing garnet volume percent, using the core to rim variations in
XFe, XMn, XCa isopleths in the K-feldspar – plagioclase – biotite –musco-
vite – garnet–H2O field of the pseudosection (Fig. 6d). The clockwise
path involves a phase of near-isothermal loading, followed by heating
along the hairpin bend and culminating with decompression-heating
within a narrow temperature range, i.e. between 665 and 690 °C at
mid-crustal depth. Thus the loading (D3) - decompression (D4) oc-
curred in a relatively hot crust. In the absence of any immediate heat
source, Bhattacharya et al. (2019) and Sequeira et al. (2020) suggest
that the allochthonous supracrustal rocks were emplaced onto a rela-
tively hot crust due to the release of heat from the profuse Early
Neoproterozoic granitoid emplacements.

4. Geochronology

Age determination in monazites (Montel et al., 1996) using electron
probe microanalyses is a low-cost method that can be employed to ob-
tain robust dates. The blocking temperature of intra-crystalline U-Pb
diffusion (> 800 °C) in monazite (Gardes et al., 2006) is comparable to
that in zircon (Watson and Harrison, 1983), and therefore both mona-
zites and zircons can be used to date high-Tmetamorphic andmagmatic
events. But unlike zircon, monazites experience grain-scale modifica-
tions in response to fluid-induced dissolution and re-precipitation
(Poitrasson et al., 2000; Rasmussen and Muhling, 2007). Monazites
can thus be used to date low-T metamorphic events as well, for which
zircons may remain unresponsive. Since monazites readily modify
chemically in polymetamorphic rocks, monazites are likely to register
younger deformation/metamorphic events, especially low-T events,
whereas the older high-T events may be better preserved in zircon be-
cause it is resistant to younger low-T events.

4.1. Electron microprobe Th-U-Pb chemical dating in monazites

In situ Th-U-Pb chemical monazite dating of samples from the three
domains mapped in the Daltongunj-Chipadohar area (Fig. 5a) constrain
the ages of the four deformation events in western CGC. This data is
compared to new monazite data from the Simultala-Chakai area in
NE-CGC to understand if spatial variations exist in ages of the
deformation-metamorphism and magmatic events in the three
lithodemic units existing across distant sectors. The age data from NE-
CGC (this study) is in addition to the age dataset of Sequeira et al.
(2020) from overlapping areas; together, this makes the comparison
between NE and western CGC more robust. A total of 16 samples from
the Daltongunj-Chipadohar area and the Simultala-Chakai area
(Fig. 2a) were analyzed, using a CAMECA SX-100 electron probemicro-
analyzer fitted with four wavelength dispersive spectrometers at the
orly exposed. Lithologies simplified after the District Resource Maps of Palamu-Garhwa
ia. Sectors A and B correspond to (i) the D1-D2 steep-dipping (> 70°) Sector of basement
nd 70°) is the zone of transition between sectors A and B where steeply-dipping rocks at
A–A'. The height (in meters) is adopted from the digital elevation data in the website
structures, e.g. poles to foliation (back and green squares), fold axis lineation (blue dot)
D2 fold axis in gneisses, and D2 stretching lineation in foliated granitoid. (d) In sector B,
ation in granitoid mylonite. (e) In the Northern shear zone and (f) in the southern shear
in granitoids.

http://www.floodmap.net


Fig. 6.Details of sample SM-21 used for P-T pseudosection analysis. (a) Outcrop scale photo of themica schist sample showing flat-lyingD3 foliationwith pre-D3 intrafolial folds. (b) Back
scatter electron image, and X-ray element maps for Fe, Mn, Mg and Ca of the analyzed garnet. The line used in garnet analysis is shown in red in the BSE image. (c) Variations in XFe՛, XFe,
XMn, XMg and XCa in the garnet is shown. (d) Results of MnNCKFMASH P-T pseudosection analysis. The major element oxidewt.% of the whole rock is SiO2 = 81.18; Al2O3 = 9.30; TiO2 =
0.34; FeO=2.0;MnO=0.01;MgO=0.25; CaO=0.37;Na2O=0.82: K2O=5.09; P2O5=0.05; Loss on ignition=0.55. The compositional isopleths and contours for garnet volume% are
indicated. The reconstructed P-T path consistent with core to rim variations in garnet shown in black (details in text).
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National Facility, Indian Institute of Technology, Kharagpur (see
Appendix 1 for analytical procedure). The data, rock type and locations
of the samples are provided in Supplementary material 3, and the tex-
tural context along with the Th and Y element X-ray maps of represen-
tative monazite grains are shown in Fig. 7. The age populations in Fig. 7
were processed using the Isoplot 4.15 software (Ludwig, 2012).

Four basement gneisses and three foliated granitoids from the
Daltongunj-Chipadohar sector, and five basement gneisses, one foliated
granitoid and three mica schists within the supracrustal unit in the
Simultala-Chakai areawere analyzed. In both areas, the anatectic basement
gneisses (quartz – K-feldspar – plagioclase – biotite ± hornblende± gar-
net) are mineralogically similar, as are the foliated granitoids (quartz –
K-feldspar – plagioclase – biotite ± hornblende ± garnet). The mica
schists from the Simultala-Chakai areas consist of muscovite – biotite –
quartz – garnet – minor K-feldspar and plagioclase ± sillimanite. But
sillimanite-K-feldspar intergrowths are lacking.

In the basement gneisses from both areas, the monazite grains are
subhedral to anhedral, with long axis varying between 50 and 100 μm,
and exhibit patchy and nebulously zoned interiors with patchy varia-
tions in Th and Y (Fig. 7a); by comparison U and Pb variations are insig-
nificant. The monazite grains typically occur within biotite aggregates
defining the D1-D2 fabrics in the gneisses (Fig. 7a), less commonly
they are lodged within recrystallized grains of quartz and feldspars,
and in rare instances smaller monazites are hosted within garnets. In
steeply-dipping (D1-D2 composite fabric) gneisses unaffected by D3 re-
cumbent folding and distal from the D4 shear zones, monazite dates
9

obtained from Th-richer interiors can be grouped into two dominant
age clusters with mean population ages at 1627 ± 6 Ma and 1355 ±
9 Ma; a subsidiary peak is noted at 1487 ± 8 Ma. The Early
Mesoproterozoic ages are inferred to correspond to the D1 deformation
event while the 1.35–1.45 Ga ages correspond to the D2 deformation
and synchronous magmatic emplacement event (Fig. 2c; see section
4.2). Monazites in the basement gneisses within the shallow-dipping
D3 carapace and in the D4 shear zones develop distinct Early
Neoproterozoic (976± 6Ma) Y-rich rims (5–15 μm) that mantle nebu-
lously zoned patchy Early/Mid Mesoproterozoic cores (Fig. 7a). In
biotite-rich basement gneisses within the carapace, entire monazite
gains are Early Neoproterozoic in age. In SM-30, the Early
Neoproterozoic younger ages are obtained in ill-defined patches at the
rims of the monazite grains. Sequeira et al. (2020) and Sequeira and
Bhattacharya (2020, 2021) assigned the Early Neoproterozoic age to
the D3-D4 deformations. Notably, in the Simultala-Chakai sector in
NE-CGC, monazites in the biotite-garnet gneisses yield a mean popula-
tion age at 1279 ± 9 Ma besides the Early Mesoproterozoic
(~1600 Ma) and the Early Neoproterozoic (1000–900 Ma) monazite
dates (Fig. 7a).

In the foliated granitoids in and neighboring the southern shear zone
in the Daltongunj-Chipadohar area (Fig. 5a), monazite grains (up to
140 μm in length) are subhedral to euhedral and lodged within partly
recrystallized quartz and feldspar. In the three granitoids, monazite
grains display patchy zoning in Th and Y, but distinct Y-rich rims are
sometimes present (Fig. 7b-I). However, all the monazite grains from



Fig. 7. Left panel compares summary probability-density plots ofmonazite dates in theDaltongunj-Chipadohar and the Simultala-Chakai areas in CGC for anatectic gneisses (a), granitoids
(b) and supracrustal rocks (c). Peak ageswith±2σ errors are keyed to the figures. Number of spot ages is indicated. Back scatter electron (BSE) images of textural settings inmonazites in
representative samples are shown in the next column. X-ray elementmaps of Th and Y of themonazites in BSE images are shown in the next two columns. Spot dateswith±2σ errors are
keyed to the Th maps.
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the three samples yield only Early Neoproterozoic ages,withmean pop-
ulation ages at 932 ± 12 Ma, 946 ± 17 Ma and 948 ± 9 Ma (Fig. 7b-I).
Since the monazite grains are locked within comparably rigid minerals
(quartz and feldspars), we infer that the granitoids were emplaced in
the Early Neoproterozoic.

The analyzed granitoid sample (SM-36) from Simultala possesses
the steeply-dipping D2 fabric and is located distal from the D4 shear
zones. The monazites in the sample have nebulously zoned Th-poor el-
liptical cores that sharply terminate against homogenous Th-rich man-
tles; rimwards the mantles grade into thin Th-poor rims (Fig. 7b-II).
The three chemical domains are characterized by three age clusters
with mean ages at 1411 ± 15 Ma, 1250 ± 11 Ma and 904 ± 19 Ma
(Fig. 7b-II), with the oldest dates obtained in the cores comprising
>50% of the analyzed spot ages.We infer that ~1400Ma is the emplace-
ment age for the granitoids (cf. U-Pb zircons ages reported by
10
Mukherjee et al., 2017, 2018a; this study, see section 4.2). This is a
rare Mid-Mesoproterozoic granitoid that contained monazite. A
granitoid sample (GM-75) located close to SM-36 is the only other
Mid-Mesoproterozoic granitoid reported from the CGC with ~1.4 Ga
chemical dates frommonazites (Sequeira et al., 2020). Most other gran-
itoids in the CGC that containmonazites are Early Neoproterozoic in age
(Karmakar et al., 2011; Rekha et al., 2011; Mukherjee et al., 2018b;
Sequeira and Bhattacharya, 2020, 2021; Sequeira et al., 2020).

The supracrustal rocks in the Daltongunj-Chipadohar sector are
highly weathered, and monazite dating was difficult to perform. In the
Simultala-Chakai area, the supracrustal rocks (SM-24C, SM-44B and
SM-204XZ) in the shallow-dipping carapace possess the penetrative
D3 foliation. SM-24C contains small monazites (long axis < 20 μm),
whereas the other two samples contain larger monazites (40–80 μm).
In SM-44B located within a D4 shear zone, some of the analyzed
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monazites grains are as large as 250 μm (long axis) (Fig. 7c). All three
samples yield Early Neoproterozoic ages with peak values at 962 ±
14 Ma, 934 ± 42 Ma and 907 ± 6 Ma. Among the three samples, SM-
204XZ and SM-24C yield a second prominent age population around
1261 ± 15 Ma and 1264 ± 14 Ma respectively. A Mid-
Mesoproterozoic age (1401±18Ma) from the grain interior is obtained
in SM-204XZ, but this age is lacking in the other two samples. The signif-
icance of the ~1260 Ma peak in the three lithodemic units of NE CGC
around Simultala is yet to be understood.

4.2. SIMS U-Pb (zircon) geochronology

A basement gneiss (DT-36), four foliated granitoids including KM-
8A which is the northern most sample in the CGC ever dated, and an
anatectic granitoid (GY-68; within the shallowly-dipping D3 carapace,
Fig. 4a) at the northernmargin of the CGCwere selected for U-Pb zircon
dating (locations in Fig. 2a). The samples were dated to constrain the
age of (i) the D1 deformation in the CGC, (ii) the emplacement age of
the post-D1 granitoids, and (iii) the age of accretion-induced syn-
thrusting (D3)melting event in the CGC (Fig. 4a) at the northernmargin
of the CGC. Except for SM-8a, the three other dated granitoids possess
the penetrative D2 steeply-dipping N-trending fabric (Fig. 4c), but lack
the D1 fabric typical of the anatectic basement gneisses, and have not
been affected by the D3-D4 deformations. No U-Pb zircon dates exist
in the areas from which the rocks were sampled (Table 1). The zircons
from the five samples were analyzed in two sessions using the second-
ary ion mass spectrometer (SIMS) at UCLA, California, USA. A brief de-
scription of the analytical procedure is given in the Appendix.
Analytical data from the zircons (Fig. 8) is provided in Table 1. Th/U ra-
tios of all analyzed spots in zircons in the basement gneiss and the four
granitoids are shown in Fig. 9a; the U-Pb concordia plots (with probabil-
ity density variations of Pb-Pb ages as insets) in the individual samples
are depicted in Fig. 9b–f. Data points with upto 15% discordance are in-
cluded for the granitoid samples in Table 1, but inferences are drawn
only from points with <10% discordance (as suggested by Spencer
et al., 2016) and plotted in Fig. 9c–f.

Th/U ratios are commonly used to distinguish metamorphic and
magmatic zircons (Williams and Claesson, 1987; Rubatto, 2002;
Linnemann et al., 2011; Kirkland et al., 2015). Kirkland et al. (2015) sug-
gested that magmatic zircons are likely to have Th/U ratio > 0.5, while
much lower values are suggested for metamorphic zircons Th/U < 0.1.
Th/U values between 0.1 and 1.5 are suggested for zircons in magmatic
rocks of felsic to intermediate composition (Hoskin and Schaltegger,
2003). However, the initial Th and U contents in the system, and the
timing of monazite crystallization and its breakdown are known to in-
fluence the Th/U ratios in zircons (Yakymchuk et al., 2018).
Yakymchuk et al. (2018) postulate that zircons with Th/U < 0.1 are
metamorphic, but zircons with Th/U > 0.1 can be either igneous or
metamorphic. None of the U-Pb dated ~1.45 Ga CGC granitoids in this
study contain monazites, and almost all analyzed zircons (Table 1)
have Th/U ratios >0.1 (as cf. Mukherjee et al., 2018a). Therefore, follow-
ing Yakymchuk et al. (2018) we interpret the Pb-Pb zircon dates to cor-
respond with the age of emplacement of the granitoids. However,
Mukherjee et al. (2018b) report monazites in similar rocks in Dumka-
Deoghar, but these monazites are Early Neoproterozoic and possibly
grew during the D3-D4 deformations in the CGC.

4.2.1. The CGC basement gneiss
Sample No. DT-36 (24°00.53′N, 83°58.54′E): In the basement

gneiss, the zircon grains (long axis: 80–120 μm) are euhedral to
subhedral in shape, with common rationally developed faces (Fig. 8a).
The weakly luminous zircons exhibit nebulous chemical zones in the
grain interiors, but the fainter luminescent mantles are chemically uni-
form (Fig. 8a). The cores of the grains lack well-developed terminations
and share diffuse interfaces with the mantles (Fig. 8a). Almost all the
points analyzed in the sample show a small reverse discordance
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(Table 1), with the youngest dates corresponding to maximum discor-
dance. Analytical processes such as differential spluttering behavior be-
tween the sample zircons and the standard producing this reverse
discordance (Wiedenbeck, 1995; Corfu, 2013) is ruled out since at
least four pointswithin the sameage range in the sample showanormal
discordance. Similarly, the matrix effect resulting from high U contents
lead to reverse discordance in zircon (White and Ireland, 2012). How-
ever this does not hold true for this sample because the matrix effect
is insignificant until the U concentrations in the zircon is in the high
1000s (ppm). Also there is no clear relationship between U content
and reverse discordance in this dataset, as expected for the matrix ef-
fect. It is possible therefore that the zircon grains experienced a U-loss
event through metamorphic fluid alteration or chemical weathering
rather than a simple intracrystalline redistribution of radiogenic lead
(Mattinson et al., 1996). However, the susceptibility of higher-U zircons
to alteration due to radiation damage accumulation is not evident in the
sample due to the lack of a clear relationship betweenU content and the
overall discordance (+ or -) but it is a possibility that the originally
higher-U grains witnessed U-loss, causing the U concentrations to ap-
proach the same range as in the other zircon zones.

Nonetheless, the dates are too closely spaced within the error limits
to produce a meaningful discordia line in 207Pb/235U versus 206Pb/238U
diagram (Fig. 9b). In a majority of the analyzed spots with older Pb-Pb
dates (>1500 Ma) the Th/U > 0.3 while younger dates
(1446–1495 Ma) have Th/U around 0.1–0.2 (barring 4 spots, Fig. 9a).
In 207Pb/206Pb probability-density plots, the dates can be statistically re-
solved into three populations with mean age, e.g. 1588 ± 11 Ma,
1501±13Ma and 1453±30Ma (Fig. 9b). The older dates are obtained
in the zoned grain interiors, while the youngest ages are obtained close
to the grain margins; some of these youngest ages are also obtained in
the core of chemically homogeneous grains that lack zoned interiors
(Fig. 8a).We suggest the lower Th/U ratio and the increased reverse dis-
cordance for the younger ages to correspond to metamorphic zircon
growth of individual crystals and overgrowths on older magmatic
cores. The cores were possibly disturbed by the younger event, the age
ofwhich corresponds to the emplacement of a suite of A-type granitoids
in the CGC (see later).

4.2.2. The Mid Mesoproterozoic granitoids
The D2 fabric in the granitoids is defined by the shape preferred ag-

gregates biotite (± hornblende) in a dynamically recrystallized mosaic
of quartz andmodally equivalent amounts of K-feldspar and plagioclase,
with apatite, ilmenite and zircon (rarely titanite) occurring as accessory
phases. Sub-cm sized, sieve-textured garnet porphyroblasts occur spo-
radically (<5 vol% of rock) and is invariably wrapped around by the
D2 biotite± hornblende aggregates.

GY-11 (24°35.56′N, 85°31.80′E), GY-64 (24°13.49′N, 84°51.08′E):
Zircon grains in GY-11 are well-faceted, large (long axis:
350–400 μm), and exhibit concentric oscillatory zoning, although
some grains have poorly-luminescent rarely nebulous cores (Fig. 8b).
In GY-64, the zircon grains have similar internal structures, but some
grains are non-faceted and ellipsoidal in shape (Fig. 8c). The 207Pb/235U
versus 206Pb/238U diagrams display the concordant to near-concordance
of the zircon grains in both samples (Fig. 9c, d). In the probability den-
sity 207Pb/206Pb plots, zircons in GY-11 exhibit a prominent age popula-
tion, 1448 ± 11 Ma and a small subsidiary peak at 1395 ± 15 Ma
(Fig. 9c). Considering the closeness of the ages and their ±1σ error
limits, the weightedmean age of 1428 ± 21Ma for the sample is possi-
bly more representative of the data. An identical weighted mean age of
1428 ± 22 Ma is calculated for GY-64 that also shows a bimodal popu-
lation in the probability density plot (Fig. 9d). For data pointswith<10%
discordance, the Th/U concentrations in the analyzed zircons from the
two samples are >0.2, although the Th/U variation in GY-64 is consider-
ablymore than inGY-11 (Fig. 9a). Therefore, since the oscillatory zoning
patterns in the zircon grains are continuous from core to rim (Fig. 8b, c),
and the ages obtained from the cores and the rims overlap within the
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error limits, we suggest that the weighted mean ages for the two sam-
ples (~1.43 Ga) correspond to the emplacement age of these granitoids.

Sample KM-8a (25°04.00′N, 86°31.47′E): In the sample, zircon
grains are 200–400 μm long, euhedral and prismatic in shape with
well-defined pyramidal terminations (Fig. 8d). The grains commonly
consist of a weakly-luminescent core mantled by concentric rims of os-
cillatory zones. Some of the grains are poorly luminescent but still show
faint oscillatory zoning from the core to the rim (Grain 4, Fig. 8d). The
Th/U of the all the analyzed zircons are typically >0.4 (Fig. 9a). The an-
alyzed spots are near-concordant in 207Pb/235U versus 206Pb/238U dia-
gram (Fig. 9e); the 207Pb/206Pb dates yield a single population, with a
weighted mean Pb-Pb age of 1411 ± 11 Ma (Fig. 9e); we interpret the
date to be the emplacement age of the granitoid.

Sample No. SM-8a (24°43.22′N, 86°31.21′E): The rock is a granite
protomylonite at the Tilauna village near Simultala (Fig. 2a). In the ex-
posure, massive granites with weakly-recrystallized, euhedral and ran-
domly oriented K-feldspar porphyries can be continuously traced from
protomylonite to ultramylonite varieties. The steeply-dipping mylonite
foliation strikes ENE (D4 fabric) and the stretching lineations plunge
gently towards WSW. In horizontal sections (close to the X-Z section
of the strain ellipsoid) the sense of shear is sinistral. The minerals in
order of decreasing abundance are quartz, K-feldspar, plagioclase, bio-
tite and minor hornblende. The zircon grains in this protomylonite
granite are 80–130 μm long, and commonly euhedral with well-
developed prismatic faces and well-developed terminations (Fig. 8e).
The poorly luminous cores are either chemically homogenous, having
faint oscillatory zones or nebulously zoned. Themore luminousmantles
around the cores show well-developed oscillatory concentric zoning
(Fig. 8e).

The Th/U ratios of the analyzed spots lie between 0.1 and 1.0
(Fig. 9a). In 207Pb/235U versus 206Pb/238U plots (Fig. 9f) the spot dates
are concordant to near concordant, but predominantly lie above the
Stacey-Kramer's curve. The slight reverse discordance is possibly an in-
herent feature of the zircons. In 207Pb/206Pb probability-density plots,
the majority of the data makes up the younger population with a
mean age of 1417 ± 8 Ma (inset, Fig. 9f); a single date 1654 ± 72 Ma
is obtained from the faintly luminescent chemically homogenous core
with an embayed margin against the concentrically zoned mantle
(Fig. 8e, grain 2). The older Mesoproterozoic ages were obtained in
the nebulously zoned grain interiors, while the younger dates are ob-
tained in themantles as well as in grain interiors. The oldest date is ten-
tatively interpreted to represent the age of zircon xenocrysts entrained
from the protolith, possibly the anatectic gneisses (Acharyya, 2003;
Rekha et al., 2011; Mukherjee et al., 2019). The weighted mean Pb-Pb
age of 1417 ± 16Ma from the other data points is interpreted to corre-
spond with the magmatic age of the granitoid, similar to those in the
samples discussed above.

In summary, the age of emplacement of the granitoids
(1.40–1.45 Ga) overlaps with the ~1.45 Ga A-type granitoids reported
by Mukherjee et al. (2017, 2018a, 2019) in a small area, Dumka-
Deoghar (Supplementary Figure 1). But this study importantly demon-
strates that the Mid Mesoproterozoic granitoids are expansive within
CGC and extend across ~300 km (distance between Dumka and Gaya;
Fig. 2a) effectively covering an area of at least 24,000 km2 in the north
and central parts of the CGC. The >1.5 Ga cores suggests that the
1.40–1.45 Ga granitoids were derived from the partial melting of the
Early Mesoproterozoic (1.65–1.50) felsic basement gneisses, and expe-
rienced post emplacement modifications that continued till ~1.35 Ga.

4.2.3. Age of accretion at the northern margin of the CGC
The sample GY-68 (24°16.18′N, 84°49.48′E; location in Fig. 2a) is a

granite mylonite in the shallowly-dipping D3 carapace at the northern
margin of the CGC; the rock lacks both the D1 and D2 fabrics. Syn-D3
garnet-bearing leucosomes forming in situ layers are coalescent into
diatexite pods (Fig. 4a) that formed at 9.5–11 kbar, 710 ± 10 °C
(Sequeira and Bhattacharya, 2021). The penetrative D3 fabric in the
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rock is defined by alternate dark and light colored mineral segregation
layering. The melanocratic layers are defined by shape aggregates of
biotite, rarely hornblende, and sphene is an accessory phase. Opaque
mineral (<1 vol% of rock) is ilmenite. Garnet porphyroblasts are sieve-
textured due to inclusions of biotite, quartz and feldspars, and occur ex-
clusively in the quartz-feldspar bearing (± biotite) leucocratic layers.
The larger garnet porphyroblasts are cm-sized. Both quartz and the feld-
spars are dynamically recrystallized; the mono-mineralic K-feldspar
grains occur in lens-shaped aggregates and possibly were augen of for-
mer magmatic grains.

The zircon grains are large (long axes: 350–400 μm) and euhedral
(Fig. 8f, g). Based on their internal structure, the zircon grains are classi-
fied into two textural types (Fig. 8f, g). Type-I grains (Fig. 8f) comprise
nebulous to oscillatory zoned luminescent cores that are mantled by
chemically homogenous to patchily zoned poorly luminescent rims.
The cores share curved boundaries with themantles, and the oscillatory
zones in the cores terminate abruptly against the mantle. The evidence
taken together indicates the older cores were dissolved during melting.
Type-II zircon grains (Fig. 8g) are euhedral to subhedral in shape, similar
in size to Type-I zircons, but relicts of the embayed oscillatory zoned
cores as in Type-I zircons are small, and in most cases lacking (Fig. 8f).
Thin (< 5 μm) luminescent outermost rims (Fig. 8f) could not be
analyzed.

Th/U in zoned cores in Type-I zircons are typically >0.4, whereas
Type-II zircon grains and mantles in Type-I zircons are <0.1 (Fig. 9g).
The cores of Type-I zircons are interpreted to be of magmatic origin in
contrast to the poorly-luminescent metamorphic zircon mantles and
Type-II grains. The magmatic zircons show a slight normal discordance
as compared to themore concordantmetamorphic zircons in 207Pb/235U
versus 206Pb/238U diagram (Fig. 9h). The 207Pb/206Pb dates constitute
two peaks, e.g. 1487 ± 13 Ma for the magmatic cores, and 922 ±
8Ma for metamorphic zircons (Fig. 9h). The lack of a discordia between
the two ages is because the anatexis occurred at a temperature (710 ±
10 °C) significantly lower than the closure temperature (900 °C;
Cherniak andWatson, 2001) for U-Pb intra-crystalline diffusion. There-
fore, the accretion of CGC with the northern domain is interpreted to
have occurred in the Early Neoproterozoic; this is in consonance with
the suggestion by Sequeira and Bhattacharya (2021) based on the anal-
ysis of monazite age data.
5. Geochemistry

The results of U-Pb zircon dating demonstrates that the post-D1,
pre-D2 granitoids were emplaced around 1.45–1.4 Ga. Nine of these
post-D1 pre-D2 foliated granitoids from Simultala and Daltongunj (a
distance of ~360 km) covering an area > 35,000 km2 (locations in
Supplementary Figure 1) were selected for geochemical analyses.
Most of these granitoids are sampled from the same Mid-
Mesoproterozoic granitoid plutons dated in this study or by Sequeira
et al. (2020). The granitoidswere analyzed formajor and trace elements
(Table 2; analytical procedure in Appendix 1). Data in these samples are
combined with those of Mukherjee et al. (2018a) from the Deogarh-
Dumka area in E-CGC (locations in Supplementary Figure 1). The com-
bined data are compared with the voluminous data set on the
1.5–1.3 Ga (mean ~ 1.40 Ga) A-type ferroan granitoids from North
America compiled by du Bray et al. (2018); the authors suggest the
granitoids with bimodal age populations, 1.46–1.41 Ga and
1.41–1.32 Ga, do not exhibit systematic variations in space. The SiO2

contents of the 1.5–1.4 Ga CGC granitoids vary between 56 and 79 wt.
%, are calc-alkaline to alkali-calcic in composition (Frost et al., 2001;
Fig. 10a), and straddle the boundary between high-K and shoshonitic
fields (Ewart, 1982; Le Maitre, 1989; Fig. 10b). Eight of the nine granit-
oids plot in the weakly peraluminous field. In [Fe2O3

T/(Fe2O3
T + MgO)]

versus SiO2 diagram, the felsic intrusives plot in the field of ferroan
granitoids (Fig. 10c). With increasing silica, CaO, FeO, MgO, TiO2, Al2O3



Fig. 8. Cathodoluminescence (CL) images of representative zircon grains in the (a) basement gneiss, (b–e) Mid-Mesoproterozoic A-type ferroan granitoids and in the (f, g) anatectic
granitoid GY68 sample. 50 μm scale bars are shown for each grain. SIMS Pb-Pb dates with ±1σ errors are shown.
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and P2O5 decrease, but K2O and Na2O abundances remain largely
unchanged.

The trace element abundances (Nb, Ta, Sr, P, Ti and P) in the CGC
granitoids (barring Pb which was not analyzed) are identical to those
in the ~1.4 Ga North American granitoids. Nb/Ta values are >5
(Table 2) typical for peraluminous granites unmodified by hydrother-
mal activity (Ballouard et al., 2016), and correlate negatively with Ta
possibly due to mica fractionation (Stepanov et al., 2014; Ballouard
et al., 2016) (Fig. 10d). In Nb/Ta versus Zr/Hf diagrams, the granitoids
plot in the field for peraluminous “barren” granites (Ballouard et al.,
2016; Fig. 10e). Rb and Y + Nb concentrations straddle the boundary
between the fields for syn-collisional and within-plate tectonic setting
(Fig. 10f). In FeOT/MgO vs. Zr + Nb + Ce + Y plots (Fig. 10g) after
Whalen et al. (1987) most of the granitoids fall in the field of A-type
granitoids. Most of the granites are weakly peraluminous to weakly
metaluminous (Fig. 10h) in Shand's (1951) classification index.

Some of theMid-Mesoproterozoic CGC granitoid samples showsome-
what higher HREE abundances (Fig. 11a), compared to the ~1.4 Ga North
American granitoids. The Eu/Eu* (Fig. 11b) values are lower, as are the Ba
abundances (Fig. 11a). In the chondrite-normalized (Anders and Ebihara,
1982) REE plots (Fig. 11b), the granitoids have moderately negative
slopes, but the magnitudes of the negative Eu anomalies are highly vari-
able. The Eu/Eu* values, calculated using the formulations of Worrall
and Pearson (2001), i.e. Eu=Eu⁎ ¼ EuN=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SmN � GdN½ �p

, correlate nega-
tively with the CaO+Na2O contents in the rocks and (La/Yb)N, i.e. larger
Eu anomalies occur in granitoids with lower (La/Yb)N and CaO + Na2O
contents (Fig. 11c). The CaO + Na2O contents is correlated with higher
modal amounts of plagioclase, since among Ca, Na bearing phases
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hornblende is a minor phase in the rock and apatite occurs in low
modal amounts.

6. Discussion

Synthesis of the results of this study and existing studies form differ-
ent parts of the CGC (Bhattacharya et al., 2019; Sequeira and
Bhattacharya, 2020, 2021; Sequeira et al., 2020; this study) demonstrate
similar lithologies, mesoscale structures, and chronology of magmato-
metamorphic events across theCGC (Fig. 2). Themost notable structural
features are (a) the N/NNW trend of theMidMesoproterozoic D2 fabric
(this study) in the basement rocks, except whenmodified in and neigh-
boring the Early Neoproterozoic D3-D4 structures, and (b) the vast ex-
panse of the shallow-dipping D3 carapace, especially well-exposed at
higher structural levels, and the regional scale basement-piercing E-
striking D4 transpressional shears (Fig. 2a, b). P-T pseudosection analy-
ses indicates that the supracrustal rocks experienced D3 loading and D4
unloading at mid-crustal depths in a narrow temperature range be-
tween 665 and 690 °C.

The data suggests that the CGC sandwiched between the NIB and SIB
(Figs. 1 and 2a) at the eastern end of the GIPFOB (Fig. 1) is a coherently-
evolved Early Mesoproterozoic to Early Neoproterozoic crustal block.
The northward translation (D3) of supracrustal rocks and nucleation
of the steep D4 transpressional shear zones that aided oblique extrusion
(Bhattacharya et al., 2019; Sequeira and Bhattacharya, 2020, 2021;
Sequeira et al., 2020) accommodated the Grenvillian-age accretion-
related shortening. The D3-D4 structures post-dated the emplacement
of voluminous Grenvillian-age granitoids (Sequeira and Bhattacharya,



Fig. 9. (a) Th/U versus Pb-Pb dates of analyzed spots in zircon in the basement gneiss and the four Mid Mesoproterozoic granitoids. Broken lines from bottom upwards separate
metamorphic zircons from zircons in felsic melts, transitional melts and mafic melts. (b–f) Concordia plots of spots dates in zircon grains in the basement gneiss (b) and the four Mid
Mesoproterozoic granitoids (c–f). Error ellipses are ±2σ. (g) Th/U versus Pb-Pb dates in Type-I and Type-II zircon grains in sample GY-68 (see text for discussion). (h) Concordia plots
of spots in zircon grains (error ellipses are ±2σ) in sample GY-68. Inset in (b–f, h) shows the probability density variations in Pb-Pb dates; mean population dates (±2σ errors) are
indicated.
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2020; Sequeira et al., 2020) intrusive into a basement comprising Mid
Mesoproterozoic granitoids intrusive into Early Mesoproterozoic
gneisses.

6.1. Variation in dates across the CGC

The monazite dates from the Daltongunj and Simultala sectors in
western and eastern CGC (Fig. 7) demonstrate that although the defor-
mation age ranges are broadly similar across the CGC, spatial variations
in the dominance of age ranges exist across the CGC. To chronologically
map the CGC (Fig. 12), the metamorphic and magmatic spot ages in
monazites from the present (Supplementary material 3) are combined
with published chemical dates in monazites from Ramgarh-Ormanjhi,
central CGC (Sequeira and Bhattacharya, 2020), Gaya-Chatra, north-
CGC (Sequeira and Bhattacharya, 2021), Bihar Mica Belt (Hazarika
et al., 2017), Deogarh-Giridih-Dumka, east CGC (Mukherjee et al.,
2018b; Sequeira et al., 2020), Rourkela area (Bhattacharya et al., 2016,
2019; Chowdhury and Lentz, 2011; Chakraborty et al., 2019),
Kolomda-Ranchi area (Rekha et al., 2011), Purulia area (Karmakar
et al., 2011) and Balarampur area (Chatterjee et al., 2010) along south-
ern CGC (Fig. 12a). The monazite chemical dates have been segregated
based on location (Fig. 12a - left panel) and based on lithology
(Fig. 12a - right panel). These data are compared with available detrital
and non-detrital Pb-Pb (zircon) dates from the Dumka-Deoghar area
(Chatterjee et al., 2008; Rekha et al., 2011; Dey et al., 2017, 2019;
Mukherjee et al., 2017, 2018a, 2019), Simultala-Gaya-Daltongunj area
(this study) and the Rourkela area (Chakraborty et al., 2019)
(Fig. 12b) to test the robustness of the monazite dates. The available
Pb-Pb dates in non-detrital zircons are from anatectic gneisses and
granitoids (Pb-Pb zircon dates are lacking in the supracrustal rocks)
(Fig. 12b). The non-detrital Pb-Pb dates comprise three populations,
e.g. 1.0–0.9 Ga, 1.5–1.4 Ga and 1.7–1.6 Ga. The Early Neoproterozoic
and the Early Mesoproterozoic Pb-Pb dates are well corroborated by
the monazites, but the ~1300 Ma monazite dates are younger than the
~1.45 Ga non-detrital zircon Pb-Pb dates. A small fraction of the older
monazite chemical dates (1.45–1.40 Ga) coincides with non-detrital
Pb-Pb dates. The three populations of monazite dates are prominent in
north-CGC; the two older populations are subdued in the central
parts, and are lacking in and neighboring the southern accretion zone
which is dominantly Early Neoproterozoic (Fig. 12a - left panel). Litho-
logically the Early Neoproterozoic dates are prominent in all lithodemic
units, the Mid Mesoproterozoic dates are present in granitoids and the
supracrustal rocks, and the Early Mesoproterozoic dates are obtained
in the anatectic gneisses (Fig. 12a - right panel).

6.2. Petrogenesis and emplacement temperature of the A type granitoids

A-type granites originate by different processes (Frost and Frost,
2011), e.g. by high degree of differentiation of tholeiitic and alkali ba-
salts (Turner et al., 1992), partial melting of crustal protoliths
(Clemens et al., 1986; Creaser et al., 1991; Frost and Frost, 1997;
Huang et al., 2011), and assimilation of crustal rocks and/or mingling
of crustally-derived melts with fractionating mafic magmas (Kemp
et al., 2005; Zhang et al., 2012). In the CGC, the Mid-Mesoproterozoic
A-type granitoids do not contain mesoscopic and/or microgranular
mafic enclaves, and are not associated with contemporaneous mafic
dykes and plutons. The lack of contemporaneous mafic emplacements
and the absence of mafic enclaves preclude the involvement of volumi-
nous mafic magmas in the formation of the 1.5–1.4 Ga granitoids (du
Bray et al., 2018).

In a recent review of alkali-calcic and calc-alkalic ferroan
metaluminous to peraluminous granitoids, Dall'Agnol et al. (2012) sug-
gested that calc-alkalic varieties have SiO2 contents>70wt.% in contrast
to alkali-calcic varieties that exhibit wide variations in SiO2 contents.
The prevalence of intermediate members in the alkali-calcic suite is at-
tributed to incomplete mixing between mafic and felsic magmas
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(Cullers et al., 1992; Frost et al., 1999) and/or assimilation of diverse
crustal materials that caused the ascending peraluminous granitoids
to evolve into metaluminous varieties (Anderson et al., 2003). By con-
trast, Dall'Agnol et al. (2012) suggested the calc-alkalic ferroan granit-
oids with Al2O3 contents <14 wt.% are formed by the partial melting
of quartzofeldspathic precursors (Collins et al., 1982; King et al., 2001;
Dall'Agnol and Oliveira, 2007; Oliveira et al., 2009); and this leads to ab-
sence of the intermediate members in these granitoids. Rudnick and
Fountain (1995) propose that melts derived from upper crustal sources
are likely to be characterized by Th > 10 ppm and Eu/Eu* ratios (<1);
the corresponding values for middle and lower crustal sources are
<6 ppm (Th), <15 ppm (Pb) and > 1 (Eu/Eu*). Th values
(13–47 ppm) and Eu/Eu* values (0.1–0.8) suggest an upper crustal
source for the 1.5–1.4 Ga CGC granitoids.

The A-type CGC granitoidswith SiO2 contents between 64 and 78wt.
% (only 2 samples have SiO2 contents <70 wt.%) and Al2O3 contents
<14 wt.% (most samples are in the range 12.1–12.9 wt.%) (Table 2)
straddle the boundary between the alkali-calcic and calc-alkalic granit-
oids (Fig. 10a). The granitoids are interpreted to have been derived by
partial melting of the basement felsic gneisses, dominated by garnet-
biotite quartzofeldspathic gneisses, orthopyroxene – clinopyroxene –
garnet ± hornblende bearing charnockite-enderbite gneisses, and
garnet-sillimanite-biotite gneisses in order of decreasing abundance.
The lack of sillimanite and pyroxenes (cf. Vielzeuf and Holloway,
1988; Pattino-Douce and Johnston, 2001) in the granitoids suggest
that metapelite and charnockite-enderbite protolith did not contribute
substantially to granitoid formation either because the rocks were too
refractory to produce large amounts of melt or these rocks were volu-
metrically subordinate progenitors. The occurrence of local D2 diatexite
at boundin necks (Sequeira et al., 2020) suggest that themelt productiv-
ity of the basement gneisses decreased substantially during D2. By de-
fault, garnet-biotite quartzofeldspathic gneisses appear to be the likely
source rocks for the granitoids.

Skjerlie and Johnston (1993) suggested that ferroan peraluminous
calc-alkalinemelts are produced by low-degrees of fluid-absentmelting
at P > 6 kbar of biotite-bearing granodiorite at high-T (>900 °C). The
local occurrence of garnets in the granitoids is difficult to assess; these
garnets could qualify as a liquidus phase or as an incongruent phase pro-
duced on melting, or entrained from the protolith. Entrainment from
progenitors could lead to somewhat higher HREE contents in these
granitoids (Fig. 11a). The Eu/Eu* variations with (La/Yb)N and
CaO+Na2O in the granitoids (Fig. 11c) are instructive. These variations
are best explained if plagioclase was a residual phase during dehydra-
tion melting that produced melts with pronounced negative Eu anom-
aly and relatively flatter REE spectra, e.g. (La/Yb)N ratio close to 1; the
entrainment of the residual plagioclase during magma ascent would
modify the magma compositions to higher (La/Yb)N and lower Eu/Eu*
ratios for magmas with higher amounts of entrained plagioclase
(CaO + Na2O).

The emplacement temperatures of the A-type granitoids were esti-
mated for the 9 samples (Table 2) from the zircon saturation tempera-
ture (TZr) using the formulations of Watson and Harrison (1983) and
Boehnke et al. (2013). The TZr values vary between 728 and 894 °C
using the model of Watson and Harrison (1983); these values are
30–40 °C lower if the formulation of Boehnke et al. (2013) is adopted.
The average TZr value of 823 °C predicted by the equation of Watson
and Harrison (1983) is marginally lower than the ~830 °C cutoff for A-
type granitoids (Clemens and Vielzeuf, 1987; King et al., 2001) which
are generally considered to be high temperature magmas. However, as
the majority of the zircons in the samples analyzed (Fig. 8) do not con-
tain xenocrysts and have very tightly clustered ages (Fig. 9), the TZr
values calculated for these inheritance-poor CGC granitoids should be
a minimum estimate of the magma temperatures at the source (Miller
et al., 2003) with the actual zircon saturation temperature up to
100 °C above the calculated TZr values (Harrison et al., 2007). Using
the equation of Watson and Harrison (1983), Mukherjee et al. (2018a)



Table 2
Bulk rockmajor element oxides (inwt.%) and trace elements (in ppm) in nine granitoid samples from the north and central parts of the CGC. Chondrite-normalized values of (La/Yb)N are
after Anders and Ebihara (1982), Eu/Eu* computed from the equation ofWorrall and Pearson (2001) and zircon saturation temperatures (TZr) calculated (in °C) using the formulations of
Watson and Harrison (1983) and Boehnke et al. (2013) are included. Lat/Long of the samples is indicated.

GM-76 GM-75 GY-12 DT-212 DT-269 KM-5 KM-6 SM-36 SM-35

Latitude (°N) 24°49.860 24°49.298’ 24°34.96’ 23°43.06’ 24°06.393 25°13.856 25°13.851 24°40.043 24°40.698
Longitude (°E) 86°40.078 86°40.631’ 85°34.03’ 83°48.97’ 83°49.270 86°33.940 86°33.765 86°10.209 86°10.59’

Major oxide data
SiO2 68.10 77.80 71.41 72.56 74.74 76.18 75.85 76.04 71.38
TiO2 0.46 0.06 0.37 0.44 0.16 0.20 0.20 0.12 0.48
Al2O3 14.64 12.32 13.14 12.99 13.16 12.14 12.13 12.80 13.92
FeOT 3.63 1.47 3.64 2.84 1.10 1.89 2.04 1.32 3.46
MnO 0.09 0.03 0.08 0.05 0.01 0.02 0.00 0.03 0.05
MgO 0.73 0.05 0.15 0.59 0.16 0.62 0.30 0.11 0.56
CaO 2.19 0.51 1.49 1.52 1.33 0.43 0.32 0.85 1.56
Na2O 2.84 2.44 2.66 3.37 2.33 3.36 3.43 2.81 2.26
K2O 4.82 6.20 6.01 3.49 6.04 4.99 5.24 5.05 6.33
P2O5 0.18 0.07 0.09 0.10 0.04 0.07 0.02 0.06 0.17
LOI 1.70 0.39 0.68 1.31 0.95 0.66 0.40 1.60 1.05
Total 99.36 101.35 99.72 99.26 100.01 100.58 99.92 100.77 101.21

Trace element data
Ba 744 48 703 778 847 73 43 204 878
Be 1 2 3 5 2 4 7 10 <1
Co 91.5 149.2 106.7 116.7 165.6 176.5 190.5 130.1 119.6
Cs 3.3 6.8 6.5 3.5 2 5.4 1.7 18.5 6.3
Ga 15.7 16.8 24.6 15 15.3 28.1 29.9 18.4 16.9
Hf 6 3.2 12.4 6.7 4.3 14.7 15.2 4.6 8.6
Nb 15.1 14.5 29.1 13.9 5.4 68.9 71.3 18.6 14.5
Rb 170.4 397.7 342.6 151.7 222.8 302.6 214.1 392.9 266.2
Sn 3 8 9 4 <1 6 8 15 3
Sr 272.8 13.5 54.5 152.2 94.2 16.6 11.6 32.3 99.2
Ta 1.1 2.5 1.8 1.4 0.3 4 5.7 3.2 1.2
Th 13.3 21.8 46.8 28.7 25.4 34.4 36.2 36.6 36.3
U 1.5 5.4 5 4.1 1.8 5 6.3 8.3 1.5
V 23 <8 37 32 <8 14 9 <8 22
W 651.7 1016.8 735.1 787.4 1180.4 1331.6 1299.6 901.7 783.7
Zr 225.1 73.4 450.3 239 142.2 480.4 456.5 114.2 299.5
Y 20.5 70.3 78.2 12.9 13.4 104.5 113.1 81.5 35
La 47.9 30.6 112.9 35.9 66.4 118.4 110.9 50.8 86
Ce 105 67.6 217 113.6 118.5 243.7 237.5 98.8 159
Pr 10.31 7.91 22.98 7.5 12.21 28.38 26.91 10.91 17.35
Nd 36.8 28.1 85.1 24.2 41.4 106.4 100.3 38.9 60.9
Sm 6.48 7.7 15.77 4.15 6.47 22.88 22.41 8.66 10.41
Eu 1.27 0.22 2.53 0.74 1.54 0.41 0.45 0.63 1.62
Gd 4.99 8.48 15.24 3.13 4.95 22.72 22.34 9.43 8.52
Tb 0.7 1.8 2.36 0.49 0.63 3.72 3.66 1.86 1.21
Dy 3.99 11.93 14.31 2.89 3.22 21.88 21.54 12.38 6.62
Ho 0.7 2.44 2.88 0.6 0.51 4.16 4.44 2.72 1.28
Er 2 7.87 8.64 1.8 1.33 11.72 12.45 8.74 3.54
Tm 0.3 1.14 1.21 0.31 0.16 1.54 1.68 1.41 0.49
Yb 2.07 7.41 7.83 2.23 0.99 9.35 9.96 9.25 2.95
Lu 0.3 1.05 1.17 0.34 0.13 1.33 1.48 1.43 0.45
(La/Yb)N 15.59 2.78 9.71 10.85 45.19 8.53 7.50 3.70 19.64
Eu/Eu* 0.68 0.08 0.50 0.63 0.83 0.06 0.06 0.21 0.53
TZr (W&H) 812 728 872 826 777 893 888 766 841
TZr (B) 769 675 837 790 730 869 862 721 803
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report zircon saturation temperatures of 816–922 °C in the ~1.45 Ga
geochemically similar granitoids in eastern CGC.

6.3. The significance of Mid-Mesoproterozoic A-type felsic plutonism in
the CGC

Mukherjee et al. (2017, 2018a, 2019) demonstrate the occurrence of
~1.45 Ga A-type granitoids in a small area (the Dumka-Deoghar sector)
in eastern CGC (Fig. 2a, Supplementary Figure 1). Mukherjee et al.
(2018a) contend that the A-type granitoids are chemically similar to
the Mid-Mesoproterozoic granitoids in Amazonia and this study
shows that these granitoids are similar to the ~1.4 Ga granitoids in
Laurentia (Figs. 10 and 11). The finding is unique because Mid-
Mesoproterozoic felsic plutonism is largely unknown in the Greater
India landmass, except for the U-Pb (zircon) ages of 1.35 Ga in the
18
Errakonda ferrosyenite and 1.37 Ga in the Upalapadu nepheline syenite
in the east of Ongole (Kumar et al., 2007) and the neighboring 1.4 Ga
Elchuru syenites (Upadhyay et al., 2006). This study demonstrates
that the 1.45–1.4 Ga weakly peraluminous, ferroan, alkali calcic to
calc-alkalic A-type granites with chemical signatures consistent
with within-plate tectonic setting (Fig. 10) occurs in Daltongunj-
Chipadohar, Simultala-Chakai, Gaya-Chatra and the Kharagpur (near
Munger) Hill areas that are separated by hundreds of kilometers
(Fig. 2a). Since these 1.45 Ga A-type granitoids are not reported in the
adjoining crustal domains, we consider these granitoids to be exclusive
to the CGC. Thesewidespread emplacements of granitoids (occasionally
garnet bearing) in central and northern CGC occur exclusive of contem-
poraneous mafic emplacements and mafic microgranular enclaves, and
are inferred to have been derived by partial melting of biotite, K-
Feldspar and plagioclase-bearing source rocks (Vielzeuf and Holloway,



Fig. 10.Discrimination plots for the 1.45–1.4 Ga CGC granitoids from this study (filled yellow circles) and fromMukherjee et al. (2018a) (filled red circles). The data is compared with the
~1.4 Ga A-type granitoids (colored dots (a, b, f, h) (symbols given in du Bray et al., 2018), and blue dots (c–e, g)) of North America compiled by du Bray et al. (2018). Only those data of du
Bray et al. (2018) that fall within the compositional range of the diagrams are shown. (a) SiO2 versus Na2O+ K2O+ CaO plot after Frost et al. (2001). (b) SiO2 versus K2O plot with fields
from Peccerillo and Taylor (1976). (c) SiO2 versus Fe2O3

T/(Fe2O3
T +MgO)modified after Frost et al. (2001), T stands for total Fe as Fe2O3; gray-shaded field for A-type granitoids is adapted

from Han et al. (2017); (d) Nb/Ta versus Ta plot after Ballouard et al. (2016); field shows the range of A-type granites after Ballouard et al. (2016); arrows show increasing fractionation
trends computed by the authors, e.g. fractionation trends with 10wt.% biotite + 10wt.%muscovite + 80wt.% (quartz) indicated by dotted line, and with 10 wt.% biotite + 10wt.%mus-
covite+0.5wt.% ilmenite+79.5wt.% (quartz+ feldspar) shownby broken line. (e)Nb/Ta versus Zr/Hf plots after Ballouard et al. (2016). Fields are from the authors. (f) Rb versusY+Nb
plots afterWhalen et al. (1987). (g) FeOT/MgO versus Zr + Nb+ Ce+ Y plot afterWhalen et al. (1987). (h) molar plots for Al2O3/(Na2O+ K2O+ CaO) versus Al2O3/(Na2O+ K2O) after
Shand (1951).
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1988; Pattino-Douce and Johnston, 2001; Skjerlie and Johnston, 1993).
But the heat source that produced such large volumes of granitoids
should lie in the asthenosphere (Clemens, 2012). Possibly basalt under-
plating due to mantle upwelling in an intra-cratonic extensional tec-
tonic setting is the most likely scenario for the formation of these
granitoids (Anderson, 1983). On thewayup, the felsicmagmaentrained
plagioclase and garnet from the source rocks (Fig. 11c).

The paucity of the 1.45–1.4 Gamonazite dates in the southern part of
the CGC (Fig. 12a-left panel) could be attributed to several reasons. First,
the Mid-Mesoproterozoic A-type granitoids generally lack monazites.
Second, the magmatic monazites in the Mid-Mesoproterozoic A-type
granitoids may have been dissolved and re-precipitated as younger
(Early Neoproterozoic) grains due to accretion-related strain during
the intense Early Neoproterozoic tectonism along the southern margin
of CGC, where all tectonic fabrics are E-striking (Mahato et al., 2008;
Rekha et al., 2011; Bhattacharya et al., 2016, 2019) and axial planar to
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the prominent E–W closing D4 folds (Bhattacharya et al., 2019), and
N-trending D2 fabrics, as in the Daltongunj-Chipadohar area (Fig. 5a,
c), are rare, i.e. these parts of the CGC were intensely affected by the
pure shear dominated transpressive deformation due to CGC-SIB accre-
tion. And finally, U-Pb zircon age determinations from granitoids in
these parts of the CGC are as yet unavailable. It is suggested, if not
proven to the contrary, that the lack of ~1.4 Ga granitoids does not
imply that the southern part evolved differently in the Mid
Mesoproterozoic from the rest of the micro-continent.

Considerable controversy exists regarding the duration of growth of
the Columbia Supercontinent, e.g. 1.9–1.5 Ga (Rogers and Santosh,
2009), 1.75–1.38 Ga (Zhang et al., 2012) and 1.65–1.58 Ga
(Pisarevskiy et al., 2013). However,most authors agree that the breakup
of the Supercontinent occurred between 1.45 and 1.35 Ga (Zhao et al.,
2004; Rogers and Santosh, 2004, 2009; Pisarevskiy et al., 2013). This
event is associated with globally widespread anorogenic felsic and



Fig. 11. (a) Trace element abundances normalized to primitivemantle (Sun andMcDonough, 1989) in nineMid-Mesoproterozoic CGC granitoids compared with ~1.4 Ga North American
A-type meta- and peraluminous granitoids (compiled from du Bray et al., 2018) and ~ 1.4 Ga A-type granitoids from the CGC (compiled by Mukherjee et al., 2018a). Sample locations
shown in Supplementary Figure 1. Mukherjee et al. (2018a) do not report Ho, Tm and Tb abundances in their samples. (b) Chondrite-normalized (Anders and Ebihara, 1982) rare
earth element spectra in the samples compared against the North American A-type granitoids (du Bray et al., 2018) and eastern CGC granitoids (Mukherjee et al., 2018a) (c) Plots of
whole rock (La/Yb)N and Eu/Eu* versus CaO + Na2O in the CGC granitoids analyzed in this study and in Mukherjee et al. (2018a). The dotted black line is the best fit line of the data.
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mafic magmatism, and intra-continental rifting and sedimentation in-
duced by asthenospheric upwelling and/or plume-driven tectonics
(Anderson, 1983; Green, 1982; Windley, 1993; Winston and Link,
1993; Frost et al., 1999, 2001; Bingen et al., 2001; Zhao et al., 2004; du
Bray et al., 2018). This is especiallywell documented in Baltica andAma-
zonia forming the core of the Columbia Supercontinent, but are gener-
ally lacking in Laurentia (Hoffman, 1989) that existed prior to 1.6 Ga
(Windley, 1995). The Mid Mesoproterozoic features are also exhibited
in the Siberian Carton (Khudoley et al., 2001), the South China Craton
(Li et al., 1996), and the Congo and Tanzania Cratons (Key and Ayres,
2000).

The widespread emplacements of 1.5–1.4 Ga A-type granitoids in
the CGC that are chemically similar with the 1.45–1.32 Ga granitoids
in the North American shield (Figs. 10 and 11) and Amazonia
(Mukherjee et al., 2018a) suggests that the crustal block comprising
the CGC prior to its accretion between the NIB and SIB within the
Rodinia Supercontinent assembly experienced a distinct Mid-
Mesoproterozoic phase of asthenospheric upwelling possibly related
to extensional tectonism coincidingwith the breakup of the>1.5 Ga Co-
lumbia Supercontinent, represented by the >1.5 Ga pre/syn-D1 high-
grade metamorphism and anatexis in the CGC basement gneisses. It is
unclear if this extensional phase led to concomitant volcanism and
sediment deposition in the CGC as reported worldwide during the
fragmentation of the Paleo/Mesoproterozoic supercontinent (Rogers
and Santosh, 2002, 2009; Zhao et al., 2004). However, the
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Mid-Mesoproterozoic (~1.35 Ga) metamorphic monazites (Fig. 12) in
muscovite-biotite-garnet schists in the shallowly-dipping D3 carapace
of the supracrustal unit spatially close to these granitoids in the north
and central part of the CGC provides indirect evidence that some
intra-crustal sedimentation may have occurred during this extensional
tectonic phase: the heat source for this metamorphism may have been
provided by the cooling of the ~1.4 Ga granitoids. This requires further
investigation.

6.4. Early Neoproterozoic accretion in the Chottanagpur Gneiss Complex

Based on paleogeographic reconstructions, there is a consensus
among researchers that India was a part of the Rodinia Supercontinent,
although the position of India, central versus peripheral, in the super-
continent, is a point of debate (Zhao et al., 2004; Li et al., 2008; Meert
et al., 2013; Pisarevskiy et al., 2013). The consideration that India was
a part of the Rodinia assembly stems from the suggestion that the
1.1–0.9 Ga Eastern Ghats Province (EGP) (Fig. 1) comprising ultra
high-T lithologies, similar and contemporaneous with, those in the
Rayner Complex (Antarctica), accretedwith the Greater India Landmass
during the Early Neoproterozoic (Mezger and Cosca, 1999). Nasipuri
et al. (2018, and references therein) contradict the suggestions based
on two evidences: first, the Early Paleoproterozoic granitoids of the
Bastar Craton adjacent to thewesternmargin of the EGP (Fig. 1) experi-
enced accretion induced anatexis at ~500 Ma, and second there is no



Fig. 12. (a) Panels for probability density plots of chemical dates with 6% errors (red lines, and histogram in light blue) inmagmatic andmetamorphicmonazites the CGC are shown (this
study, and see text for source of data). Probability plots with 10% errors in spot dates (deep blue lines) are shown for reference. The dates are categorized geographically (in the left panel)
and lithologically (in the right panel). (b) Themonazite dates with 6% and 10% errors are comparedwith the available (data source in text) detrital and non-detrital Pb-Pb zircons dates in
the CGC.
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chronological imprint of Grenvillian-age deformation-metamorphism
in the craton margin juxtaposed against the EGP, which is inescapable
if the ultra high-T “hot” EGP lithologies were thrust over the Bastar Cra-
ton in the Early Neoproterozoic. Nasipuri et al. (2018) suggested the
EGP accretion with the Bastar Craton vis-à-vis a part of the Greater
India Landmass occurred in the Pan African, ~400 Ma later during the
Gondwanaland assembly.

At the eastern end of the GIPFOB, the broadly synchronous
1.0–0.9 Ga oblique accretion of the CGC between composite of the Ar-
chean Singhbhum Craton and the Mesoproterozoic North Singhbhum
Mobile Belt (Mahato et al., 2008) in the south as part of the SIB
(Figs. 1 and 2a), and the Gaya-Mahakoshal Belt of Paleoproterozoic
granites and low-grade muscovite-biotite schists in the north as part
of the NIB provides stronger evidence for the Greater Indian landmass
being a part the Rodinia Supercontinent assembly. The dynamics of
the subduction-accretion at the southern boundary during the Early
Neoproterozoic have been established by several previous studies
(Rekha et al., 2011; Bhattacharya et al., 2016, 2019; Chakraborty et al.,
2019). However, this study for the first time provides U-Pb zircon
dates to back up the monazite chemical dates and tectonic framework
presented in Sequeira and Bhattacharya (2021) which constrains the
age of the northern accretion boundary of the CGC between 0.9 and
1.0 Ga (Fig. 9h).

We have however refrained from providing possible locations of
CGC in the existing reconstructions of Columbia and Rodinia Supercon-
tinent primarily because of the lack of paleopole determinations specific
to the CGC crustal block. Additionally, it is being increasingly demon-
strated that the Indian landmass evolved by agglomeration of incoher-
ently evolved crustal blocks that continued till the Pan African. During
the Mid-Mesoproterozoic, the Indian sub-continent (as we see it now)
did not yet exist as a single landmass, but rather, may have existed as
smaller continents that amalgamated at different times alongmajor ac-
cretion zones. Therefore, relying on paleomagnetic pole data from other
crustal blocks within the Indian landmass to reconstruct the position
the Chottanagpur Crustal Block within the Columbia or Rodinia Super-
continents may not be accurate.

7. Conclusions

In summary we argue that the CGC evolved as a coherently evolved
crustal block (Fig. 2a–c) that (i) was possibly a part of the Columbia su-
percontinent (D1: >1.5 Ga high-grade metamorphism), (ii) experi-
enced Mid-Mesoproterozoic (1.45–1.40 Ga) fragmentation that led to
widespread emplacement of within-plate anorogenic granitoids (this
corroborates with the findings of Mukherjee et al., 2018a, albeit from
a much smaller area in east-CGC), before being (iii) finally integrated
(1.0–0.9 Ga; D3-D4) into the Greater India landmass due to the oblique
convergence of the NIB and the SIB (Fig. 1), coinciding with the assem-
bly of the Rodinia supercontinent (Li et al., 2008; Evans, 2009). Thus the
CGC crustal block was relocated from the Columbia Supercontinent to
the Rodinia Supercontinent. The expansive Mid Mesoproterozoic
within-plate A-type felsic plutonism demonstrated in this study sug-
gests that the CGC crustal block occupied a more central position in
the Columbia Supercontinent, instead of the customarily peripheral po-
sition assigned to India in the Supercontinent assembly proposed by
various workers (Zhao et al., 2004; Meert and Santosh, 2017).

Appendix 1: Analytical procedures

Monazite chemical dating

Th-U-total Pb dates in monazites were determined following the
methodology of Montel et al. (1996). The monazite analyses were per-
formed using a 4-WDS CAMECA SX-100 electron probe microanalyzer
in the National Facility, Indian Institute of Technology, Kharagpur. The
crystal configurations, analytical conditions, and the standards for
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analysis are identical to the protocol-I of Prabhakar (2013); only a brief
summary is provided here. Monazite grains were analyzed using 20 kV
acceleration voltage and 200 nA beam current. Synthetic standards
were used to analyze REEs (LaLα, CeLα, Prβ, NdLβ, SmLα, GdLβ, DyLα,
HoLβ), YLα, ThMα, UMβ, PbMα, and SiKα; natural mineral standards
were used for calibrating AlKα, FeKα, PKα and CaKα. The peak-times
for measurements were 10 s (Al, Si, Ca and Fe), 20 s (P) and 30 s (Y
and REEs; La and Ce were analyzed for 40 s). Longer measurements
were applied to PbMα (300 s), ThMα (200 s) and UMβ (200 s) spectral
analyses. Background measurements were made in half the peak-time.

The element abundances, monazite spot dates and ± 2σ errors are
presented in SupplementaryMaterial 2. Error % for spot dateswas calcu-
lated as [100 × {2σ error inMa/absolute age inMa] following Prabhakar
(2013). Spots dates with stated error % were statistically resolved for
mean dates of populations using Isoplot 3.0 (Ludwig, 2012). The spot
dates were monitored against the standard Moacyr monazite; the date
for the Moacyr monazite is determined to be 497 ± 10 Ma (EMP age,
Spear et al., 2009); 487 ± 0.5 Ma (TIMS age, Crowley et al., 2005) and
509.3 ± 0.5 Ma (TIMS age, Spear et al., 2009). The dates for the Moacyr
monazite varied between 487 ± 29 Ma and 504 ± 32Ma, with a mean
value of 496 ± 8 Ma.

SIMS U-Pb (zircon) dating

The samples were crushed, and the zircon-rich fraction was ob-
tained using heavy liquid (bromoform) and magnetic separation. The
hand-picked zircon grains, under binocular microscope, in the non-
magnetic fraction were arranged on double-sided adhesive tape, placed
on glass slides, and covered in epoxy resin. The grains were polished till
approximately half the thickness of the grains was reached. The epoxy-
mounted zircon grains were then cleaned, gold coated and
photographed by cathodoluminescence (CL) imaging at IIT Kharagpur
(India) and UCLA. Analytical data for the samples are provided in
Table 1.

The samples were analyzed in two sessions. Four samples (GY-11,
GY-64, GY-68 and KM-8A) were analyzed for U-Pb-Thwith the second-
ary ionmass spectrometer (SIMS), theCAMECAims1290 ionmicroprobe
at UCLA fitted with a Hyperion-II RF oxygen plasma source (Liu et al.,
2018). The analyses were run with a mass resolving power (MRP) of
~5500. We used a ~3 nA primary beam of O3

− ions focused to a ~5 μm
spot and accelerated with a − 13 kV primary voltage to a stage held at
approximately +10 kV. Two samples (DT-36 and SM-8a) were run on
the CAMECAims1270, with oxygen flooding, a ~ 10 nA primary beam
of O− ions focused to a ~20 μm spot, primary acceleration of −12.5 kV
and stage held at +10 kV. Similar analytical protocols were followed
during both sessions, the details for which are presented in Quidelleur
et al. (1997). A brief summary is provided below. The following species
180Hf16O, 94Zr216O, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 238U, and 238U 16O (all
of these are +1 ions.) were measured. Notably 235U was not directly
measured, but was calculated from 238U and the terrestrial 235U/238U
ratio. We used standards of known age so that we know the true
206Pb/238U ratio and can compare with the measured values to get the
RSF [(true ratio)/(measured ratio)] and plot its correlation with UO/U.
Unknowns were then assigned a Pb/U RSF based on their UO/U. In our
sessions, we built the calibration line using FC-1 and AS3 (both
1099.1 Ma; sampled from different regions of the Duluth Gabbro com-
plex in Minnesota, USA). The age characterization was done originally
by Paces and Miller (1993). Most CAMECA ion probe laboratories use
“oxygen flooding” (oxygen sprayed onto the surface of the sample for
enhancing Pb's ionization) for U-Pb analyses. Using a molecular O3

−

beam compensates for this. We calculated the concentrations of Hf,
Th, and U in the unknownswith reference to the 91500 zircon standard,
which is homogeneous with respect to the elements. The HfO/94Zr2O,
Th/94Zr2O, and U/94Zr2O measured for the 91500 are used to calculate
an RSF for each using the known concentrations (from Wiedenbeck
et al., 2004).
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Major and trace element geochemistry: For whole rock geochemis-
try, samples weighing 2–3 kg were washed, cleaned, dried and
disintegrated into cm-sized chips in a Fritsch jaw crusher. After re-
peated coning and quartering, ~250 g of the samples were powdered
to ~200 mesh-size in a Fritsch ball mill. For major element oxide analy-
ses, 0.25 g of the powdered samples were fused with lithium
metaborate (0.75 g) and lithium tertraborate (0.5 g) at 1050 °C in Pt-
crucible; and dissolved in 100 mL of 1 N HCL acid at room temperature.
5 mL of this solution was diluted to 50 mL. These solutions were ana-
lyzed using an Inductively Coupled Plasma Atomic Emission Spectros-
copy (ICP-AES) in the Department of Earth Sciences, Indian Institute of
Technology, Mumbai, India. The loss on ignition was determined from
the % difference in weights of sample + crucible before and after firing
1.0 g of the powdered sample in a furnace up to 950 °C for 15 min in a
Pt-crucible.

The samples in solution were analyzed (Table 2) for 31 trace ele-
ments (code LF100) using Lithium borate fusion and by Inductively-
couple Plasma Mass spectrometry (ICP-MS) in the ACME Laboratory
(Vancouver) of the BureauVeritasMinerals (BVM). The detection limits,
except for Ga, Sr and W (0.5 ppm), Ba, Be and Sn (1 ppm) and V
(8 ppm), for all other rare earth elements and refractory elements are
between 0.3 ppm and 0.01 ppm.
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