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ARTICLE INFO ABSTRACT

Editor: Marco Fiorentini The western part of the Singhbhum Craton preserves Paleo-Mesoarchean mafic greenstone lava flows, felsic
tonalite-trondhjemite-granodiorite (TTG)-granite associations, and high-K granite and volcanic suites, similar to

Keywords: other Archean cratonic blocks. These successions are crucial components of early continental crust, and

Cr“;tal reworking unravelling their respective petrogenetic relations is important for understanding the evolution from mafic to

Archean

felsic crust. This study presents detailed investigations of zircon U—Pb age and Hf isotope data from the Bonai
TTG/gneiss-granite Suite, and the overlying Tamperkola high-K granite and rhyolite Suite. Our results indicate
concurrent crystallization of the Bonai TTG gneiss (3316 + 9 Ma), associated porphyritic high-K granite (3299 +
9 Ma), and their amphibolite enclaves (3325 + 9 Ma) with older, inherited zircon grains intercepting at 3586 +
25 Ma. The entire Bonai Suite yields an overall juvenile Hf isotope composition (¢eHf) = —1.7 to +4.6, 95 %
eHf) > 0). Combined with the mantle-like Hf isotope signatures of the inherited zircons grains (eHf) = +1.7 to
+6.2), this indicates a Hf isotope evolution array with a mafic crustal 17°Lu/'”’Hf ~ 0.022. Considering that
these grains represent the source of the TTGs, this implies lower crustal residence of ca. 300 Myr of the mafic
precursor rocks. The Tamperkola high-K magmatic suite yields a crystallization age of 2810 + 8 Ma with sub-
chondritic Hf isotope composition (eHfy) = —3.2 to —0.6). This Tamperkola Suite plots on the Hf isotope
evolutionary array defined by the Bonai Suite and its mafic precursor, suggesting remelting of the Bonai
(transitional) TTGs to produce these high-K granitoids in an internal reworking process. Our new and published
data yield a threefold crustal evolution with (i) initial formation of the mafic crust at ca. 3586 Ma, (ii) subsequent
residence for ca. 300 Myr and crustal reworking at ca. 3316-3299 Ma to form TTGs and (iii) their melting at ca.
2810 Ma to form high-K magmas. This succession of re-melting of igneous rocks drove the transition from mafic
to felsic continental crust in the Singhbhum Craton. Given the consistent lithological sequence of predominantly
mafic greenstone rocks, TTG-granite suites, and high-K granites observed across global cratons, this Paleo-
Mesoarchean process likely reflects the order of crustal maturation in the Archean continental crust.

Zircon U-Pb-Hf
Bonai granite
Tamperkola granite
Singhbhum Craton

1. Introduction continental crusts is being unveiled, one characterized by dominantly
mafic greenstone belts and intermediate to felsic tonalite-trondhjemite-

Archean cratons preserve the oldest records of continental crust on granodiorite (TTG) and late high-K granitoids, which is different from
Earth, and provide the key to unravel the development of the first the post-Archean evolved continental crust dominated by felsic granites
continental crusts. With increasing availability of geological data from (e.g., Cawood et al., 2013; Hawkesworth et al., 2017; Cawood et al.,
cratonic rock archives, a global pattern in the evolution of early 2022). However, the spatiotemporal relationships between these stage-

* Corresponding author at: School of Earth, Atmosphere and Environment, Monash University, Melbourne, Victoria 3800, Australia.
E-mail addresses: yousef.zoleikhaei@monash.edu, yousef.zoleikhaei@yahoo.com (Y. Zoleikhaei).

https://doi.org/10.1016/j.chemgeo.2024.122483
Received 2 August 2024; Received in revised form 1 November 2024; Accepted 4 November 2024

Available online 8 November 2024
0009-2541/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:yousef.zoleikhaei@monash.edu
mailto:yousef.zoleikhaei@yahoo.com
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2024.122483
https://doi.org/10.1016/j.chemgeo.2024.122483
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2024.122483&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Y. Zoleikhaei et al.

specific lithological units in the Archean crustal evolution are often
obscured by younger tectonic events, which has hampered our under-
standing of the timing and processes controlling the transition between
these rock types and evolution toward modern felsic crust. For example,
the occurrence of high-K granitoids in the evolving Archean crust
require a pre-enrichment in K, meaning that they cannot directly form
from mafic primitive crust (e.g., Laurent et al., 2014; Moyen, 2020).
Their development has been taken as evidence for the maturation of
cratons in the final stages of Archean orogens, and have even been
linked to the melting of former surface exposed sediments (e.g., Farina
et al., 2015; Reimink and Smye, 2024). However, these rocks are often
spatially associated with TTGs and intermediate K-enriched rocks
(transitional TTGs), and are not always associated with the end of cra-
tonization (e.g., Barley and Pickard, 1999; Champion and Smithies,
2001; Misra et al., 2002; Belcher and Kisters, 2006; Chakraborti et al.,
2019; Champion and Smithies, 2019; Hofmann et al., 2022; Rollinson
et al., 2024). The persistence of these ambiguities highlights the
importance of data availability from cratonic regions with relatively
well-preserved and diverse lithology.

The Singhbhum Craton of eastern India preserves an extensive record
of Paleo- to Neoarchean rocks related to various stages of continental
crust evolution ranging from greenstone belts to TTGs and K-rich
granitoids (Nelson et al., 2014; Olierook et al., 2019; Chaudhuri, 2020;
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Chaudhuri et al., 2022; Hofmann et al., 2022; Mazumder et al., 2022;
Jodder et al., 2023). Importantly, in the western margin of the Singhb-
hum Craton these lithologies are in direct contact, where the mafic lavas
of the Western Iron Ore Group (W-IOG) are intruded by the TTG-granite
rocks of the Bonai Suite, and the Tamperkola high-K Suite intruded into
the supracrustal rocks covering the Bonai Suite (Figs. 1 and 2). Recent
studies reveal an early Paleoarchean age and a positive Nd isotopic
composition for the Lower Lava greenstones of the W-IOG, which are
interpreted to suggest melt production from a depleted mantle reservoir
formed soon after planetary differentiation (Wright and Basu, 2024).
Exploring petrogenetic relationships between these mantle-derived
mafic rocks and the associated younger intermediate to felsic rocks
can provide helpful insights on the transition from the mafic lithosphere
to felsic crust on a regional scale. In this study we report magmatic
zircon U—Pb age and Hf isotopes from the Bonai granitoids and their
mafic enclaves and the Tamperkola high-K Suite. Our findings demon-
strate that the intermediate-felsic crust is primarily generated from
(partial) melting of local mafic lithosphere with contributions from
older TTG crust, critically without mantle input, which then in itself
matures to form high-K granites, proving the internal digestion of a
protocraton to form the precursors of continental crust.
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Fig. 1. Geological map of the Singhbhum Craton, modified from Olierook et al. (2019) and Hofmann et al. (2022), showing main lithologies and their stratigraphic
position, major faults, and the study area. The yellow star indicates the location of lower lava flows of the W-IOG studied by Wright and Basu (2024).
Tmpk—Tamperkola Suite, Cg—Chakradharpur granite, Mhg—Mahagiri quartzite, Kj—Keonjhar quartzite, Mlg—Malaygiri quartzite, Ko—Koira quartzite,
Sl—Simlipal Group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2. Geological setting

The Singhbhum Craton comprises an area of ~50,000 km? in the
eastern part of the Indian Plate. Figure 1 presents the Archean—Proter-
ozoic rock record of the Singhbhum Craton. The Iron Ore groups (I0G)
consist of weakly to moderately deformed successions of ultramafic to
felsic lavas, clastic sedimentary rocks, and banded iron formations,
which are exposed along three belts (eastern, western, and southern)
encircling the TTG-granite core of the craton (Mazumder et al., 2012;
Mukhopadhyay et al., 2012; Mazumder et al., 2019; Mazumder and
Chaudhuri, 2021; Mazumder et al., 2022). Depositional ages of the IOG
successions range from ca. 3500 to ca. 3300 Ma (Mukhopadhyay et al.,
2008; Sreenivas et al., 2019; Jodder et al., 2021; Hofmann et al., 2022;
Jodder et al., 2023; Wright and Basu, 2024). The Older Metamorphic
Group (OMG) and Older Metamorphic Tonalite Gneiss (OMTG) consist
of strongly deformed supracrustal rocks including quartzite, metapelite,
amphibolite, and calc-silicate (OMG), and TTG gneiss and smaller
granitic counterparts (OMTG), which are mostly formed at ca. 3400 Ma

(Mishra et al., 1999; Acharyya et al., 2010; Nelson et al., 2014; Upad-
hyay et al., 2014; Hofmann and Mazumder, 2015; Dey et al., 2017;
Chaudhuri et al., 2018; Mitra et al., 2019; Hofmann et al., 2022). The
Singhbhum Granitoid Complex (SGC) is a multiphase granitoid that
dominates the central part of the craton and consist of weakly deformed
to undeformed TTG granitoids in the early phases emplaced between ca.
3300 to ca. 3100 Ma and transitional to more K-rich granites during the
later phases at ca. 3100 Ma to ca. 3050 Ma (Nelson et al., 2014; Upad-
hyay et al., 2014; Chaudhuri et al., 2018; Dey et al., 2019; Mitra et al.,
2019; Olierook et al., 2019; Pandey et al., 2019; Zoleikhaei et al., 2023).
Several other plutonic rocks including the Bonai, Kaptipada, and

Chakradharpur granitoids occur toward the margins of the craton and
are also attributed to the SGC magmatism (Fig. 1; Vohra et al., 1991;
Saha, 1994; Chakraborty et al., 2019; Ghose and Saha, 2019; Asokan
et al., 2021). However, their temporal, compositional, and geographical
relationships with the central body of the SGC have remained poorly
resolved (Hofmann et al.,, 2022). The younger Meso-Neoarchean
plutonic-volcanic suites including Tamperkola, Budhapal, Kalingana-
gar, and Pallahara granites intrude into the weakly to moderately
deformed Mesoarchean successions in the western and southwestern
margins of the carton (Sengupta et al., 1991; Bandyopadhyay et al.,
2001; Bose et al., 2016; Topno et al., 2018).

The geological evolution of the rock units in the western part of the
Singhbhum craton is poorly resolved (Fig. 2). Although several studies
have attempted to determine the emplacement ages of the Bonai and
Tamperkola suits, the reported ages are either associated with large
uncertainties (whole rock Sm—Nd ages; Sengupta et al., 1991) or
represent upper intercept ages from highly discordant and scattered data
(zircon U—PD ages; Sengupta et al., 1996; Bandyopadhyay et al., 2001;
Chakraborty et al., 2019; Asokan et al., 2021). Furthermore, the absence
of isotopic data hampered evaluation of magma genesis for these plu-
tons. Mitra et al. (2022) reported a reasonably precise age (3368 + 7
Ma) and Hf isotope (eHf(;) = +2.3 to +4.3) data from concordant zircon
grains in a migmatitic gneiss enclave in the Bonai Suite, but such data
are not available for the host rock and the microgranular mafic enclaves.

2.1. Sample description and petrography

2.1.1. Bonai Suite
The Bonai Suite has a heterogenous composition comprising an
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equigranular feldspathic augen gneiss (Fig. 3A and B) and a deformed
equigranular to porphyritic granite (Fig. 3F and G) ranging in compo-
sition from TTG to granite. Both rock types exhibit one prominent foli-
ation, which in the augen gneiss is tightly folded and is parallel to the
gneissosity. Enclaves of variable origins and sizes, including mafic
orthogneiss and migmatitic melanosome ranging in size from a few
centimeters to tens of meters, form the third component of this pluton
(Fig. 3C-E). Mafic schlieren bands are commonly observed within this
rock in the outcrop. The Bonai Suite is bounded to the east, north, and
west by quartzite with conglomerate lenses, and mafic volcanic rocks
(Figs. 1 and 2). These surrounding rocks are commonly assigned to the
Western Iron Ore Group (W-IOG) (e.g., Sengupta et al., 1991; Sengupta
et al., 1996; Kumar et al., 2009). However, in the east the Bonai Suite
intrudes into the mafic volcanic rocks, whereas in the north and west
quartzite and conglomerate sequences unconformably overlie the suite
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(Sengupta et al., 1991; Kumar et al., 2009). In the south, the Bonai Suite
is in fault contact with the Meso-Neoarchean Rengali Province gneisses
and quartzites (Fig. 1). We sampled an equigranular augen gneiss
(BON1A) and a mafic enclave (BON1B) from the bed of the Brahmani
River near the village of Narendra (N21°50'01.7", E84°54'19.2"), and a
porphyritic granite (BTNR1) near Baratangarha village (N21°52'09.2",
E84°51'02.7"; Fig. 2).

The equigranular augen gneiss (BON1A) is dominantly composed of
plagioclase and quartz with minor K-feldspar and altered biotite and
muscovite (Fig. 3A and B). The feldspar grains exhibit deformation
lamellae, grain boundary recrystallization, and are partially altered to
sericite, chlorite, minor epidote, and rarely to muscovite. The quartz
grains have wavy extinction with deformed boundaries and form ribbon
structures (Fig. 3B). Microscale bands of chlorite, mica, and epidote
form along the foliation plane swerving and cutting across the original

Fig. 3. Field photographs and polarized light photomicrographs from the three rock types of the Bonai Suite. A and B) Bonai equigranular TTG gneiss and an
enclosed mafic enclave. Inset (a) shows magnified view of the texture of the rock. The photomicrograph highlights the dominance of plagioclase over K-feldspar,
alteration of plagioclase crystals, and the deformed texture of the rock with quartz crystals forming ribbon structure. C—E) Mafic enclave in the Bonai equigranular
TTG gneiss as rounded globules (C) and as schlieren bands (D). The magnified view in inset (c) shows felsic veins crosscutting the mafic enclave. The photomi-
crograph shows the dominance of hornblende with less frequent plagioclase and minor secondary quartz. Hornblende crystals show incipient alteration to chlorite
and epidote. F and G) Bonai porphyritic granite, with a magnified view of the rock texture in inset (e). The photomicrograph shows the higher K-feldspar content and
less deformed nature of this rock compared to the Bonai equigranular TTG gneiss. Deformation evidence include subgrain deformation, grain boundary recrystal-
lization, and replacement of K-feldspar by secondary muscovite. P—plagioclase, Q—quartz, Ep—epidote, Ch—chlorite, Hb—hornblende, KF—K-feldspar,

M—muscovite, and B—biotite.
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quartz-albite association suggesting they are secondary in origin
(Fig. 3A and B). The secondary mineral assemblages (i.e., sericite, mica,
chlorite, and epidote) and deformational structures (i.e., stretched
quartz crystals) indicate that the rock underwent greenschist facies of
metamorphism. The prevalence of plagioclase over K-feldspar points to
a tonalite-trondhjemite-granodioritic composition for this pluton, which
is also indicated by previous whole-rock geochemical data (supple-
mentary Fig. S1; Sengupta et al., 1991). Hereafter we refer to this pluton
as Bonai TTG gneiss.

The sample from the mafic enclave (BON1B) comprises abundant
hornblende, and less frequent plagioclase and quartz with minor apatite
(Fig. 3C-E). The hornblende crystals are only weakly oriented and show
minor alteration to chlorite and epidote (Fig. 3E). Occasionally, thin
(<1 cm thick) felsic veins, similar in texture and composition to host
TTG gneiss, cut across the enclaves (Fig. 3C). The secondary mineral
assemblage and minimal deformation points to a sub-greenschist
metamorphic facies, which is comparable to the degree of meta-
morphism in the host rocks. Given the prevalence of hornblende and
plagioclase and the metamorphic grade, this rock is classified as an
amphibolite.

The porphyritic granite sample of the Bonai Suite (BTNR1) consist of
plagioclase, quartz, K-feldspar, and mica in the order of abundance
(Fig. 3F and G). Feldspar crystals form the phenocrysts and are mostly
well-preserved with some grains showing incipient evidence of serici-
tization. Quartz crystals have wavy extinction with grain boundary
migration and bulging recrystallization (Fig. 3G). Muscovite and biotite
crystals are well-preserved and are only sporadically compressed. Pub-
lished whole-rock major element data demonstrate a high potassium
(K20 = 4.17 wt%) character for this granite (Fig. S1; Sengupta et al.,
1991). This sample is classified as a granite and hereafter is referred to as
the Bonai porphyritic granite.

2.1.2. Tamperkola Suite

The Tamperkola granite-felsic volcanic Suite includes a dominant
pink colored, fine-grained equigranular to porphyritic granite and a less
common dark colored, dominantly porphyritic acid volcanic body. The
acid volcanic rocks occur as an elongated bow-shaped body along the
eastern margin of the granite (Fig. 2). The Tamperkola Suite occurs to
the west of the Bonai Suite and its granite body intrudes into the
quartzites covering the Bonai Suite and the Darjing Group supracrustal
rocks that cover these quartzites (Figs. 1 and 2). The suite is largely
undeformed, but near the margins it displays a crude foliation defined
by flattening of quartz and biotite that swerves around the feldspar
phenocrysts. One sample from the felsic volcanic body (NPL1) was
collected near Kantapali village (N21°54'21.2", E84°47'36.0"; Fig. 2).
Under the microscope, this sample exhibits porphyritic texture with K-
feldspar, microcline, and subordinate plagioclase phenocrysts, ranging
in size from 0.5 to 1.5 cm, in a fine-grained groundmass (30-50 pm)
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composed of quartz and feldspar, with minor muscovite and biotite
(Fig. 4). The feldspar phenocrysts are equidimensional or rarely elon-
gated with marginal recrystallization, which in more deformed cases
develop into strain shadow. The quartz and feldspar crystals in the
groundmass show sutured contacts (Fig. 4B). Muscovite grains form
within or along grain boundaries of the K-feldspars suggesting that they
are secondary in origin (Fig. 4B). Given the aphanitic texture of the
groundmass and the dominance of felsic minerals (i.e., quartz and
feldspar), and a rhyolitic composition based on whole-rock major ele-
ments data (Fig. S1; Bandyopadhyay et al., 2001), this sample is clas-
sified as a porphyritic rhyolite. Published whole-rock major element
data indicate a high-K (K20 = 4.91-5.25 wt%) nature for the Tamper-
kola rhyolite and granite (Fig. S1; Bandyopadhyay et al., 2001; Alam
et al., 2022).

3. Analytical methods
3.1. Zircon U-Pb-Hf analysis

Approximately 1 kg of each of the samples was crushed using a jaw
crusher and a tungsten carbide ring mill. The pulverized material was
sieved with a metal sieve with 355 pm apertures, and the fraction below
355 pm was selected for further mineral processing. Heavy minerals
concentration from the selected material was performed by gravity
separation using Wilfley-Holman water table, followed by magnetic
separation using Frantz magnetic separator set at 0.5 A, and gravity
separation using tetrabromoethane (2.96 g/cm®). At least 100 zircon
grains were hand-picked and mounted on glass slides. These grains were
then set into epoxy resin blocks of 2.5 cm diameter and polished to
expose their middle sections. For selecting analytical spots cath-
odoluminescence (CL) images of the zircon grains were captured using a
Phillips FEI XL30 environmental scanning electron microscope equipped
with a Gatan PanaCL detector housed at the University of Melbourne,
Australia. The analytical spots are commonly placed on the grains
mantles away from inherited cores. However, in grains with amorphous
internal structure the central part of the grains is targeted.

Between 35 and 40 zircon grains from each sample were selected for
U—Pb age and Hf isotope analyses. The analyses were conducted via
split-stream Laser Ablation-Inductively Coupled Plasma-Mass Spec-
trometry during which a RESolution 193 nm laser was coupled with a
Thermo Fisher iCAP Tetra Quadrupole ICP-MS for measuring U and Pb
isotopes, and a Thermo Fisher Neptune Multicollector ICP-MS for
measuring Lu and Hf isotopes. The analysis involved 30 s of blank
measurement followed by 60 s ablation using a laser beam of 35 pm
diameter, 4 J/cm? on sample fluence, and a repetition rate of 8 Hz. The
reference zircons OG1 (Stern et al., 2009) and MudTank (Woodhead and
Hergt, 2005) were analyzed as the primary reference materials for cal-
ibrating the U—Pb and Lu—Hf measurements, respectively. The QGNG

Fig. 4. Hand specimen photo (A) and polarized light photomicrograph (B) from the Tamperkola rhyolite. The groundmass comprises recrystallized quartz, feldspar,

and sericite. The phenocrysts are dominantly K-feldspar with minor plagioclase.
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(Black et al., 2003), 91500 (Wiedenbeck et al., 1995), GJ1 (Jackson
etal., 2004), and Plesovice (Slama et al., 2008) zircons were analyzed as
secondary reference materials for checking the quality and accuracy of
the measurements. The collected raw data for U—Pb isotopes and
Lu—Hf isotopes were reduced using the inbuilt U—Pb Geochronology and
Hf Isotopes data reduction schemes in Iolite 4 software (Paton et al.,
2011). The Lu—Hf measurements were corrected for mass interference
of 7°Yb and 7°Lu on '7°Hf using the peak-striping method (e.g.,
Woodhead et al., 2004; Fisher et al., 2011; Fisher et al., 2014; Spencer
et al., 2020). The amount of 7°Yb and 7®Lu were calculated by
measuring interference-free isotopes (i.e., 171Yb, 173Yb, and 7°Lu) and
using the accepted natural ratios (76Yb/}73Yb 0.796218,
173yb/171yb = 1.132685, and 7®Lu/'7°Lu = 0.02656; Chu et al., 2002).
In these calculations mass bias of Yb (fYb) and Hf (BHf) were calculated
using measured 173Yb/}”1Yb and 17°Hf/'77Hf ratios, respectively, and
BLu was considered to be equal to pYb (Woodhead et al., 2004; Fisher
et al., 2011). The applied mass interference correction removes most of
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the covariation between 7®Lu (7°Yb) and 17'5Hf, and the remaining
covariation between these isotopes in the analyzed Archean samples and
OG1 reference material resembles an isochron relationship between the
radioactive (176Lu) and radiogenic (176Hf) isotopes (cf. Maltese et al.,
2021; Zoleikhaei et al., 2023). The measured weighted mean ages and
176Hf/Y77Hf ratios for the reference material analyzed in this study
overlap within uncertainties with the recommended values (supple-
mentary files A and B). The concentrations of the trace elements 178Hf,
173yb and 17°Lu were calculated from the same data that were collected
for Lu—Hf isotopic analysis. The data were reduced using the Trace
Element data reduction scheme in Iolite 4 with zircon 91500 used as the
primary reference material. Data tables for zircon U—Pb, Lu—Hf, and
trace elements are reported in supplementary files A and B.

All presented age values are 2’Pb/2%Pb ages unless specified
otherwise, and the reported uncertainties for individual ages are prop-
agated 2 se. The uncertainty calculations for the weighted mean ages
follows the procedure described in Horstwood et al. (2016), which
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includes quadratic addition of systematic uncertainties to the measure-
ment uncertainties after defining the weighted mean ages. The consid-
ered sources of systematic uncertainty include ratio uncertainty of the
primary reference material, excess variance of the secondary reference
material, and decay constant uncertainties, which equal to 0.23 % (2 se)
for 2°°Pb/238U and 0.25 % (2 se) for 2°’Pb/2%°Pb.

4. Results

The analyzed zircon grains include concordant (< +3 % discordant,
discordance = (1 - 206py, /238y age — 207py, /206pp age) x 100) and
discordant (> +3 % discordant) ages. The weighted mean ages are
calculated using only the concordant ages. The presented '7°Hf/ 177Hf(t)
and eHf(y) values for concordant grains are based on their individual
measured ages, whereas for the discordant grains the weighted mean
age of the concordant grains from the same group is used, and if this age
is not available or considered unreliable, the upper intercept age of their
discordia is used.
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4.1. Bonai Suite

4.1.1. Bonai TTG gneiss (BON1A)

Zircon grains in the Bonai TTG gneiss have elongated to stubby
prismatic shapes and range in size from 50 pm to 350 pm (Fig. 5A). In the
CL images most grains have well-preserved oscillatory zoning. However,
a minor fraction of grains are amorphous in the center and only show
faint zoning toward the edges (Fig. 5A). Occasionally, some grains might
include inherited cores with marginal dissolution bays. The analyzed
zircon grains (n = 40) from this sample have variable and typically high
U (55-1730 ppm, average 489 ppm) and Th (19-986 ppm, average 170
ppm) contents. Their Th/U ratios are variable (0.04 to 1.64) but mostly
(85 %) > 0.1 (Fig. 6A).

The zircon U—PDb ages of the Bonai TTG gneiss include two groups of
concordat ages with both having associated discordant grains (Fig. 6A).
The first and largest group of ages is from the grains with relatively well-
preserved internal zoning (Fig. 6A). The concordant (discordance % =
—0.3 to 2.8) ages in this group comprises 26 grains with ages between
3333 Ma to 3301 Ma and 7®Hf/'77Hf, between 0.280634 to 0.280757
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Fig. 6. (A) U—Pb concordia and Th/U scatter plot for the zircon grains analyzed from the Bonai TTG gneiss. B) Weighted mean plot for the concordant zircon ages in
the primary age group. C) Plot of initial 7°Hf/*”7Hf ratios versus measured ages of the zircon grains demonstrates that the igneous and inherited zircon groups have
distinct Hf isotope composition. However, the discordant zircon grains in each group exhibit Hf isotope compositions similar to those of the associated concordant
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(Fig. 6A and C). These grains yield a weighted mean age of 3316 + 9 Ma (Fig. 6A). The Hf isotope composition of these grains, 7®Hf/ 177Hf(3316
(Fig. 6B). The eight discordant (discordance % = 4.6 to 27) grains Ma) between 0.280635 to 0.280730, are also similar to those of the
associated with this group have ages between 3319 Ma to 3238 Ma and concordant grains (Fig. 6C). A discordia line regressed thought all grains
follow a congruent discordia pattern away from the concordant ages in this group provide upper and lower intercept ages respectively at
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3318 + 4 Ma and 543 + 54 Ma (Fig. 6A). This upper intercept age is
within uncertainties of the weighted mean age of the concordant grains.
Thus, given the CL features of this group of grains, we consider the
weighted mean age of 3316 + 9 Ma to represent the crystallization age
of the Bonai TTG gneiss.

The second group of ages in this sample is from zircon grains with
amorphous or poorly-preserved internal zoning (Figs. 5A and 6A). This
group comprises two concordant (discordance % = 0.6 to 0.9) ages at
3572 Ma and 3550 Ma, with 78Hf/'7’Hf;) values of 0.280600 and
0.280530. These grains yield a weighted mean age of 3568 + 12 Ma
with an MSWD of 3.1. The remaining four discordant (discordance % =
3 to 4.4) grains in this group have ages between 3498 Ma to 3428 Ma
and follow a congruent discordia pattern away from the concordant
grains (Fig. 6A). The 178Hf/17”Hf 3586 ma) values (0.280546 to 0.280633)
of these grains are similar to those of the concordant grains (Fig. 6C).
The U—Pb discordia regressed through all grains in this group yields
upper and lower intercept ages respectively at 3586 + 25 Ma and 2415
+ 166 Ma. Although overlapping within uncertainties, the weighted
mean age of the two concordant grains is ca. 20 Myr younger than the
upper intercept age of the discordia, is derived from only two ages, and
has a high MSWD. Thus, the upper intercept age represents the best
estimation on the crystallization age of these grains. This age closely
corresponds to the Tpyo age of the primary zircon group discussed
below, which suggests inherited source for the old grains.

The eHf(;) values range between —0.2 to +4.6 for the primary zircon
group, and between +1.7 to +6.2 for the older age group (Fig. 6D). The
time-integrated evolutionary trend of Hf isotopes between the inherited
and igneous zircon grain yields a ”®Lu/'77Hf ratio of 0.02 (Fig. 6D),
which is close to that of the Archean mafic crust (*”®Lu/Y7®Hf = 0.022;
Amelin et al., 1999). Two-stage model ages (i.e., the age of extraction
from Depleted Mantle; Tpy2) calculated for the primary zircon group,
using 17%Lu/Y77Hf = 0.022 in the calculations for the second stage, yield
ages between 3789 Ma to 3365 Ma (average = 3617 Ma).

4.1.2. Mafic enclave in the Bonai TTG gneiss (BON1B)

Zircon grains from the mafic enclave have reddish pink color and
range in size from 50 pm to 150 pm with bimodal shapes (Fig. 7B). The
majority of the grains are rounded with high luster, and a minor portion
of grains have euhedral prismatic shape (Fig. 7A). In the CL images, both
groups preserve faint evidence of growth zoning and rarely include
overgrowth rims or inherited cores (Fig. 5B). The analyzed zircon grains
contain variable and dominantly high U (123-1161 ppm, average 334
ppm) and Th (67-305 ppm, average 131 ppm) contents. Their Th/U
ratios range from 0.09 to 0.87 with the majority (97 %) of grains having
Th/U > 0.1 (Fig. 7B).

Most of the analyzed zircon grains from the group with rounded
morphologies yield concordant (discordance % = —0.3 to 0.9) ages,
making a single population with ages between 3333 Ma to 3312 Ma and
similar 7%Hf/'7Hf;) values between 0.280635 to 0.280736 (Fig. 7B).
These grains define a weighted mean age of 3325 + 9 Ma (Fig. 7D). The
four discordant (discordance % = —1.3 to 4.3) grains in this group do
not make a clear discordia array, but three grains show similar age
(3330 Ma to 3266 Ma) and 17®Hf/}""Hf(3325 ma) values (0.280679 to
0.280713) to those observed in the concordant zircon grains (Fig. 7F).
The eHf(;) values of the rounded zircon grains range from 0 to +3.8
(Fig. 7G). The Tpymo ages for these grains, calculated using mafic crust
176Lu/77Hf ratio of 0.022, range between 3781 Ma to 3436 Ma
(average = 3588 Ma).

The analyzed zircon grains with euhedral morphologies show age
and Hf isotopes similar to those of the rounded zircon grains. The ma-
jority of these grains (7/12) show concordant (discordance % = —0.6 to
1) ages, making a single group with ages between 3326 Ma to 3313 Ma
(Fig. 7C) and similar 7°Hf/'”’Hf, values between 0.280699 to
0.280710 (Fig. 7F). These grains yield a weighted mean age of 3321 +
10 Ma (Fig. 7E). The four discordant (discordance % = 4 to 6.9) grains
associated with this group yield ages between 3319 Ma to 3288 Ma and
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follow a discordia pattern deviating from the concordant ages. The
176Hf/177Hf(3321 Ma) Values in these grains range between 0.280641 to
0.280703, which is also similar to that of concordant grains (Fig. 7F). A
discordia line regressed through the concordant and discordant ages in
this group defines upper and lower intercept ages respectively at 3324
+ 7 Ma and 624 + 269 Ma (Fig. 7C). The eHf(y) values of the euhedral
grains range from +0.2 to +2.7(Fig. 7G). The Tpy2 ages for these grains,
calculated using mafic crust 7%Lu/!77Hf ratio of 0.022, range between
3752 Ma to 3530 Ma (average = 3614 Ma).

The remaining two grains in this sample, one with rounded and one
with euhedral morphology, are 1.8 % and 4.5 % discordant (Fig. 7B).
These grains do not make a clear discordia array, but mostly follow the
discordia array defined by the inherited zircon grains in the host Bonai
TTG gneiss with ca. 3586 Ma upper intercept age (Fig. 7B). The
176Hf/177Hf(35&fJ Ma) Vvalues of these two grains, at 0.280550 and
0.280575, is also similar to those from the inherited zircon grains in the
host rock (Fig. 7F).

Despite the similar age and Hf isotope compositions for the rounded
and euhedral zircon grains, they have distinct trace elements composi-
tions. The rounded zircon grains show lower Yb (59-142 ppm), Lu
(13-29 ppm), and Hf (7995-11288 ppm) contents compared to the
associated euhedral grains with Yb (439-797 ppm), Lu (74-135 ppm),
and Hf (10654-18954 ppm) (Fig. 8). The higher Lu, Yb, and Hf contents
in the euhedral zircon grains resemble the values observed in the zircon
grains from the host Bonai TTG gneiss (Fig. 8). Given the complexities in
morphology and trace element compositions of the zircon grains, in-
terpretations of crystallization age for this sample are given in Section
5.1.2.

4.1.3. Bonai porphyritic granite (BTNR1)

Zircon grains in the Bonai porphyritic granite are transparent and
euhedral pink grains with elongated to stubby prismatic shapes, and
range in size from 50 pm to 300 pm. In the CL images, the majority of the
grains preserve oscillatory growth zoning (Fig. 5C). The analyzed zircon
grains (n = 39) have variable and generally high U (66-1213 ppm,
average 398 ppm) and Th (20-1289 ppm, average 215 ppm) contents,
and their Th/U ratios range from 0.12 to 1.58 (Fig. 9A).

Most of the zircon grains from this sample are concordant (discor-
dance % = —0.3 to 2.4), making a single group with ages between 3313
Ma to 3278 Ma (Fig. 9A) and similar 7°Hf/'7"Hfy, values between
0.280633 to 0.280747 (Fig. 9C). These ages define a weighted mean age
at 3299 + 9 Ma (Fig. 9B). The discordant ages include seven grains
(discordance % = 3.4 to 18.6) with ages between 3313 Ma to 3270 Ma.
Most of these ages follow a discordia pattern away from the main
concordant group (Fig. 9A) and their 176Hf/177Hf(3299 Ma) Vvalues
(0.280603 to 0.280746) are also similar to those of the concordant ages
(Fig. 9C). A discordia line regressed through all but one of the discordant
grains and the concordant groups yields upper and lower intercept ages
respectively at 3300 + 3 Ma and 326 + 129 Ma (Fig. 9A). This upper
intercept age is within uncertainties of the weighted mean age of the
concordant grains. Therefore, we consider the weighted mean age of
3299 + 9 Ma to represent the crystallization age of the Bonai porphyritic
granite. The eHf(y) values of the zircon grains range from —1.7 to +3.4
(Fig. 9D). Two-stage depleted mantle model ages (Tpy2) for the zircon
grains from this sample, using mafic crust 17%Lu/!”7Hf of 0.022, range
from 3915 Ma to 3448 Ma (average = 3622 Ma).

4.2. Tamperkola rhyolite

Zircon grains in the Tamperkola rhyolite are pink-colored, euhedral
and elongated prisms and range in size from 100 pm to 350 pm. In the CL
images the zircon grains preserve oscillatory zoning (Fig. 5D). A few
grains include overgrowth rims but inherited cores are not observed.
Analytical spots (n = 40) are mostly placed on the outer growth zones in
the CL images (Fig. 5D). Except for two zircon grains with high U (722
ppm and 355 ppm) and Th (589 ppm and 517 ppm) contents, the
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Fig. 8. Scatter plots showing lower concentrations of trace elements (Yb, Lu, and Hf) in the rounded zircon grains compared to the euhedral zircon grains within the
mafic enclave. Note that the higher trace elements concentrations in the euhedral zircon grains mostly corresponds to the values observed in the zircon grains from

the host Bonai TTG gneiss.

analyzed zircon grains have consistent U (44-136 ppm) and Th (24-113
ppm) contents and their Th/U ratios range from 0.54 to1.46 (Fig. 10A).

The majority (n = 38/40) of the analyzed grains yield concordant
ages (discordance % = —1.1 to 2.9) and make a single group, with some
grains slightly deviating from the concordia curve (Fig. 10A). The grains
in this group have similar ages between 2837Ma to 2789 Ma and
176H£/177Hf, ratios between 0.280887 to 0.280941 (Fig. 10A-C) and
define a weighted mean age at 2810 + 8 Ma (Fig. 10B). Among the
remaining two discordant grains (discordance % = 4 and 7.6), one grain
slightly deviates from the concordant grains following a lead-loss
pattern, and the other grain behaves as an outlier. The
Y78Hf/ 77 Hf 2810 Ma) Of these grains (0.280921 and 0.280940) is similar
to those of the concordant grains (Fig. 10C), indicating that the discor-
dance in the first grain is due to lead loss, and the anomalous U—Pb data
of the second grain is potentially due to isotope disturbance. A discordia
line regressed through all grains, excluding the outlier, yields upper and
lower intercept ages respectively at 2814 + 4 Ma and at the present time
(Fig. 10A). The upper intercept age of the discordia is within un-
certainties of the weighted mean age of the concordant grains. Thus, we
consider the weighted mean age at 2810 + 8 Ma to represent the crys-
tallization age of the Tamperkola rhyolite. The eHf(y) values of the zircon
grains range between —3.2 to —0.6 (Fig. 10D). Two-stage depleted
mantle model ages (Tpy2) using mafic crust 1761u/Y77Hf = 0.022 for the
zircon grains in this sample range from 3709 Ma to 3493 Ma (average =
3616).

5. Discussion
5.1. Age, petrogenesis, and regional correlation of Bonai Suite

5.1.1. Crystallization age of Bonai Suite

The crystallization ages of the Bonai TTG gneiss (BON1A, 3316 + 9
Ma) and porphyritic granite (BTNR1, 3299 + 9 Ma) overlap within
uncertainties (Figs. 6B and 9B), indicating that the two plutons were
crystallized concurrently or with a very short gap. The two rock types
also have similar Hf isotope compositions (eHfy) = —0.2 to +4.6 for
BON1A and —1.7 to +3.4 for BTNR1) and average Tpy2 ages (BON1A =
3617 Ma and BTNR1 = 3622 Ma) (Figs. 6D and 9D), demonstrating a
juvenile composition of the source magmas that was extracted from the
depleted mantle at ca. 3622-3617 Ma.

10

5.1.2. Crystallization age of mafic enclave in Bonai TTG gneiss (BON1B)

The different morphologies and trace element concentrations of
zircon grains in this sample, dominantly rounded and minor euhedral
grains with lower and higher Yb, Lu, and Hf, respectively (Fig. 8), sug-
gest crystallization from melts with different compositions. Both
morphological groups show faint to well-developed internal growth
zoning and high Th/U ratios (92 % of Th/U > 0.3), which lend support
for crystallization from a melt (Figs. 5B and 7B and C; Corfu et al., 2003).
The mafic enclave consists of a dominant mafic component with cross-
cutting felsic veins (Fig. 3C). The anhedral zircon grains are likely
crystallized within the mafic component of the enclave with an initially
high zircon saturation, where zircon can only form during the latest
stages of crystallization (> 70 % fractional crystallization) when the
residual melt is enriched in Si and Zr and attains a lower zircon satu-
ration (Watson and Harrison, 1983; Siégel et al., 2018; Shao et al., 2019;
Gudelius et al., 2020; Bea et al., 2022; Scharf et al., 2023). Such delayed
onset of zircon crystallization implies a short growth period in a spatially
constrained melt, leading to formation of rounded zircon grains (Bea
et al., 2006; Scharf et al., 2023). The late-stage anhedral zircon grains
formed in the mafic melt, where early-crystallized amphibole with high
partition coefficient for Yb, Lu, and Hf depleted the residual melt
(Fujimaki, 1986; Rollinson, 1993; Rubatto, 2002), had lower amounts of
these elements in the ambient melt to incorporate. Given that the
intruding felsic veins in the enclave are compositionally similar to the
host TTG rock (Fig. 3C), we suspect the euhedral zircon grains reside in
these veins and crystallized from the felsic TTG melt. The high Zr and Si
content and lower zircon saturation in the felsic melts facilitate the early
onset of zircon crystallization (after >20 % fractional crystallization),
allowing protracted growth with higher compositional and spatial
freedom to develop a euhedral shape (Corfu et al., 2003; Siégel et al.,
2018; Shao et al., 2019; Gudelius et al., 2020; Scharf et al., 2023). The
early crystallization of these grains in the felsic melt, aided by the large
partition coefficient of the mineral for REE and high field strength ele-
ments Yb, Lu, and Hf (Fujimaki, 1986; Rollinson, 1993; Rubatto, 2002)
would allow the zircon grains to uptake more of these elements.
Consistent with this interpretation, the higher Yb, Lu, and Hf contents in
the euhedral zircon grains largely overlap with those of the zircon grains
in the host TTG (Fig. 8). Alternatively, if the initial mafic melt reached
zircon saturation and formed zircon grains in its early crystallization,
the present rounded zircon grains may have resulted from resorption of
these earlier zircon crystals due to changes in zircon saturation during
subsequent magma recharge. In this scenario, the euhedral zircons could
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zircon grains, showing similar Hf isotope compositions for discordant and concordant grains. D) Plot of eHf(y, values versus age demonstrates a dominantly
suprachondritic Hf isotope signature for this rock. Note that in panels C and D the data from the Bonai porphyritic granite plot on the evolutionary array defined by a
mafic crustal source with 7®Lu/"”7Hf = 0.022 and initiating at 3586 Ma age of the inherited zircon grains in the Bonai TTG gneiss. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

have crystallized later, once the replenished system reached zircon
saturation again.

The morphological and geochemical characteristics confirm that the
rounded zircon grains are formed within the mafic enclave. Therefore,
their weighted mean age at 3325 + 9 Ma represents the crystallization
age of the enclave. The suprachondritic Hf isotope compositions for the
rounded zircon grains (¢Hfy) = 0 to +3.8; Fig. 7G) suggest a juvenile
melt source with short crustal residence time. Given the consistent age
and isotopic composition for the rounded and euhedral zircon grains
(Fig. 7), excluding the euhedral grains does not change our in-
terpretations. The two older grains in this sample (3424 Ma and 3405
Ma) follow the discordia pattern of the inherited grains in the host TTG
rock and exhibit similar Hf isotope compositions to these grains (Fig. 7 B
and F). Thus, we interpret these two grains as inherited and argue that
the upper intercept age of ca. 3586 Ma from the inherited grains in the
host TTG gneiss provide a reasonable crystallization age for these grains.
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5.1.3. Petrogenesis and regional correlation of Bonai Suite

The crystallization age of the mafic enclave at 3325 + 9 Ma is within
uncertainties of the 3316 + 9 Ma age of the host Bonai TTG gneiss,
implying a very short gap in crystallization of the two rock types. The Hf
isotope compositions of the igneous zircon grains (i.e., zircon grains
crystallized from the melt) are identical between the two samples (96 %
of eHf(1) = 0 to +4) and consistently fall below the depleted mantle array
(Fig. 11), suggesting magma derivation from older crustal source(s).
Further confirming this interpretation is the presence of inherited zircon
grains, i.e., remnants of the melted source, in both the host TTG and the
mafic enclave. The upper intercept age of the inherited zircon grains at
3586 + 25 Ma provides a tight estimate of the crystallization age for this
potential crustal source (Fig. 6A), and their average eHf(3586 mMa) = +4
demonstrate that magma for this crustal source was derived from the
depleted mantle (Fig. 11). Furthermore, the average Tpy2 ages for the
igneous zircon grains are similar between the Bonai TTG gneiss (average
= 3617 Ma) and the mafic enclave (average = 3588 Ma), which are both
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Fig. 10. Zircon U—Pb concordia and Th/U scatter plot for zircon grains analyzed from the Tamperkola rhyolite. The grain with red outline is not included in
calculating the discordia ages. B) Weighted mean age plot for the concordant zircon grains in this sample. C) Plot of initial '”®Hf/*””Hf versus measured ages for the
zircon grains, showing similar Hf isotope compositions for discordant and concordant grains. D) Plot of eHf ;) values versus age demonstrates subchondritic Hf isotope
signature for this rock. Note that in panels C and D the data from the Tamperkola rhyolite plot on the evolutionary array defined by the Bonai Suite, initiating at ca.
3586 Ma and with 7°Lu/"77Hf = 0.022. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

within the range of the ca. 3586 Ma age of the inherited zircon grains.
Although the sample from the Bonai porphyritic granite (BTNR1) does
not contain inherited zircon grains, its age, Hf isotope composition (95
% of eHf) = 0 to +4), and Tpme (average = 3622 Ma) correspond to
those of the Bonai TTG gneiss and its enclave (Fig. 11) and hence is
compatible with these interpretations. The presented evidence collec-
tively demonstrates that the different rock types in the Bonai Suite are
derived from a shared source, which was itself extracted from the
depleted mantle at ca. 3586 Ma. Although the mafic enclave might be a
restite after partial melting and suggest a mafic composition for the
predicted source rock, as discussed below, evidence for this is ambig-
uous. Independent evidence for a mafic composition for this crustal
source is provided by the 7°Lu/Y77Hf ratio from the Hf evolutionary
array of the zircon grains in the Bonai Suite (Fig. 6D and 11B), yielding a
value close to the Archean mafic crust (~0.022; Amelin et al., 1999). A
mafic source for the Bonai Suite is also supported by whole-rock rare
earth elements geochemistry of TTG enclaves in these rocks, which are
interpreted to be derived from lower crust amphibolite sources with
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variable garnet content (Asokan et al., 2021). The presence of TTG en-
claves in these rocks indicates that in addition to the mafic crustal
source, partial melts from older TTG rocks also contributed minor
amount of melt to the Bonai Suite magma. This is also shown by the
relatively evolved and high potassium composition of the porphyritic
granite variety of the Bonai Suite, which altogether indicate a transi-
tional character for the Bonai Suite between Na-rich TTGs and K-rich
granites (cf. Sengupta et al., 1991; Asokan et al., 2021).

Mafic microgranular enclaves are common within felsic granitoids
and their origins have been continuously debated with the three most
popular models include: (A) a disrupted cumulate of early-formed
minerals (e.g., Dodge and Kistler, 1990; Dahlquist, 2002; Donaire
et al., 2005; Gomez-Frutos and Castro, 2023), (B) mingling of non/
cogenetic mafic and felsic magmas (e.g., Vernon, 1984; Barbarin and
Didier, 1992), and (C) a residual (restite) after partial melting of a mafic
source (e.g., White and Chappell, 1977; Chappell et al., 1987). Given the
shared melt source for the three rocks type of the Bonai Suite, in the
simplest scenario, the mafic enclave could represent a disrupted
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Fig. 11. Plots of initial ”®Hf/'””Hf, (A) and eHf(, (B) versus age of zircon grains from the Bonai and Tamperkola suites, showing that all of the samples follow the
evolution array of a mafic crustal source indicated by the inherited zircon grains in the Bonai Suite, initiating at ca. 3586 Ma and with ”°Lu/Y"7Hf = 0.022.

cumulate, and the Bonai TTG gneiss and porphyritic granite formed
during later fractionation of the magma, which all happened in a very
short period of time. However, the predominance of amphibole in the
amphibolite enclave, and the complete absence of this mineral in the
TTG host requires the crystal fractionation to be 100 % efficient in
removing the mafic components from the melt into the cumulate. We
consider this scenario unlikely, as previous studies show that mafic
enclaves of cumulate origin are largely restricted to granitoids that have
similar mineralogy to the enclosing enclaves with only the proportions
of the phases being different between the two rocks (e.g., Dodge and
Kistler, 1990; Dahlquist, 2002; Gémez-Frutos and Castro, 2023).

Both the magma mingling and the restite models suggest that the
felsic TTG melt was likely derived from partial melting of the mafic
crustal source, and the essential difference between the two models is
the phase state of the mafic enclave, i.e., whether it ascended as a mafic
melt or as a solid residue? The occurrence of the mafic enclaves as both
rounded to elongated xenoliths and schlieren bands (Fig. 3C and D)
indicates it was substantially liquid and flowed with the host felsic
magma (cf. Vernon, 1984; Vernon et al., 1988). In addition, the very
short gap in crystallization of igneous zircon grains in both the mafic
enclave and host TTG further support a substantially liquid state for the
mafic enclave. Therefore, mingling of felsic and mafic magmas can best
explain the occurrence of the mafic enclaves within the Bonai TTG
gneiss. Given the shared mafic crustal source for all rock types in the
Bonai Suite, the magma mingling model for the TTG gneiss and its mafic
enclaves would require two distinct partial melting and melt extraction
episodes from this source, which would most likely be in disequilibrium
and expected to react upon blending. However, the absence of pervasive
reaction and chemical mixing (different mineralogy of the rocks) of the
two melts, indicates that they were relatively cool at the time of
blending.

5.1.4. Regional correlation of Bonai Suite

The age, isotopic signature, and composition of the Bonai Suite
corresponds to the middle phase (Singhbhum Suite) of the Singhbhum
Granitoid Complex of Hofmann et al. (2022). This middle phase includes
syn-tectonic deformed and undeformed suites with ca. 3350-3250 Ma
crystallization ages and variable compositions from tonalite to grano-
diorite and granite with dominantly juvenile isotopic compositions.
Therefore, despite the absence of direct geographic link between the two
rock suites, the Bonai Suite represents the westward extension of the
SGC (Fig. 1).
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5.2. Age, petrogenesis, and regional correlation of Tamperkola Suite

The weighted mean age at 2810 + 8 Ma (Fig. 10B) provides a reliable
crystallization age for the Tamperkola rhyolite. This age is within un-
certainties of the 2809 + 9 Ma age of the associated Tamperkola granite
(Bandyopadhyay et al., 2001), and indicates concurrent crystallization
of the Tamperkola Suite. The subchondritic eHfy (—3.2 to —0.6;
Fig. 10D) of the Tamperkola rhyolite indicate the role of crustal
reworking in the magma genesis for this rock. On the eHf(;) versus age
diagram the data from the Tamperkola rhyolite plot on the evolutionary
array defined by the igneous and inherited zircon grains in the Bonai
Suite (Fig. 11), suggesting that the magma for this rhyolite is likely
originated from melting of the local Bonai TTG-granite Suite and that no
mantle input was required. Although the TTGs derived directly from
partial melting of the Archean mafic crust are not deemed sufficiently
potassic to generate granitic melts (Watkins et al., 2007; White et al.,
2017), the transitional character of the Bonai TTG-granite Suite with
elevated K content is sufficiently fertile to generate high-K granitic melt
upon its (partial) melting (cf. Rollinson et al., 2024). Although we do not
find inherited zircon grains in the Tamperkola rhyolite, Bandyopadhyay
et al. (2001) reported zircon grains with ages between 3300 Ma to 3200
Ma from the associated Tamperkola granite, which conform with the
crystallization age of the Bonai Suite and hence confirming our
interpretations.

Contemporaneous (ca. 2800 Ma) and similarly deformed granitic
and charnockitic gneisses with A-type geochemical attributes are also
widespread to the south of our study area in the Rengali Province (Misra
et al., 2000; Nelson et al., 2014; Chattopadhyay et al., 2015; Bose et al.,
2016; Dasgupta et al., 2017; Topno et al., 2018). The limited Hf isotope
data from these rocks (two zircon grains eHf(y) values at —2.5 and +0.1;
Topno et al., 2018) agree with that of the Tamperkola rhyolite and plot
on the Hf-time evolutionary array defined by the data from the Bonai
Suite. Furthermore, the geochemical characteristics for the ca. 2800 Ma
metaigneous rocks in the Rengali Province are interpreted to indicate a
melt source from shallow partial melting of a tonalitic/granodioritic
source rock (Topno et al., 2018). Therefore, the age and geochemical
characteristic of the ca. 2800 Ma felsic metaigneous rocks in the Rengali
Province are similar to those of the Tamperkola Suite and indicate melt
derivation from reworking of the local crust with possible TTG compo-
sition and isotope signature akin to those of the Bani Suite. The tecto-
nothermal event responsible for this crustal melting episode remains
elusive, with contradictory models involving a dominantly extensional
regime across the entire craton (Topno et al., 2018) to localized within-
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plate extension in a convergent setting (Dasgupta et al., 2017), and a
primarily convergent orogen in the SW margin of the craton (Bose et al.,
2016) are suggested.

5.3. Implications for Archean crustal evolution

The new data suggest that the magma for the Bonai Suite was derived
from a ca. 3586 Ma crustal source with mafic composition and juvenile
Hf isotope composition (mean eHf (3586 Ma) = +4 + 1.8). Mafic volcanic
rocks are exposed in both the lower and upper lava units of the W-IOG
bordering the Bonai Suite to the east (Fig. 1). The imprecise Sm—Nd age
reported from the lower lava flow (3420 + 140 Ma) does not overlap
with the age of the mafic crustal source for the Bonai Suite (Wright and
Basu, 2024). However, their mafic composition and mantle-like isotopic
signature (eNd(ssg6 ma) = +6.6 £ 2.5) are consistent with those of the
mafic source for the Bonai Suite (Wright and Basu, 2024). On this basis,
we hypothesize that mafic rocks, similar to the juvenile mafic lavas of
the W-IOG, were deeply buried and served as a source for the Bonai
Suite. If this interpretation is correct, the early Paleoarchean crystalli-
zation age of ca. 3586 Ma for this mafic source, as evidenced by the
inherited zircon grains age, and its subsequent (partial) melting in the
late Paleoarchean (i.e., ca. 3316-3299 Ma emplacement age of Bonai
Suite) suggests a crustal residence time of ca. 300 Myr for the Archean
mafic lower crust in the Singhbhum Craton. This is similar to the
Archean mafic lower crust residence time of several 100 Myr interpreted
for the Bastar Craton (Maltese et al., 2021), but shorter than the ca. 500
Myr interpreted for the Slave Craton (Pietranik et al., 2008).

The TTG-granite composition for the Bonai Suite, and its isotopic
composition plotting on the evolutionary array of the predicted mafic
crust with a Lu/Hf = 0.022 (Fig. 11), is interpreted here to be achieved
by partial melting of the indicated mafic crustal source with limited
contribution from older juvenile TTG rocks and without mantle input.
Similarly bulk-rock and isotopic composition of the Tamperkola Suite
can be achieved by sole (partial) melting of the local transitional TTGs
similar to the Bonai TTG-granite Suite. These observations collectively
demonstrate a three-step crustal reworking process in the western part
of the Singhbhum Craton, which played the main role in cratonic crust
fractionation and maturation. These include (i) the early formation of
depleted mantle-derived mafic rocks at ca. 3586 Ma, (ii) their subse-
quent residence for ca. 300 Myr and melting to form intermediate TTG
and felsic granitic rocks at ca. 3316-3299 Ma, and (iii) melting of the
TTG-granite crust to produce the high-K granites at ca. 2810 Ma
(Figs. 11 and 12). Our data does not require, or even precludes, the

Mafic volcanic rocks
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involvement of any mantle-derived melts, suggesting that geodynamic
forces, such as crustal burial, crustal tectonic staging or some form of
dripduction triggered the cannibalistic reworking of the crust (e.g.,
Johnson et al., 2014; Nebel et al., 2018; Nebel et al., 2024).

Mafic greenstones belts, TTG-granite suites, and high-K granites form
the dominant lithologies in many cratons worldwide from the Paleo-
archean to Neoarchean, e.g., Pilbara, Dharwar, and Kaapvaal cratons
and the Superior Province (Laurent et al., 2014; Nebel et al., 2018;
Chaudhuri, 2020; Cawood et al., 2022). The felsic magmatic rocks in
these cratons exhibit a consistent compositional evolution. The initial
stage of felsic magmatism marks the appearance of the TTG suites,
which exhibit low K for a given Na content and are emplaced into, or
partially contemporaneous with, greenstone belts. These are succeeded
by voluminous TTG-granite suites (transitional TTGs) with elevated K
content, often exhibiting mingling between TTG and granitic composi-
tions, indicating melt derivation from both mafic crust and TTG sources
(Nebel et al., 2018). The subsequent magmatic stage is characterized by
high-K granites, also referred to as Archean crustal progeny (ACP) or
biotite-granites, which have elevated contents of large ion lithophile
elements (LILE, e.g., K, Rb, Ba, and Th), suggesting melt derivation from
sources with high concentrations of LILEs. Although these magmatic
stages may not occur simultaneously across all cratons, the sequence of
compositional evolution remains consistent. Given the appearance of
high-K granites in global cratons from Mesoarchean to Neoarchean
times following the transitional TTGs (Laurent et al., 2014; Cawood
et al., 2018; Cawood et al., 2022; Rollinson et al., 2024), the crustal
maturation observed in the western Singhbhum Craton might be a
common process of crustal evolution. In this model, K-enriched transi-
tional TTGs bridge the compositional gap between TTGs and high-K
granites, which, at least in our case, does not require the involvement
of buried sedimentary successions, as has recently been proposed
(Reimink and Smye, 2024).

6. Conclusion

The age and isotopic data indicate that the Bonai Suite to the west of
the Western Iron Ore Group belongs to the Singhbhum Granitoid Suite
occupying the core of the craton. The Tamperkola Suite represents
northward extension of the granitic magmatism that affected the
Rengali Province at ca. 2800 Ma. The age and isotopic composition of
the Bonai and Tamperkola suites, together with published data from the
lower lava flows of the W-IOG, demonstrate episodic crustal reworking
between ca. 3586 Ma to ca. 2810 Ma in the western part of the

Greenstone belt

+ o+ o+ o+ o+
»+TTG crust  +  +
+ o+

A) Cratonic crust, dominantly mafic,
ca. 3586 Ma

B) Cratonic crust, TTG dominated,
ca. 3316-3299 Ma

C) Cratonic crust, TTG + granite,
ca. 2810 Ma

Fig. 12. Schematic crustal sections of the Archean cratonic crust, modified from Cawood et al. (2022), showing the three-step crustal reworking processes in the
western part of the Singhbhum Craton starting with (A) formation of the mafic crust at ca. 3586 Ma, (B) partial melting of the mafic crust and older TTGs at ca.
3316-3299 Ma to generate the TTG-granite suites (transitional TTGs), and (C) partial melting of the TTG-granite crust at ca. 2810 Ma to form the high-K magmas.
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Singhbhum Craton, which has played the main role in crustal fraction-
ation and transition from mafic to intermediate and felsic crust. This
three-step evolution in a confined, regional context demonstrates the
crucial role of internal crustal reworking to generate evolved, conti-
nental crust-like igneous successions.
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