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Abstract

In the Archean Gorumahishani greenstone belt of the Singhbhum Craton, a ~3.5 Ga

komatiitic suite of rocks is present at the lower part of the volcano-sedimentary

sequence. Primary silicate minerals from the komatiitic suite of rocks are altered to

serpentine, tremolite, chlorite, hornblende, and epidote, indicating a greenschist to

amphibolite facies metamorphism. The metamorphosed chromites show three types

of zoning and are classified as type-I, II, and III with differences in major (MgO, Al2O3),

trace (Zn, Co, Mn, Ti, V), and platinum-group elements (Os, Ir, Ru, Rh) concentrations

from the central core to inner ferritchromit to outer chrome magnetite rims. The

modal abundances of minerals are reflected in the bulk-rock major and trace

elements of the komatiitic rocks that show a decrease in Ni and MgO together with

an increase in CaO, Al2O3, FeO(T), Sc, Sr, and V from lower to upper part of the

sequence. Bulk-rock Pd/Ru and Pd/Ir show a negative relation with MgO and Cr due

to the crystallization of chromite that removes Ru and Ir from the magma while Pd

and Pt are concentrated in the fractionated komatiitic magma. Compositionally, the

komatiites are Ti-depleted in the northern part (Maharajgunj-Chukapahar) and Al-

depleted in the middle (Tua-Dungri) and southern parts (Kapili) of the greenstone

belt. Two-stage melting of a rising mantle plume produced the Al-depleted komatiite

melt at the garnet peridotite stability field, and Ti-depleted komatiite melt at the

spinel peridotite stability field. The komatiitic magma erupted in an intracontinental

rift setting and interacted with the mafic-dominated proto-crust. The komatiitic

magma supplied the necessary heat to melt the proto-crust at different depths and

in different degrees and generated the parental magma of the contemporary (~3.6 -

3.3 Ga) tonalite-trondhjemite-granodiorite-granite suite of rocks.
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Introduction
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1. Introduction

The early lithosphere of the Earth formed the outer stagnant lid and was separated

from the vigorously convecting Hadean mantle by a thermal boundary layer

(Harrison et al. 2008; Debaille et al. 2013). This stagnant-lid tectonics that had

shaped the early Earth's surface was gradually transformed into active plate

tectonics and added more crustal materials to produce a thicker crust (e.g. O’Neill et

al. 2007; Nebel et al. 2018). There are several hypotheses to explain the Earth’s

crustal thickening processes: (i) melting of the existing crust by high heat flow and

dripping of the melted rock back into the mantle that might have added water to the

mantle and thus produced a high degree of melts to add with the existing crustal

material (Smithies et al. 2003; Johnson et al. 2014), (ii) new melts generated from

the existing crust by the impact of meteorites (Hansen 2015), and (iii) high heat flow

at the base of the existing crust melts parts of it to produce more buoyant and less

dense melts forming some crustal pockets (Smithies et al. 2003). These proto-crusts

were rarely preserved and functioned as a basement or source of the parental

magmas for the early Archean tonalite-trondhjemite-granodiorite-granite rocks. The

preserved Archean crustal components are generally small in size, highly fragmented,

and complex. Archean rocks with an age >2.5 Ga are outcropped in most of the

continents and range in size from < 0.1 to 2.6 X 106 km2 (Condie 1976). Although the

Archean rock exposures occupy a small part of the total continental crust, these are

widely distributed because much of the Archean crust is buried by the Proterozoic

platform sediments or present as lower crustal material (Bleeker 2002). A complete

understanding of the evolution of an ancient craton is challenging because the older
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crusts of small dimensions are extensively altered, deformed, and in many places

poorly preserved (e.g. Bleeker 2002, 2003).

The Archean supracrustal rocks are mostly represented by the granite-

greenstone terrains of any ancient cratons. The greenstone assemblages include

ultramafic-mafic volcanic and intercalated sedimentary rocks and are distributed in

linear or arcuate-shaped belts (e.g. DeWit and Ashwal 1995). The greenstone belts

are surrounded by vast granite to granodioritic and gneissic rocks which comprise

~75% of the granite-greenstone association (e.g. Condie 1967, 1981). The komatiitic

suite of rocks is present at the lower part of the greenstone sequence which is

intercalated with quartzite, chert, felsic tuffs, carbonate-rich schists, and

conglomerates (e.g. Barnes 2006). The felsic volcanics and banded iron formation are

present at the upper part of this sequence. The rocks of the greenstone belts are

commonly metamorphosed under greenschist and/or amphibolite facies and are

extensively deformed (e.g. Barnes 2000). The abundance of komatiitic rocks is

relatively low in the early Archean greenstone belts of ˜3.6 - 3.3 Ga e.g. Barberton

and Schapenburg (South Africa), Coonterunah (Western Australia), Gorumahishani-

Badampahar-Tomka-Daitari, and Sargur (India). The abundance of komatiites is

higher in the Mesoarchean to late Archean greenstone belts of ~3.2 - 2.7 Ga e.g.

Weltevreden (South Africa), Regal-Ruth well, Forrestania, and Kambalda (Western

Australia), Belingwe (Zimbabwe), Kostomuksha (Russia and East Europe), Alexo and

Pyke Hill (Canada) (e.g. Condie 1981). High mantle temperature and production of

high heat flows by plume-induced magmatic underplating are considered for the

development of wide-spread rift systems in the early Archean (~3.6 - 3.3 Ga) through

which extensive ultramafic-mafic magmatism occurred (e.g. Bleeker 2002; Johnson
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et al. 2019). The inter-continental rift basins were slowly transformed into ocean

basins (e.g. Krӧner and Layer 1992; Bleeker 2002) which was responsible for a

gradual shift of geodynamics of the Earth to initiate subduction processes from

Mesoarchean that resulted in the assembly of supercontinents by accretion (e.g.

Friend and Nutman 2019) and a secular cooling of the Earth’s mantle (e.g. Keller and

Schoene 2012). The geochemical composition of the early Archean to Late Archean

tonalite-trondhjemite-granodiorite rocks also helps in understanding the secular

change of mantle temperatures and geodynamic processes in the Precambrian. It

has been noted that there was an increase in MgO along with Ni, Cr, Sr, and (Na2O +

CaO) from early to late Archean tonalite-trondhjemite-granodiorite rocks (e.g.

Smithies 2000). The higher concentrations of these elements indicate a subduction-

driven origin of tonalite-trondhjemite-granodiorites during the late Archean due to

the interaction of the ascending parental felsic magma with the overlying mantle

wedge (e.g. Johnson et al. 2019). On the other hand, most of the low- and high-HREE

tonalite-trondhjemite-granodiorites with low-MgO indicate an origin from different

crustal depths during the early Archean (e.g. Martin and Moyen 2002).

The komatiitic suite of rocks within the greenstone belts exhibits a range of

textures and volcanic structures. The ultramafic lava sequence was differentiated

into komatiitic dunite (cumulate zone) at the bottom part that grades into spinifex-

textured komatiitic peridotite (spinifex zone) to komatiitic basalt at the top (e.g.

Arndt and Nisbet 1982). The presence of pillow basalts, columnar joints, and chilled

margins at the top of the komatiitic basalt indicate rapid cooling of the komatiitic

lava flow (e.g. Viljoen and Viljoen 1969; Nesbitt 1971; Arndt et al. 1977; Donaldson

1982). The komatiitic magmas commonly have >18 wt.% MgO, <1 wt.% (Na2O + K2O),
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and <52 wt.% SiO2. The komatiites are classified into three major types based on

their chemical composition (e.g. Arndt et al. 2008): (i) Al-depleted Barberton-type

komatiite that has sub-chondritic Al2O3/TiO2 (< 15) and depleted with heavy rare

earth elements (HREE), (ii) Al-undepleted Munro-type komatiite having Al2O3/TiO2

ratios (~22) close to primitive mantle composition and flat HREE patterns, and (iii) Ti-

depleted komatiite with Al2O3 content similar to Al-undepleted komatiites but low

TiO2 content resulting an Al2O3/TiO2 ratio >25 and flat to depleted HREE pattern. Al-

depleted komatiites show HREE depletion due to the retention of majorite garnet at

the source which sequesters Al and HREE compared to Ti and middle REE (MREE; e.g.

Nesbitt and Sun 1979; Nesbitt et al. 1982; Sossi et al. 2016). Garnet is increasingly

stable at high pressure (≥ 6 to 13 GPa; Herzberg 1995) at the garnet-peridotite

stability field (Ringwood and Major 1971; Zhang and Herzberg 1994). Therefore, the

Al-depleted komatiites are thought to have originated from > 200 km depth with

~25% - 30% partial melting without exhausting garnet from the mantle source (e.g.

Arndt 2003). Conversely, Al-undepleted and Ti-depleted komatiites with

unfractionated or less fractionated GdN/YbN ratios, are thought to have formed by

larger degrees of partial melting (up to ~50%) of a depleted mantle source at a

shallower depth (e.g. Arndt 2003). Retention of garnet in the depleted mantle source

after extraction of the Al-depleted komatiitic melt gives rise high GdN/YbN ratio in the

Al-undepleted and Ti-depleted komatiites as Yb is highly compatible and Gd is

incompatible with garnet (e.g. Walter 1998; Robin-Popieul et al. 2012). An

alternative theory on the origin of komatiitic magma suggests a hydrous melting of

the mantle wedge within a supra-subduction setting (e.g. Allègre 1982; Grove et al.

1999; Parman et al. 2001, 2004). However, this model can not explain the difference
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in the geochemical character of the three types of komatiites as commonly

encountered in different greenstone belts (e.g. Arndt et al. 2008).

The komatiitic rocks represent a unique window to understand the dynamics

of the Archean mantle, however, interpretation based on these rocks becomes

challenging due to the modification of the original rocks during metamorphism and

deformation. Chromite is a common accessory phase in the komatiitic dunite and

peridotites from the cumulate and spinifex zones in the greenstone belt (e.g. Barnes

1998, 2000; Banerjee et al. 2023). Chromite appears late in the crystallization

sequence after olivine and as a consequence shows relatively higher modal

abundance in the spinifex zone than in the lower cumulate zone (e.g. Barnes 1998).

The Cr/(Cr+Al) ratio, Ti, Al, and V of chromites are used as petrogenetic indicators in

massive chromitites (e.g. Irvine 1967; Roeder 1994; Stowe 1997; Mondal et al. 2006;

Mukherjee et al. 2010) and volcanic rocks (Kamenetsky et al. 2001; Canil 2002;

Nicklas et al. 2016). However, in komatiitic rocks, chromites as well as the primary

silicate phases are often strongly affected by hydrothermal alteration and

metamorphism (e.g. Barnes 1998, 2000). Such processes have led to textural

variability and chemical modification of chromite in many ultramafic-mafic rocks

from widely varying geological settings (Evans and Frost 1975; Kimball 1990;

Burkhard 1993; Proenza et al. 2004; González Jiménez et al. 2009, 2014; Mukherjee

et al. 2015; Colás et al. 2019, 2020; Staddon et al. 2021; Datta and Mondal 2021;

Bussolesi et al. 2022) although studies of komatiitic chromites are relatively scarce

(e.g. Zhou and Kerrich 1992; Barnes 1998, 2000; Barnes and Brand 1999; Locmelis et

al. 2011, 2013; Pagé et al. 2012; Godel et al. 2013; Haugaard et al. 2021; Staude et al.

2022; Barnes et al. 2023). Major and minor element studies of komatiitic chromites
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(Barnes 1998, 2000) showed that at low metamorphic grades, the core compositions

may retain their primary magmatic character and can be used to understand the

magmatic crystallization environment. Diverse opinions exist concerning the

formation of the characteristic optical and chemical zoning of ferritchromit and

chrome magnetite rims in chromites, e.g. (a) such rims may result from a subsolidus

elemental exchange with silicate minerals during prograde metamorphism (Evans

and Frost 1975; Wylie et al. 1987; Burkhard 1993; Barnes 2000; González Jiménez

et al. 2009; Merlini et al. 2009; Locmelis et al. 2011; Staddon et al. 2021), (b) in

ophiolitic chromitites these features may reflect retrograde metamorphism during

cooling from the eclogite facies (Proenza et al. 2008; Gervilla et al. 2012; Colás et al.

2014, 2017; Hernández-González et al. 2020; Lenaz et al. 2021). The trace element

data obtained from LA-ICPMS studies of chromites have been particularly useful in

developing a more precise understanding of how these zoned rims formed (e.g. Pagé

and Barnes 2009; Mukherjee et al. 2015; Colás et al. 2017; Yu et al. 2019). Such

in situ techniques have also been used to study trace and platinum-group element

(PGE) partitioning between chromites and co-existing high-Mg silicate melt from a

variety of geological settings (Locmelis et al. 2011; Pagé et al. 2012; Kamenetsky et al.

2015; Pagé and Barnes 2016; Arguin et al. 2016; Park et al. 2012, 2017; Barnes et al.

2021).

Two types of major ore deposits are associated with the komatiitic suite of

rocks. Among these, the most common type is the primary magmatic sulfide

deposits which are economically important for their high Ni concentration (~10% of

the world’s total Ni production) alongside minor Cu and PGEs (e.g. Alexo deposit,

Canada; Kambalda deposit, Western Australia; Vaara deposit, Finland; Barnes et al.
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1993; Elias 2006; Arndt 2008; Fiorentini et al. 2010; Konnunaho et al. 2013, 2016).

The second type is the laterite-hosted deposit present at the top of the dunite-

peridotitic rocks and is economically important for its high Ni and Co content (e.g.

Yilgarn Craton, Western Australia; Elias 2006; Arndt 2008). Barnes (2006) classified

the style of komatiite-hosted magmatic Ni-Cu-(PGE) sulfide mineralization into five

types. Type-I sulfide deposits are high-grade massive or net textured ore found at

the komatiitic flow's basal contact (e.g. Alexo deposit, Canada; Kambalda and Black

Swan deposits, Western Australia). Type-II variety is low-grade disseminated sulfide

ores compared to the type-I variety and is found in interstitial spaces of the thick

dunite bodies at the lower part of the komatiitic litho-unit (e.g. Mt. Keith deposit,

Western Australia). Type-III deposits are stratiform PGE-rich layers in fractionated

flows. Type-IV and V varieties are disseminated sulfide ores and are also mobilized

by metamorphism and alteration (e.g. Proterozoic deposits of the Thompson belt,

Canada; Lesher and Barnes 2009). The composition of sulfide ores in terms of the

metal content (e.g. Ni-Cu-Co-PGEs) is dependent on the composition of the

ultramafic-mafic magmas from which they were crystallized (Lesher and Keays 2002;

Arndt 2008). Komatiitic magmas were formed by high degrees of partial melting of

the mantle peridotite at different depths and consumed high modal% of olivine as

well as sulfide and platinum-group minerals (e.g. Arndt 2008; Waterton et al. 2021).

After reaching sulfide supersaturation, the komatiitic magma segregates immiscible

sulfide liquid with a high concentration of platinum-group elements (e.g. Lesher and

Keays 2002; Arndt 2008; Fiorentini et al. 2010; Gole and Barnes 2020). Type-I sulfides

have crystallized early in the crystallization sequence before olivine and they have a

higher concentration of Ni, Co, Os, Ir, and Ru than the type-II varieties which are
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mostly present in the dunite-peridotite rock unit (Lesher and Keays 2002; Arndt 2008;

Barnes and Fiorentini 2012). On the contrary, the concentration of Cu, Au, Pt, and Pd

are high in the late crystallizing disseminated sulfides (mostly type-IV and V)

compared to the type-I and type-II varieties (Barnes et al. 1985; Lesher and Keays

2002; Arndt 2008).

Together with major and trace elements, the platinum-group elements (PGEs)

geochemistry of the komatiites can be used as a tracer of the Earth’s mantle through

time (e.g. Puchtel and Humayun 2000; Maier et al. 2009; Puchtel et al. 2009, 2020;

Fiorentini et al. 2011; Mukherjee et al. 2012; Waterton et al. 2021). The PGE

geochemistry of komatiites also helps to understand the sulfide saturation history of

the magmas and the chemical character of mantle source (e.g. Lesher et al. 2001;

Fiorentini et al. 2010; Konnunaho et al. 2016). The increasing PGE concentration

from early to late Archean komatiites is explained by Maier et al. (2009) based on

the mixing of late accreted materials into the mantle sources and the gradual

increase in PGEs in komatiites. Researchers suggested alternative theories such as (i)

formation of PGE-enriched and PGE-depleted silicate mantle domains by

fractionation of the primitive magma-ocean (e.g. Puchtel et al. 2009, 2014), (ii)

mixing of PGE-depleted mantles and PGE-enriched late accreted planetesimals at

different domains of the Earth’s Primitive Mantle (e.g. Puchtel et al. 2018, 2020), and

(iii) exchange of PGEs across the outer core-lower mantle boundary (e.g. Brandon et

al. 1998; Humayun 2011; Puchtel et al. 2020). Waterton et al. (2021) proposed that

the komatiitic melts originated from a significantly PGE-depleted mantle source

compared to the Primitive Upper Mantle composition (PUM; Becker et al. 2006). This

model suggests that the komatiite PGE concentrations strictly depend on the
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interplay of various factors like temperature, pressure, mantle fO2 condition during

partial melting, the difference in sulfur content of the mantle source and their prior

depletion, and the concentration of PGEs in the source mantle itself (Waterton et al.

2021).

In India, significant occurrences of the komatiitic suite of rocks are found in

three Archean greenstone belts of the Singhbhum Craton, eastern India. These

Archean greenstone belts are known as the Noamundi-Jamda-Koira in the western

part, Tomka-Daitari in the southern part, and Gorumahishani-Badampahar in the

eastern part. Previous research on the Singhbhum komatiitic suite of rocks mainly

focused on the whole-rock major and trace element geochemistry and

geochronological studies of rocks from limited field exposures without much

mineralogical and petrological information (e.g. Yadav et al. 2015; Chaudhuri et al.

2015, 2017; Ghosh et al. 2019; Bacchar et al. 2021; Jodder et al. 2021; Adhikari et al.

2021a). Based on the limited number of samples the previous studies discussed the

genesis of the Singhbhum komatiites and reported the early Archean ages for the

volcanic suites. The age of the komatiites from the northern Gorumahishani

greenstone belt is so far very poorly constrained. In addition, most of the previous

geochronological and geochemical studies on the Singhbhum komatiites lack

detailed mineralogical and petrological background. In addition, there is no previous

PGE geochemical study of the Singhbhum komatiitic suite of rocks. Detailed mineral-

chemical studies based on major, trace, and platinum-group elements of the

accessory chromites and disseminated sulfides in the Singhbhum komatiitic rocks are

also lacking.
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In this research for my PhD thesis, I have conducted a systematic

mineralogical-petrological and geochemical study of the komatiitic suite of rocks

from the Gorumahishani greenstone belt. A total 68 numbers of samples in 3

sections from the ~120 km long greenstone belt were collected in three field seasons.

In situ,major, minor, trace, and platinum-group element concentrations of the

komatiitic chromites were determined. In combination with petrographic

information, these data have been used to classify the chromites in different

compositional types. The chromites with textural and compositional zoning are quite

common in these komatiitic rocks. The characteristic trace and PGE concentration

patterns in the compositionally modified chromites, and the differences between

chromite cores and rims, are explained in terms of magmatic versus subsolidus

processes. This study is the first to discuss post-magmatic modification of PGE

distribution in komatiitic chromites and to correlate the patterns with the degree of

metamorphism of the rocks. Furthermore, I have calculated trace element (Sc, Ti, V,

Mn, Zn, Co, Ni, Ga) and PGE (Os, Ir, Ru, Rh) chromite-komatiite melt apparent

partition coefficients using mass balance models based on the data of less altered

chromite cores. These data are compared with other experimental and natural

partitioning values worldwide to better discriminate between magmatic and

subsolidus processes. The primary goal of this particular study is to look at the PGEs

and other trace elements hosted by the chromite itself but not at platinum-group

mineral microinclusions. The petrographic study and in situ,major element

chemistry of primary and secondary sulfide minerals are used to understand the

origin of Ni-Cu-sulfide minerals that are present in the Gorumahishani komatiitic

suite of rocks.
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The whole-rock major, trace, and platinum-group element geochemical study

of the Gorumahishani komatiitic suite of rocks are also conducted to understand the

mantle source character, magma differentiation processes that involve crustal-

contamination, fractional crystallization, and sulfide saturation history of the magma.

Based on the whole-rock major and trace element data I have modeled the

processes of mantle melting to generate the komatiitic melts parental to the

Singhbhum komatiitic rocks. Whole-rock Sm-Nd isotopic study of the representative

samples from the komatiitic suite of rocks has been conducted to obtain the

crystallization age of the komatiites. This age is correlated with the tonalite-

trondhjemite-granodioritic-granite suite of rocks (TTG) in the Singhbhum Craton and

with other Archean komatiites around the world. Based on this research, a

geodynamic model is proposed for the evolution of the early Archean to

Mesoarchean Singhbhum Craton within the Indian Shield.
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Geological background
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2. Geological background

2.1. Regional Geology

The Indian shield is composed of five cratonic blocks: (i) Dharwar Craton at the

southern part, (ii) Baster Craton at the south-eastern part, (iii) Bundelkhand and (iv)

Aravalli Cratons at the northern part, and (v) Sighbhum Craton at the eastern part

(Fig. 1a). Among these, the Singhbhum Craton occupies an area of 50,000 km2 in

Orissa, Bihar, and Jharkhand states in eastern India (Saha 1994; Mukhopadhyay 2001;

Mukhopadhyay and Matin 2020). The Singhbhum Craton bears a continuous record

of Earth’s evolutionary history from the Early Archean to Late Archean with traces of

the Hadean crust (e.g. Chaudhuri et al. 2018). In the northern part, the Singhbhum

Craton is bounded by the Singhbhum Mobile Belt primarily composed of the

Singhbhum Group of rocks, the 200 km long Singhbhum Shear Zone (SSZ), and the

east-west trending Dalma volcano-sedimentary belt (Fig. 1a). To the south, the

Singhbhum Craton is bounded by the Eastern Ghat Mobile Belt with a tectonic

contact marked by the Sukinda Shear Zone. The northwest-southwest part of the

Singhbhum Craton is occupied by the high-grade metamorphic Satpura belt and the

Bastar Craton. The alluvium of the Bengal basin occupies the eastern part of the

Craton.

The Early Archean records of the Singhbhum Craton are represented by the

four major geological units: (a) the Older Metamorphic Tonalite Gneiss (OMTG), (b)

the Older Metamorphic Group (OMG), (c) the Iron Ore Group (IOG), and (d) the older

phases of the Singhbhum Granite Batholithic Complex (SGBC - phase I and phase II;

Dey et al. 2019; Fig. 1a, b). The supracrustal rocks of the Iron Ore Group are

distributed in three greenstone belts: (i) Noamundi-Jamda-Koira, Tomka-Daitari, and

16



Gorumahisani-Badampahar (e.g. Mondal 2009; Fig. 1a, b). From the Mesoarchean to

Early Paleoproterozoic, the craton was stabilized through several pulses of high-K

felsic intrusions namely Mayurbhanj-Nilgiri-Bonai granitic intrusions and the younger

phase of the SGBC (phase III) and plutonic ultramafic-mafic complexes of the

Sukinda-Nuasahi-Mayurbhanj Complexes (Augé et al. 2003; Chakraborti et al. 2019;

Mondal et al. 2019, 2021), and volcano-sedimentary rocks of the Dhanjori-Simlipal-

Malangtoli-Jagannathpur-Ongarbira-Dalma belts (Mazumder and Sarkar 2004; Misra

2006; Acharyya et al. 2010b; Adhikari et al. 2021b; Fig. 1a, b). The Craton was

intruded by a series of mafic dykes swarms from the late Archean to Proterozoic

(Kumar et al. 2017; Srivastava et al. 2019; Dey and Mondal 2022) along with

widespread deposition of sediments (e.g. Olierook et al. 2019). The detailed

petrological background of each stratigraphic unit from the Singhbhum Craton and

their geochronological information is discussed in Table 1.

Bhattacharjee et al. (2021) reported detrital zircons of 4.02 - 4.03 Ga from

the sandstone unit of the Simlipal Complex (Fig. 1a). Sreenivas et al. (2019) reported

early Archean (3.6 - 3.4 Ga) detrital zircons from the Mahagiri quartzite unit

unconformably overlain the Singhbhum granite around the Tomka-Daitari

greenstone belt (Fig. 1a). Chaudhuri et al. (2018) reported Hadean xenocrystic and

detrital zircons (4.24 - 4.03 Ga) from the gneissic rocks of the OMTG.Olierook et al.

(2019) reported a ~3.6 Ga age of detrital zircons from the metasedimentary rocks of

the Proterozoic Chandil Formation located within the North Singhbhum Mobile Belt

(Fig. 1a). Miller et al. (2018) reported detrital zircon of ~3.6 Ga from the modern

river sediments of the Baitarani River at 50 km ESE of Keonjhar, Odisha.
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Geochronological information suggests similar ages of 3.6 Ga - 3.3 Ga for the

rocks of the Older Metamorphic Group, Older Metamorphic Tonalite Gneiss, and the

Iron Ore Group (Sharma et al. 1994; Olierook et al. 2019; Adhikari et al. 2021a). The

rocks of the Older Metamorphic Group are present as enclaves within the

Singhbhum granite batholithic complex (Fig. 1a, b). The rocks of the Older

Metamorphic Group were metamorphosed under amphibolite facies and

represented by biotite-muscovite-sillimanite-garnet schist, quartz-magnetite schist,

calc-silicate rocks and amphibolites (Saha 1994). Goswami et al. (1995) reported the

3.6 Ga depositional age of the Older Metamorphic Group sediments by the

207Pb/206Pb method from a single zircon grain in quartzite. 207Pb/206Pb ion probe spot

age from zircon grains of the Older Metamorphic Group meta-sediments indicate

age clusters at ca. 3.6, 3.4, and 3.2 Ga (Mishra et al. 1999). The 3.4 Ga and 3.2 Ga age

clusters represent metamorphic modification events as suggested by a Pb-loss event

at ca. 3.4 Ga that resulted in nonlinearity in the U-Pb concordia diagram (Mishra et al.

1999). Sharma et al. (1994) obtained a whole rock Sm-Nd isochron age of 3.3 Ga

from amphibolites of the Older Metamorphic Group which is thought to be their

crystallization age.

Older Metamorphic Tonalite Gneissic rocks are greenschist to amphibolite

facies metamorphosed biotite-hornblende tonalite, trondhjemite, and granodiorite

gneisses (Saha 1994; Nelson et al. 2014). Basu et al. (1981) obtained a bulk-rock Sm-

Nd age of ~3.9 Ga for the granitic and tonalitic gneisses of the OMTG. Moorbath et al.

(1986) obtained a Pb-Pb isochron age of ~3.4 Ga for the same suite of rocks. Ghosh

et al. (1996) reported Pb-Pb isochron ages of ~3.7 Ga and ~ 3.4 Ga for the OMTG

rocks. The Rb-Sr age of ~3.12 Ga for the OMTG by Sarkar et al. (1979) is consistent
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with 40Ar-39Ar ages of ~ 3.2 Ga from biotite by Baksi et al. (1987). Acharyya et al.

(2010a) dated primary magmatic zircons from the Older Metamorphic Tonalite

Gneiss by LA-ICP-MS 207Pb/206Pb and the U-Pb methods that yielded ages of ~3.45 Ga

and ~3.53 Ga. Upadhyay et al. (2014) reported ~3.45-3.44 Ga ages for the tonalites

and trondhjemites and ~3.35 - 3.32 Ga ages for the granites from the OMTG by

207Pb/206Pb analysis of magmatic zircons.

The rocks of the Singhbhum granite batholithic complex (SGBC) occupy one-

third of the craton (Fig. 1a, b). Saha (1972, 1994) proposed three major phases of the

emplacement of these granitic suites of rocks (phases I, II, and III). The phase I and

phase II suite of rocks are known as the Singhbhum granite type A (SBG-A) and the

phase-III rocks are known as the Singhbhum granite type B (SBG-B) (Saha 1994). The

phase I rocks are granodiorites-trondhjemites, and the phase II and phase III rocks

are granodiorites grading to adamellitic granites. Detailed geochronological data

contradicts the emplacement of three phases of the granitic suite of rocks as there

are overlapping ages for different phases (Mishra et al. 1999; Tait et al. 2011;

Upadhyay et al. 2014; Dey et al. 2017; Chakraborti et al. 2019). Upadhyay et al. (2014)

determined the crystallization age of ~3.35 Ga from magmatic zircons in the phase I

granites by the LA-ICP-MS U-Pb method. Chaudhuri et al. (2018) reported ~3.4 - 3.27

concordant age of the phase-I granites by SHRIMP analysis of magmatic zircons. The

phase-II granites show a Pb-Pb whole rock isochron age of ~3.44 - 3.3 Ga (Moorbath

and Taylor 1988; Ghosh et al. 1996). The crystallization ages of phase II granites and

trondhjemites frommagmatic zircons revealed a range between 3.4 and 3.31 Ga

(Misra 1999; Upadhyay et al. 2014; Dey et al. 2017; Pandey et al. 2019). The phase III

granites have a whole-rock Pb-Pb isochron age of 3.1 Ga (Ghosh et al. 1996).
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Magmatic zircons in granite and trondhjemite of phase III granitic rocks revealed

ages of ~3.45 - 3.31 Ga (Upadhyay et al. 2014; Dey et al. 2017; Pandey et al. 2019).

Major metamorphic events of the OMTG and the Singhbhum granitic suite of

rocks are synchronous with the later magmatic pulses. For example, the ~3.16 - 3.11

Ga metamorphic resetting of the OMTG is linked to younger felsic plutonic

emplacements of the Mayurbhanj-Nilgiri-Bonai granitic complexes (~3.1 Ga; Mishra

et al. 1999). The Mayurbhanj granitic suite of rocks are present at the south-eastern

margin of the Singhbhum Craton and consist of granophyric biotite-hornblende-alkali

feldspar granite and ferrohastingsite-biotite granite (Fig. 1a, b; Saha 1994; Nelson

2014). Based on the geochemical study researchers (e.g. Mishra 1999; Misra et al.

2002) considered the Mayurbhanj granite as an A-type anorogenic granite. Bonai

granites occur in the southwestern part of the Singhbhum Craton (Fig. 1a). The

Noamundi-Jamda-Koira greenstone belt separates the Bonai granitic complex from

the Singhbhum granites (Fig. 1a). These are mainly porphyritic to equigranular

trondhjemite-granodiorite, with minor granite having an emplacement age of ~3.1

Ga (magmatic zircon ages; Sengupta et al. 1991, 1993; Chakraborti et al. 2019). The

Nilgiri granitic complex occupies the southeastern part of the Singhbhum Craton and

is surrounded by the older phases of the Singhbhum granites and ultramafic-mafic

intrusive rocks. The rock type varies from tonalite-trondhjemite-granodiorite to

granite which are geochemically similar to the Mayurbhanj and the Bonai granites

(Sengupta et al. 1991, 1993).

The Iron Ore Group (IOG) consists of supracrustal volcano-sedimentary

successions which are metamorphosed under greenschist to amphibolite facies

(Chaudhuri et al. 2017). The supracrustal rocks occur in three principal greenstone
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belts namely, Noamundi-Jamda-Koira at the western part, Gorumahishani-

Badampahar at the eastern part, and Tomka-Daitari at the southern part (Fig. 1a, b).

The lower part of the greenstone sequence is a komatiitic suite of rocks ranging from

meta-dunite (cumulates), and meta-peridotite (spinifex textured) to meta-basalt.

The metavolcanic rocks are intercalated with meta-sediments of quartzite, chert,

felsic tuffs, carbonate-rich schists, conglomerate, and banded iron formation. The

upper part of the greenstone sequence is occupied by acid to intermediate volcanic

rocks, cherts, and banded iron formation (Sahu and Mukherjee 2001;

Mukhopadhyay et al. 2008). In places, supracrustal rocks of the greenstone belts are

underlain by the quartz-conglomerate horizon (e.g. Ghosh et al. 2019). The banded

iron formations are mineralogically different from the Noamundi-Jamda-Koira and

the Gorumahishani-Badampahar greenstone belts showing more magnetite-rich

character in the later (Acharya 1984; Chakraborty and Majumder 1986). Detrital

zircon grains from the base of the dacitic lava in the Tomka-Daitari greenstone belt

revealed an age of ~3.5 Ga (Mukhopadhyay et al. 2008). Adhikari et al. (2021a)

obtained Sm-Nd isochron age of ~3.6 Ga from komatiite, komatiitic basalt, and

tholeiitic basalt of the Tomka-Daitari greenstone belt and ~3.5 Ga for the dacite of

the same volcanic sequence. Basu et al. (2008) reported an ion-probe U-Pb zircon

(detrital) age of ~3.4 Ga from tuffaceous rocks below the banded iron formation of

the Noamundi-Jamda-Koira greenstone belt. Jodder et al. (2021) obtained ~3.5 Ga U-

Pb LA-ICP-MS age for magmatic zircons from the upper felsic volcaniclastic rocks of

the Gorumahishani greenstone belt. Bachhar et al. (2021) reported a 207Pb/206Pb

zircon age of ~3.3 Ga from the komatiites of the spinifex-texture zone at the

Badampahar belt, however, this age does not represent the crystallization age of the
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komatiitic suite of rocks as these zircons are possibly xenocryst grains. Adhikari et al.

(2021a) reported a Sm-Nd isochron age of ~3.3 Ga from the north-eastern part of the

Gorumahishani greenstone belt based on bulk-rock komatiite, komatiitic basalt,

tholeiitic basalt, and basaltic andesite suite of rocks.

The ultramafic-mafic plutonic bodies of the Nuasahi-Sukinda complexes and

the Mayurbhanj mafic complex are closely associated with the supracrustal rocks of

the IOG greenstone belts and are located along the southern and eastern margin of

the Singhbhum Craton (Mondal et al. 2006, 2019; Khatun et al. 2014; Bhattacharjee

and Mondal 2021). The sill-like layered ultramafic-mafic bodies of the Nuasahi and

Sukinda areas have chromitite-bearing dunite and orthopyroxenite in the lower

ultramafic unit and magnetitite-bearing gabbroic rocks in the upper mafic unit

(Mondal and Zhou, 2010; Prichard et al. 2018). A tectonic breccia zone is present in

the Nuasahi complex that marks the upper contact of the ultramafic unit with the

gabbro unit (Mondal et al. 2001). Augé et al. (2003) reported a U-Pb detrital zircon

age of ~3.1 Ga from the gabbroic matrix of the breccia zone. Augé et al. (2003) also

reported a bulk-rock Sm-Nd age of ~3.2 Ga from the eight samples of the Nuasahi

gabbro. Besides this, Mondal et al. (2006) have suggested that the Sukinda massifs

are contemporaneous with the Nuasahi massifs and possibly formed between ~3.3 -

3.1 Ga. The Mayurbhanj mafic complex is located in the southeastern part of the

Gorumahishani greenstone belt (Fig. 1a, b) and is mainly composed of gabbro-noritic

and anorthositic rocks with magnetitite ore bodies (e.g. Bhattacharjee and Mondal

2021). The gabbro-noritic rocks are present at the lower part of the mafic complex

which is followed by gabbro-anorthosite rocks at the upper part. Mondal et al. (2021)
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reported an Sm-Nd whole-rock age of ~3.02 Ga for the upper gabbro-anorthositic

rocks of the plutonic complex.

Ultramafic-mafic volcanic and sedimentary rocks of the late Archean to early

Proterozoic greenstone belts encircle the older rocks of the Singhbhum Craton and

are represented by the Simlipal, Dalma, Dhanjori, Jagannathpur, and Malangtoli belts

(Mondal 2009; Acharyya et al. 2010b; Misra and Johnson 2005; Mondal et al. 2019).

The younger greenstone belts overly the early Archean tonalite-trondhjemite-

granodiorite and granitic rocks (Saha 1994). The Jagannathpur (or Dungoaposi)-

Malangtoli-Ongarbira belt is present at the western part of the Singhbhum Craton

around the early Archean Noamundi-Jamda-Koira greenstone belt (Fig. 1a). The

volcanic rocks within the younger greenstone belts are intercalated with quartzite

and phyllite with the occasional presence of a conglomerate bed at the base (Singh

et al. 2016; Singh et al. 2017). The Jagannathpur-Malangtoli belt has picritic rock at

the lower part that grades into tholeiitic basalt, basaltic andesite, and andesite

towards the top (Saha 1994; Blackburn and Srivastava 1994; Bose 2009; Singh et al.

2016; Singh et al. 2017; Adhikari et al. 2021b). Pillow basalts and amygdular basalt

with highly deformed character are also reported from the top part of the

Jagannathpur-Malangtoli belt (Saha 1994, Adhikari et al. 2021b). Adhikari et al.

(2021b) reported a whole-rock Sm-Nd isochron age of ~2.8 Ga for the Jagannathpur

basaltic rocks and ~2.7 Ga for felsic amygdules present within the basaltic rocks.

Adhikari et al. (2022) also reported a whole-rock Sm-Nd isochron age of ~3.1 Ga for

the basaltic rocks from the Ongarbira area. Kolhan sediments represent the top part

of the Jagannathpur-Malangtoli-Ongarbira belt and are present from Chaibasa in the

north to Noamundi in the south (Fig. 1a). The three main formations of the Kolhan
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group are the basal sandstone unit followed by a limestone unit and the shale unit at

the top with thin manganese oxide layers interbedded with shale (Saha 1994;

Mukhopadhyay and Matin 2020). There is no reliable radiometric age dating from

the Kolhan sediments, however, based on a lithostratigraphic study Mukhopadhyay

et al. (2006) suggested a terminal Mesoproterozoic age.

The Dhanjori belt is situated at the northeastern boundary of the Singhbhum

Craton and is abutted against the Mesoproterozoic North Singhbhum Mobile Belt

(Fig. 1a, b). The upper part of the Dhanjori belt is composed of volcanics and

volcaniclastic rocks with intercalated quartzites and phyllites and the lower part

consists of pebbly phyllite and conglomerate along with an ultramafic-mafic suite of

rocks (Gupta 1985; Mazumder and Sarkar 2004; Mazumder and Arima 2009; De et al.

2015). The basal quartz-pebble conglomerate unit of the Dhanjori belt has gold and

uraniummineralization and is known as Phuljhari Formation (Acharyya et al. 2010b).

The Dhanjori belt is overlain by mica-schist-quartzite rocks of the Chaibasa

Formation (Bose et al. 1997; Mazumder and Sarkar 2004; Mazumder 2005). Two sets

of Sm-Nd isochron ages of ~2.07 Ga (Roy and Bhattacharya 2012) and 2.79 Ga (Misra

and Johnson 2005) are reported from the mafic volcanic rocks of the Dhanjori belt.

Mishra and Johnson (2005) obtained a five-point isochron age of ~2.8 Ga from the

whole-rock Pb-Pb isotope analysis of the mafic volcanics from the Dhanjori belt.

Sunilkumar et al. (1996) obtained ~3.1 Ga U-Th-Pb age of detrital zircons from the

basal conglomerate unit of the Dhanjori belt. Detrital zircon from the same basal

conglomerate unit of the Dhanjori belt provided an upper intercept age of ~ 3.33 Ga

(Acharyya et al. 2010b).
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The Simlipal volcano-sedimentary belt is located in the southeastern part of

the Singhbhum Craton and overlies the Singhbhum and Mayurbhanj granites (Fig. 1a;

Saha 1994; Mukhopadhyay and Matin 2020). The volcano-sedimentary succession

begins with a quartz pebble conglomerate unit which unconformably overlain by

intercalated mafic volcanics, quartz-rich sandstone, and tuffs (Saha 1994;

Bhattacharjee et al. 2021). An 800 m thick differentiated sill, known as the Amjori sill,

occupies the central part of the Simlipal belt (Iyenger et al. 1981; Roy and

Bhattacharya 2012). The basal part of the sill consists of dunite which grades into

peridotite, gabbro, and quartz diorite towards the top (Saha 1994). Bhattacharjee et

al. (2021) reported a U-Pb age of ~3.08 Ga for detrital zircons from the sandstone

unit and considered this as the maximum depositional age for the sedimentary rocks

from the Simlipal belt. Bhattacharjee et al. (2021) also mentioned that the

provenance of the detrital zircons of ~3.1 Ga was the Mayurbhanj granite

unconformably underlying the Simlipal sandstone.

The Dalma volcano-sedimentary greenstone belt is located in the northern

part of the Singhbhum Craton and occupies the central zone of the Singhbhum

Mobile Belt (Fig. 1a; Saha 1994; Chatterjee et al. 2018). The Dalma belt is flanked by

the meta-sedimentary rocks of the Dhalbhum Formation and Chaibasa Formation in

the northern and southern parts (collectively known as the Singhbhum Group of

rocks; Saha 1994; Alvi et al. 2019). The volcanic rocks are more ultramafic in the

lower part and tholeiitic in the upper part and are separated by a horizon of

pyroclastic rocks (Saha 1994). Alvi et al. (2019) reported ultramafic-mafic plutonic

enclaves within the Dalma belt which are meta-gabbro to meta-dolerite, meta-

peridotite, fragments of mafic metavolcanic rocks, and non-fragmental mafic
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metavolcanic rocks. Singh et al. (2001) reported acid agglomeratic rocks that are

present along the northern flank of the Dalma belt. Mishra and Johnson (2005)

obtained an eight-point Rb-Sr isochron age of ~2.4 Ga for the whole-rock Dalma

volcanics. Bhattacharya et al. (2015) obtained a SHRIMP U-Pb zircon igneous

crystallization age of ~1.6 Ga from a felsic volcanic rock unit at the base of the Dalma

volcanic sequence.

Younger siliciclastic rocks (mainly quartzite) are exposed along the western

and southern boundaries of the Singhbhum granite pluton and separate the

Singhbhum granite from the Noamundi-Jamda-Koira, Tomka-Daitari, and

Jagannathpur-Malangtoli-Ongarbira greenstone belts (Fig. 1a; Ghosh et al. 2015;

Mukhopadhyay and Matin 2020). The Keonjhar quartzite (Ghosh et al. 2016) is a

thick rock unit that is exposed between Joda and Keonjhargarh area and separates

the Noamundi-Jamda-Koira and Jagannathpur-Malangtoli-Ongarbira greenstone

belts from the Singhbhum granite. Similar quartzites are present in the west of

Keonjhargarh up to Sukinda and are known as Mahagiri quartzite (Mukhopadhyay et

al. 2012, 2014). Mahagiri quartzite separates the Tomka-Daitari greenstone belt

from the Singhbhum granite (Fig. 1a). Quartzites are also present along the southern

boundary of the Singhbhum Craton which separates the Pallahara gneiss from the

Singhbhum granite and is known as the Tikra quartzite (Mahalik 1994). Recent

studies on the quartzites have indicated that these siliciclastic rocks are broadly

time-equivalents with the younger greenstone belts from the Singhbhum Craton (e.g.

Mukhopadhyay et al. 2007; Bandyopadhyay et al. 2010; Mazumder et al. 2012).

Numerous dykes transgress the granite-greenstone terrains in the Singhbhum

Craton (Fig. 1b). The dykes are noritic to doleritic in composition (Shankar et al. 2014;
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Kumar et al. 2017; Srivastava et al. 2019; Dey and Mondal, 2021). Based on trends,

seven major dyke swarms are reported (e.g. Srivastava et al. 2019): (i) Keshargaria

swarm of NE-SW trend, (ii) Ghatgaon swarm of NNE-SSW to NE-SW trend, (iii)

Kaptipada swarm of NE-SW to ENE-WSW trend, (iv) Pipilia swarm of WNW-ESE trend,

(v) Keonjhar swarm of E-W to ENE-WSW trend, (vi) Bhagamunda swarm of NW-SE to

NNW-SSE trend, and (vii) Barigaon swarm of N-S to NNE-SSW trend. Four dyke

swarms are dated by the U-Pb baddeleyite (ZrO2) method and are petrologically well-

studied. The ~2.8 Ga NNE-SSW to NE-SW trending Keshargaria dyke swarm (Kumar

et al. 2017) is noritic to doleritic in composition. The ~2.75 - 2.76 Ga NE-SW trending

Ghatgaon dyke swarm (Kumar et al. 2017) shows a similar mineralogical character to

the Keshargaria dyke swarm except for a lower degree of hydrothermal alteration.

The ~2.26 Ga NE-SW trending Kaptipada dyke swarm is doleritic in composition

(Srivastava et al. 2019). The ~1.77 Ga WNW-ESE trending Pipilia dyke swarm is

basaltic in composition (Shankar et al. 2014; Dey and Mondal 2021). Dey and Mondal

(2021) described the occurrence and discussed the origin of the sulfide and oxide

minerals from this dyke swarm. The Dyke Swarms were feeders of the overlying

extrusive sequences from the Archean to Proterozoic (Srivastava et al. 2019;

Mazumder and Chaudhuri 2019; Adhikari et al. 2021b). A whole-rock Sm-Nd isochron

age of ~2.8 Ga is reported for the Jagannathpur basaltic rocks and their petrogenetic

relation is established with the ~2.8 Ga NE-SW to NNE-SSW trending Keshargaria

dyke swarm and the ~2.75 - 2.76 Ga NNE-SSW trending Ghatgaon dyke swarm

(Adhikari et al. 2021b). The felsic volcanic rocks of ~1.6 Ga in the Dalma belt (SHRIMP

U-Pb; Bhattacharya et al. 2015) are correlated with the ~1.77 Ga WNW-ESE trending

Pipilia dyke swarm (Mazumder and Chaudhuri 2019; Srivastava et al. 2019).
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Table 1 Chrono-stratigraphy of the Singhbhum Craton

Stratigraphy Lithological units Age Reference Remarks

Kolhan
group (KG)

Kolhan sediments 1531 Ma Saha, 1994 Whole rock Rb-Sr
age from Kolhan
shale

Newer
dolerite
dyke
swarms

Pipilia dyke
swarm (WNW-
ESE)

Kaptipada dyke
swarm (NE-SW)

Ghatgaon dyke
swarm (NE-SW)

Keshargaria dyke
swarm (NNE-SSW
to NE-SW)

1765 ± 0.9
Ma

2256 ± 6
Ma

2752 ± 0.9
Ma

2800 ± 0.7
Ma

2613 ±
177 Ma

Shankar et al.
2014

Srivastava et al.
2019

Kumar et al.
2017

Kumar et al.
2017

Roy et al. 2004

TIMS 207Pb/206Pb
baddeleyite
weighted mean
age

TIMS U-Pb upper
intercept age from
baddeleyite

TIMS 207Pb/206Pb
baddeleyite
weighted mean
age

TIMS 207Pb/206Pb
baddeleyite
weighted mean
age

Whole rock Rb-Sr
isochron age

Late
Archean-
Proterozoic
volcano-
sedimentary
sequences

Dalma volcano-
sedimentary
sequences

Dhanjori volcano-
sedimentary
sequences

Jagannathpur-
Malangtoli
volcano-
sedimentary
sequences

2396 ±
110 Ma

2787 ±
270 Ma

2794 ±
210 Ma

2799 ± 67
Ma

2682 ± 28
Ma

2250 ± 81

Misra and
Johnson, 2005

Misra and
Johnson, 2005

Misra and
Johnson, 2005

Adhikari et al.
2021b

Adhikari et al.
2021b

Misra and

Whole rock Pb-Pb
isochron age

Whole rock Sm-Nd
isochron age

Whole rock Pb-Pb
isochron age

Whole rock Sm-Nd
isochron age

Whole rock Rb-Sr
isochron age

Whole rock Pb-Pb
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Ma Johnson, 2005 isochron age

Archean
granite-
greenstone
terrain

Tamperkola
granite

Mayurbhanj
granite

Mayurbhanj
gabbro-
anorthosite
complex

Nuasahi
ultramafic-mafic
complex

Bonai granite

Singhbhum
granite type-B
(SBG-B) (phase-
III)

Noamundi-

2809 ± 12
Ma

3079.4 ±
6.8 Ma

3080 ± 8
Ma

3022 ±
180 Ma

3123 ± 7
Ma

3205 ±
280 Ma

3115 ± 10
Ma

3308 ± 31
Ma

3351 ± 8
Ma

3377 ± 11
Ma

3445 ± 4
Ma

3285 ± 7

Bandyopadhyay
et al. 2001

Chakraborti et
al. 2019

Mishra et al.
1999

Mondal et al.
2021

Augé et al.
2003

Augé et al.
2003

Chakraborti et
al. 2019

Dey et al. 2017

Pandey et al.
2019

Chaudhuri et al.
2018

Upadhyay et al.
2014

Nelson et al.

Ion-microprobe
207Pb/206Pb zircon
crystallization age

LA-ICPMS U-Pb
zircon
crystallization age

Ion-microprobe
207Pb/206Pb zircon
crystallization age

Whole rock Sm-Nd
isochron age

SHRIMP U-Pb
detrital zircon age

Whole rock Sm-Nd
isochron age

LA-ICPMS U-Pb
zircon
crystallization age

LA-ICPMS U-Pb
zircon
crystallization age

LA-ICPMS U-Pb
zircon
crystallization age

SHRIMP
207Pb/206Pb zircon
crystallization age

LA-ICPMS U-Pb
zircon
crystallization age

SHRIMP U-Pb
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Jamda-Koira
greenstone belt

Gorumahishani-
Badampahar
greenstone belt

Tomka-Daitari
greenstone belt

Singhbhum
granite type-A
(SBG-A) (phase-II)

Ma

3392 ± 21
Ma

3250 to
3100 Ma

3313 ± 10
Ma

3510 ± 3
Ma

3508 ±
190 Ma

3506 ± 2
Ma

3507 ±
180 Ma

3573 ± 63
Ma

3311 ± 57
Ma

2014

Basu et al. 2008

Ghosh et al.
2019

Adhikari et al.
2021a

Jodder et al.
2021

This study

Mukhopadhyay
et al. 2008

Adhikari et al.
2021a

Adhikari et al.
2021a

Dey et al. 2017

zircon
crystallization age
from granodiorite

Ion-microprobe U-
Pb detrital zircon
age from
tuffaceous rocks

LA-ICPMS U-Pb
detrital zircon age
from basal clastic
rocks

Whole rock Sm-Nd
isochron age from
komatiitic suite of
rocks

LA-ICPMS U-Pb
zircon
crystallization age
from upper felsic
volcanic unit

Whole rock Sm-Nd
errorchron age
from komatiitic
suite of rocks

SHRIMP U-Pb
zircon
crystallization age
from granodiorite

Sm-Nd isochron
age from dacite
lava

Sm-Nd isochron
age from
komatiite suite of
rocks

LA-ICPMS U-Pb
zircon
crystallization age
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Singhbhum
granite type-A
(SBG-A) (phase-I)

Older
metamorphic
tonalite gneiss
(OMTG)

3326 ± 5
Ma

3328 ± 7
Ma

3390 ± 9
Ma

3336 ± 4
Ma

3442 ± 26
Ma

3350 ± 20
Ma

3397 ± 9
Ma

3113 ± 85
Ma

3135 ± 85
Ma

3331 ± 9
Ma

3363 ± 12
Ma

3378 ± 98
Ma

Nelson et al.
2014

Mishra et al.
1999

Pandey et al.
2019

Upadhyay et al.
2014

Ghosh et al.
1996

Upadhyay et al.
2014

Chaudhuri et al.
2018

Sarkar et al.
1979

Sarkar et al.
1979

Pandey et al.
2019

Nelson et al.
2014

Moorbath et al.
1986

SHRIMP U-Pb
zircon
crystallization age
from
monzogranite

Ion-microprobe
207Pb/206Pb zircon
crystallization age

LA-ICPMS U-Pb
zircon
crystallization age

LA-ICPMS U-Pb
zircon
crystallization age

Whole rock Pb-Pb
isochron age

LA-ICPMS U-Pb
zircon
crystallization age

SHRIMP
207Pb/206Pb zircon
crystallization age

Whole rock Rb-Sr
isochron age

Whole rock Rb-Sr
isochron age

LA-ICPMS U-Pb
zircon
crystallization age

SHRIMP U-Pb
zircon
crystallization age

Whole rock Pb-Pb
isochron age
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Older
metamorphic
group (OMG):
sediments and
volcanics

3400 Ma

3405 ± 53
Ma

3437 ± 23
Ma

3437 ± 23
Ma

3471 ± 24
Ma

3775 ± 24
Ma

3305 ± 60
Ma

3317 ± 8
Ma

3504 ± 30
Ma

3551 ± 13
Ma

Mishra et al.
1999

Ghosh et al.
1996

Upadhyay et al.
2014

Acharyya et al.
2010

Dey et al. 2017

Basu et al. 1981

Sharma et al.
1994

Upadhyay et al.
2014

Mishra et al.
1999

Goswami et al.
1995

Ion-microprobe
207Pb/206Pb zircon
crystallization age

Whole rock Pb-Pb
isochron age

LA-ICPMS U-Pb
zircon
crystallization age

LA-ICPMS U-Pb
zircon
crystallization age

LA-ICPMS U-Pb
zircon
crystallization age

Whole rock Sm-Nd
isochron age

whole rock Sm-Nd
isochron age from
OMG amphibolite

LA-ICPMS U-Pb
metamorphic age
from rutile

Ion-microprobe
207Pb/206Pb
detrital zircon age
from ortho-
quartzite

Ion-microprobe
207Pb/206Pb
detrital zircon age
from quartzite and
quartz mica-schist

Evidence of
unpreserved
primitive
crust from
detrital

3628 ± 38
Ma

Goswami et al.
1995

Ion-microprobe
207Pb/206Pb
detrital zircon age
from OMG
metasediments
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zircon age
4015 ± 9
Ma

4017 ± 15
Ma - 4026
± 24 Ma

4031 ± 5
Ma - 4239
± 4 Ma

Miller et al.
2018

Bhattacharjee
et al. 2021

Chaudhuri et al.
2018

LA-ICPMS
207Pb/206Pb
detrital zircon age
of a single crystal
from modern
sediment of
Baitarani river

LA-ICPMS U-Pb
detrital zircon age
from the lower
sandstone unit of
Simlipal volcano-
sedimentary
sequence

SHRIMP U-Pb
xenocrystic zircon
age from OMTG of
the Champua area
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The Singhbhum Shear Zone (SSZ) is a fold-thrust belt known as the

Singhbhum U-Cu belt because of its largest U resources in India, and huge Cu sulfide

deposits that are present almost all along the belt (Fig. 1a; Banerji 1981; Pal et al.

2009, 2011; Pal and Rhede 2013; Chowdhury et al. 2020). The ~200 km long arcuate-

shaped belt is a tectonic contact between the Proterozoic North SinghbhumMobile

Belt to the north and the Achaean Singhbhum Craton to the south. The major rock

types of the Singhbhum Shear Zone are sericite schist, chlorite schist, biotite schist,

kyanite-sericite schist, meta conglomerate, quartzite, tourmalinite, and granite (Pal

et al. 2022). A six-point whole rock Rb-Sr isochron age of ~1.05 Ga (Sengupta et al.

1994) is reported from the granitic rocks. The Singhbhum Shear Zone is the loci of a

deep-seated fault between the northern supracrustal province and the southern

Archean Craton. The southward thrusting of the North Singhbhum Mobile Belt onto

the Archean Singhbhum Craton during the Mesoproterozoic resulted in continuous

deformation and metamorphism of the rocks (Banerji 1969, 1981). The shear zone

transgressed the rocks of the Gorumahishani greenstone belt at its northern

extension, the Dhanjori belt, and the Singhbhum Group of rocks and suffered two

different phases of metamorphism (e.g. Banerjee et al. 2023). The prograde

metamorphism (M1) culminated in epidote-amphibolite transition facies with peak

metamorphic temperature ~480 ± 40°C and pressure ~6.4 ± 0.4 kbar (e.g.

Bandyopadhyay 2003, Sengupta et al. 2005), and hydration of the prograde

assemblages manifest the retrograde metamorphism (Srivastava and Pradhan 1995).

2.2. Geology of the Gorumahishani-Badampahar greenstone belt
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The arcuate-shaped Gorumahishani-Badampahar greenstone belt at the eastern part

of the Singhbhum Craton is extended from the Kudada area (South of Singhbhum

Shear Zone) to the north up to the Nauna and Budhipat area (west of Badampahar

village) to the south-west (Fig. 1a, b; Bhattacharya et al. 2007; Banerjee et al. 2023).

The Gorumahishani-Badampahar greenstone belt is largely surrounded by the

granite-gneissic rocks of the Singhbhum granite batholithic complex and the rocks of

the OMTG and OMG. The rocks of the Singhbhum granite phase III show an intrusive

relationship with the greenstone belt rocks near the Gorumahisani and Badampahar

areas (Sengupta 1990; Nelson et al. 2014). Nelson et al. (2014) and Dey et al. (2017)

obtained ~3.4 Ga - 3.3 Ga age for the granites at the western part of the

Gorumahisani area by U-Pb zircon age dating. The Mayurbhanj granite of ~3.1 Ga

intruded the Gorumahishani greenstone belt at the south-eastern part (Fig. 1b;

Mishra et al. 1999). The lower sequence of the Gorumahishani-Badampahar

greenstone belt is dominated by komatiitic dunite, komatiitic peridotite, komatiitic

basalt, pillow basalt, banded iron formation (BIF), and interbedded sedimentary

rocks, whereas, the upper sequence is dominated by clastic sedimentary rocks (e.g.

Bhattacharya et al. 2007; Chaudhuri et al. 2015; Mukhopadhyay et al. 2008, 2012;

Ghosh et al. 2019; Bachhar et al. 2021; Jodder et al. 2021; Banerjee et al. 2022). The

ultramafic-mafic volcanic sequence begins with meta-dunite cumulate rocks which

grade into spinifex textured meta-peridotite to komatiitic meta-basalt to pillowed

and massive tholeiitic meta-basalt. The whole supracrustal assemblage is

metamorphosed from greenschist-amphibolite transition to amphibolite facies. A

texturally and compositionally immature sandstone-conglomerate association is

quite common between the upper and lower sequences of the greenstone belt
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(Mazumder et al. 2019, 2022). The sandstones are poorly sorted and matrix-

supported and the conglomerates have clasts of quartz, chert, fuchsite quartzite,

jasper, and BIFs. The clasts are angular to rounded and very poorly sorted

(Mazumder et al. 2022). The upper sequence unconformably overlies the

conglomerate unit with a major abundance of clastic sediments like carbonaceous

phyllite, chert-arenite, quartzite, and pelitic rocks, with a low abundance of mafic to

felsic volcanics (Sengupta et al. 1997; Jodder et al. 2021; Mazumder et al. 2022). The

sedimentary rocks are more abundant in the northernmost part of the greenstone

belt with minor exposures of ultramafic rocks (Jena and Behera 2000). Ultramafic-

mafic rocks from the Kudada area (Talsa and Ukam Pahar, south of Tatanagar) at the

northern part of the greenstone belt are mainly talc-carbonate schist and

serpentinite (Sinha et al. 2019; Banerjee et al. 2023). Patches of talc-carbonate

schists are exposed in the open pits at the base of the Talsa Pahar, west of Kudada.

The serpentinized peridotite is present on the northwest slope of Ukam Pahar,

associated with hematite-quartzite rocks, and lies at the northern outskirt of the

Singhbhum granite pluton. The ultramafic-mafic body of the Kudada is surrounded

by tuffaceous phyllitic rocks that are closely associated with feldspathic schist (or

soda granite) in the northern part.

Mazumder et al. (2022) studied the sedimentary rock associations and their

primary sedimentary structures from the Gorumahishani-Badampahar greenstone

belt. The carbonaceous sandstone-shale facies are most dominant in the lower

stratigraphic sequence, and the fine-grained sandstones are characterized by parallel

lamination and cross-lamination. The sandstones also bear mud drapes and evidence

of current reversal (Mazumder et al. 2022). Banded Iron Formation at the top of the
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ultramafic-mafic unit from the lower stratigraphic sequence also shows the presence

of straight crested ripples with locally bifurcated crest lines. The dominant

sedimentary facies association in the upper stratigraphic sequence is represented by

texturally immature sandstone-conglomerate facies (Mazumder et al. 2022).

Sandstones are very poorly sorted and are classified based on the presence of

sedimentary structures like parallel laminated sandstone, trough cross-bedded

sandstone, and tabular cross-bedded sandstone.

The ultramafic-mafic volcanic rock samples of this research are collected

from the three major sections of the ~120 km long Gorumahishani greenstone belt:

Maharajgunj-Chuka Pahar in the North, Tua Dungri in the middle, and Kapili in the

South (Fig. 1a, b). The northern part of the greenstone belt near the Maharajgunj-

Chuka Pahar and Tua Dungri area is up to ˜1 km wide, whereas the southern part of

the belt from the Kapili area is up to ˜5 km wide. Komatiitic meta-dunite and meta-

peridotite rocks are dominant in the northern part of the greenstone belt and

present as small hillocks whereas the southern part is dominated by thick continuous

spinifex-textured komatiitic meta-peridotite with komatiitic meta-basalt at the top

(Fig. 2a-e). The average thickness of komatiitic meta-dunite-peridotite rocks at the

lower cumulate zone from the Maharajgunj-Chuka Pahar area is ~10 m, from the Tua

Dungri area is ~27 m, and from the Kapili area is ~5 m. The average thickness of the

spinifex-textured meta-peridotite rocks (spinifex zone) from the Maharajgunj-Chuka

Pahar area is ~40 m, from the Tua Dungri area is ~27 m, and from the Kapili area is

~200 m. The average thickness of the komatiitic meta-basalt rocks from the

Maharajgunj-Chuka Pahar area is ~5 m, from the Tua Dungri area is ~5 m, and from

the Kapili area is ~250 m. Meta-sedimentary rock units like quartzite and chert are
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interbedded with the komatiitic meta-basalt at the top of the komatiitic suite of

rocks from the three study areas. Multi-phase deformation event is quite distinct

from the interbedded meta-sedimentary units with open-type folds (Fig. 2f).

Schistosity planes are also developed in the meta-sedimentary rocks and those

planes are defined by sericite and muscovite minerals. Sedimentary structures like

ripple lamination with straight and bifurcated crest lines and graded bedding are

dominant in the meta-sedimentary rocks of the Gorumahishani greenstone belt. All

rock units throughout this belt are dipping towards the east with a dip that varies

between 28 and 30.
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Chapter 3

Petrography
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3. Petrography

Komatiitic rocks are collected from the three main cross sections of the ˜120 km long

Gorumahishani greenstone belt at the eastern part of the Singhbhum Craton (Fig.

1b). At the northernmost part, samples are collected from the Chuka Pahar-

Maharajgunj sector (Section A) (Fig. 1e). The Tua Dungri sector is the Section B which

is located ˜10 Km south-east of the section-A (Fig. 1c). At the southern part of the

Gorumahishani greenstone belt, samples are collected from the Kapili sector

(Section C, ˜25 Km south-east of section-B) (Fig. 1d). A complete sequence of the

komatiitic suite of rocks are present in each of the three sections (Figs. 2a-f, 3a-p). In

the komatiite sequence, meta-dunite and meta-peridotite are present at the lower

cumulate zone that grades into platy, chevron, and random spinifex textured meta-

peridotite zone. The komatiitic meta-basalt occurs at the upper part of the volcanic

sequence and intercalated with the meta-sediments.

3.1. Komatiitic meta-dunite and meta-peridotite from the Cumulate Zone

Serpentinized dunite occurs at the lowermost part of the cumulate zone and shows

adcumulate texture. The dunite merges with cumulate peridotites showing

mesocumulate to orthocumulate texture (Figs. 2a; 3a, b). In hand specimens, these

rocks show a fine-grained melanocratic character with high specific gravity. The

rocks have an overall greenish tinge because of serpentinization. Shapes of euhedral

to subhedral olivine and a few pyroxene grains are identified in hand specimens as

well as grains of feebly magnetic chromite or chrome magnetite. Under transmitted

light microscope, the modal abundances of mineral phases in cumulate meta-dunite

and meta-peridotites from the Maharajgunj-Chuka Pahar sector include, in
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(a) (b)

(c) (d)

(e) (f)

Fig. 2 Field photographs: a Meta-dunite from Tua Dungri (lower cumulate zone), b Chevron spinifex textured 
metaperidotite from Kapili (spinifex zone), c Platy spinifex textured meta-peridotite from Tua Dungri (spinifex zone), d 
Random spinifex textured meta-peridotite from Kapili (spinifex zone), e Schistose meta-basalt from Tiring, and f 
Quartzite band interlayered with schists from Kapili.
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decreasing order, serpentine, tremolite, carbonate, and chlorite (Fig. 4). In the Tua

Dungri sector, modal abundances of minerals include, in decreasing order,

serpentine, carbonates, tremolite, chlorite, and talc (Fig. 4). In the Kapili sector, the

decreasing order of mineral abundances changes to serpentine, tremolite, chlorite,

hornblende, and carbonate (Fig. 4). Serpentine mostly exhibits mesh and interlocking

textures (Fig. 3b). Single micrometre-sized olivine cores are also observed in samples

from the Kapili area (Fig. 3a). Interstitial spaces of serpentine minerals

(pseudomorphic after olivine) are occupied by chlorite, tremolite, hornblende, and

carbonate minerals. Under reflected light, zoned chromites and chrome magnetites

are identified in the meta-peridotites. Fine, anhedral magnetite grains are identified

in the chlorite veins (Fig. 3h-l). Sulfide minerals include pentlandite, cobalt-rich

violarite, millerite, chalcopyrite, and bornite and are present in the disseminated

form within the meta-dunite and meta-peridotites at a low modal abundance (<1

modal%) (Fig. 3m-p; Fig. 4). Under reflected light, bornite form a thin rim

surrounding the chalcopyrite mineral grains and cobalt-rich violarite partially replace

the pentlandite mineral grains as irregular patches (Fig. 3m-o).

3.2. Komatiitic meta- peridotite from the Spinifex Zone

The metamorphosed komatiitic peridotites from the spinifex zone show platy,

random, and chevron spinifex textures (Figs. 2b-d; 3d, e). The rocks are greenish and

often develop weak schistosity planes. The spinifexes (~0.5-40 cm in length, and ~2-

5 mm in width) are marked by deep cavities on the weathered surface of the rocks.

Microscopic study reveals that in spinifex textured meta-peridotites of the

Maharajgunj-Chuka Pahar and Tua Dungri sections, the modal abundance of
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serpentine is lower while modes of tremolite and chlorite are higher compared to

the cumulate zone. Tremolite, chlorite, hornblende, and serpentine are the major

minerals in the meta-peridotites of the spinifex zone from the Kapili area. The modal

abundance of serpentine in the spinifex zone of the Kapili area is also lower

compared to the cumulate zone (Fig. 4). The primary minerals in spinifexes are

replaced by tremolite (after clinopyroxene) in the Kapili area and a lesser extent by

serpentine (after olivine) in the Tua Dungri area (Fig. 3d, e). Zones of various shapes

in between the crisscrossing spinifexes from the greenstone belt are occupied by

fine-grained chlorite, tremolite, carbonate, and magnetite minerals. Under the

reflected light, zoned chromites and chrome magnetites are identified in the meta-

peridotites of the spinifex zone (Fig. 3h-j). The modal abundance of these zoned

chromites is higher compared to the cumulate zone (Fig. 4). Sulfide minerals in the

spinifex zone are pentlandite, cobalt-rich violarite, and millerite and show a higher

modal abundance but similar petrographic character to the sulfides in the lower

cumulate zone (Fig. 3m-p). The overall modal proportion of sulfides is low

(<1modal %) in the spinifex textured komatiitic peridotite rocks from the three areas.

However, their abundance is relatively higher in the Tua Dungri area than in the

Maharajgunj-Chuka Pahar and Kapili areas (Fig. 4). Under reflected light, the patchy

appearance of cobalt-rich violarite minerals is also observed which partially replace

the pentlandite mineral grains (Fig. 3o).

3.3. Komatiitic meta-basalts from the Upper Zone

The komatiitic basalts are altered to meta-basalts and show schistose character (Fig.

2e). The rocks have moderate specific gravity with an overall greenish appearance. In
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places, meta-basalts are interlayered with quartzites and chert indicating the top

part of the komatiitic litho package (Fig. 2f) (e.g. Arndt et al. 2008). The quartzite

layer shows an open fold structure with a fold axis trending: 165°-345° and plunging

towards the southwest. Schistosity planes are defined by the presence of platy

mineral phases which are very difficult to identify in the naked eye because of their

fine-grained texture. The strike of the schistosity planes of the meta-basalt unit is

155°-335° with a dip amount of 70° towards 252°. The meta-basaltic rocks have a

high modal abundance of tremolite, actinolite, hornblende, and chlorite with mineral

modes differing from place to place (Fig. 3f, g). Epidote occurs replacing plagioclase

(Fig. 3f, g). The meta-basalts have higher modal abundances of tremolite, chlorite,

and actinolite in the Tua Dungri and Chuka Pahar sections, whereas hornblende is

more abundant in the Kapili section (Fig. 4). The schistosity planes are mainly

defined by chlorite, tremolite, or hornblende, and their modal abundance increases

with increasing schistosity. Oxide minerals in the meta-basalt are represented by

variable modes of fine-grained, anhedral magnetite and minor ilmenite (Fig. 3l). Only

a few samples (SHB/18/27, SHB/19-12/73) from the komatiitic basalt of the Kapili

section have sulfide minerals (chalcopyrite, pentlandite) while section A and B

samples are barren.

3.4. Textural types of chromite

Chromite is present ubiquitously throughout the cumulate and spinifex zones of the

komatiite sequences. Spinifex zones have a higher modal abundance of chromites

than the cumulate zones. Most of the chromite grains are small to medium sizes

with euhedral to anhedral morphology. Microscopic study and BSE imaging

45



Table 2 Classification of komatiitic chromites from the Gorumahishani greenstone belt

Types of
chromite Study area Host rock Grain size Textural and mineralogical character

Type-I Tua Dungri Serpentinized
peridotite

~400 - 530
µm ~350
- 390 µm

Subhedral grain; non-porous low
reflectance core and high reflectance

ferritchromit to chrome-magnetite rim with
a sharp contact in between.

Type-II Southern
part of Kapili

Spinifex
textured

serpentinized
peridotite

~550 - 620
µm  ~480
- 510 µm

Subhedral grain; low reflectance non-
porous core with high reflectance thin
ferritchromit rim, and wider, less porous
chrome-magnetite rim. Diffused contact in

between cores and rims.

Type-III Northern
part of Kapili

Spinifex
textured

serpentinized
peridotite

~255 - 268
µm  ~125
- 160 µm

Subhedral to anhedral grain; low and high
reflectance inner rims with extensively

porous outer chrome-magnetite envelope.
Diffused contact in between cores and

rims.

Type-IV Maharajgunj Serpentinized
peridotite

~30 - 50
µm  ~70 -
100 µm

Anhedral grain; small fractured
ferritchromit with almost homogeneous

character. Occasionally, thin high
reflectance magnetite rims are observed

along the fracture planes.

Type-V

Maharajgunj,
Chuka Pahar,
Tua Dungri,

Kapili

Serpentinized
peridotite,
spinifex
textured

serpentinized
peridotite,
komatiitic
basalt

~40 - 60
µm  ~25 -
50 µm

Subhedral to euhedral grain. Optically and
compositionally homogenous chrome-

magnetite and magnetite with non-porous
character.
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(Backscattered Electron image) show that a few chromite grains have compositional

rims with different textures and variable reflectances (Table 2; Fig. 3h-j). These are

zoned chromite grains and typically have a pristine chromite core with a

ferritchromit inner rim and chrome-magnetite to magnetite outer rim (Fig. 3h, i).

Multiple inner rims of different reflectance and composition between chromite core

and outer chrome-magnetite rim are also observed (Fig. 3j). In some grains along the

outermost margin of zoned chromites, irregular patches of ilmenite are present (Fig.

3i, j). The chromite grains are classified into five broad types based on petrography

and mineral chemistry. Many of the chromite grains may not cut through the center

of the grains and the original zoning pattern may not be visible.

Type-I chromites (Fig. 3h) are present in the serpentinized peridotite from

the Tua Dungri area. Type-II and type-III chromites are present in the spinifex

textured serpentinized peridotite from the Kapili area. These type-I, type-II, and

type-III chromite grains are optically and texturally inhomogeneous (Fig. 3i, j). In

contrast, type-IV chromites in the serpentinized peridotite from the Maharajgunj

area and type-V chromites in the komatiitic sequences from all locations are

homogeneous (Fig. 3k, l). Type-I chromites (400 - 530 µm  350 - 390 µm) are

euhedral and have a non-porous core and ferritchromit to chrome magnetite rim

with a sharp contact in between (Fig. 3h). Type-II chromites (550 - 620 µm  480 -

510 µm) have a wider, less porous chrome magnetite rim, thin non-porous

ferritchromit rim, with a darker non-porous core (Fig. 3i). Type-III chromites are

subhedral (255 - 268 µm  125 - 160 µm) and show lighter and darker inner rims

with extensive porous outer chrome magnetite envelopes and small non-porous

cores (Fig. 3j). Both type-II and type-III grains have diffused contacts in between their
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core and rim. Type-IV chromites are small fractured ferritchromit grains (< 50 µm)

with almost homogenized character except for highly irregular thin higher

reflectance magnetite bands along the fracture planes (Fig. 3k). Type-V oxide grains

are optically and compositionally homogeneous chrome magnetite and magnetite

grains (40 - 60 µm  25 - 50 µm) that are non-porous and subhedral to euhedral (Fig.

3l). Among the five types, type-V chromites have the highest modal abundance in

komatiitic rocks while the lowest modal abundance is displayed by the type-IV grains.

If compared between the zoned chromites, type-II grains have a higher modal

abundance than type-I and type-III varieties.
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Fig. 3 Photomicrographs of komatiitic rocks in transmitted light, reflected light and BSE images: a Small 
olivine (ol) core is surrounded by serpentine (srp) and associated with accessory chromite (chr); b Serpentine 
shows pseudomorphic texture (after olivine) with accessory chromite. Chlorite (Chl) and tremolite (Tr) form the 
interstitial assemblage; c Carbonate (Cb) minerals in the meta-peridotite; d Spinifex texture is represented by 
tremolite after pyroxene grains. Magnetite is present in between tremolite grains; e Spinifex texture is represe-
nted by serpentine after olivine grains. An assemblage of chlorite+tremolite+carbonate is present in between 
serpentine spinifexes; f-g Meta-basalt contains epidote (Ep) after plagioclase along with chlorite, tremolite, 
and hornblende (after clinopyroxene); h-j Type-I, type- II, and type-III zoned chromites with chromite (Chr) 
core and ferritchromit (Fcmt) to chrome magnetite rims; k Fractured type-IV ferritchromit grain; l Type-V homo-
geneous chrome magnetite grain; m Chalcopyrite (Ccp) mineral is present between chromite grains; n 
Primary chalcopyrite (Ccp) is rimmed by low-temperature secondary bornite (Bn); o Primary Pentlandite (Pn) 
and violarite (Viol) is replaced by low tem-perature secondary millerite (Mlr). Magnetite (Mag) is presently 
associated with the sulfide mineral assemblages; p Primary pentlandite (Pn) associated with barite (Brt). 
Mineral names abbreviations are from Whitney and Evans (2010).
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4. Analytical methods

4.1. Mineral chemical analysis

4.1.1. Major elements

Back-scattered electron (BSE) imaging and microanalysis of the mineral phases

(oxides, sulfides, and silicates) are carried out using a CAMECA SXFive EPMA

instrument at DST-SERB National Facility, Department of Geology, Banaras Hindu

University (India). Another set of samples is analyzed by 4-WDX CAMECA SX-100

EPMA at the Department of Geology and Geophysics, Indian Institute of Technology,

Kharagpur (India) for oxide and sulfide minerals. The CAMECA SXFive EPMA is

operated by SXFive Software at a voltage of 15 kV and beam current of 10 nA

whereas the 4-WDX CAMECA SX-100 EPMA is controlled by a beam current of 15 nA

and acceleration voltage of 20 kV. Natural mineral standards fluorite, apatite, albite,

halite, periclase, peridote, corundum, wollastonite, orthoclase, rutile, chromite,

rhodonite, celestite, barite, hematite, crocoite, pyrite, and synthetic Ag2Te, InAs,

InSb, Ni, Co, Cu, Zn metal supplied by CAMECA-AMETEK are used for routine

calibration and quantification during analysis. Routine calibration, acquisition,

quantification, and data processing are carried out using SxSAB version 6.1 and SX-

Results software of CAMECA. ZAF matrix corrections are performed by the CAMECA-

supplied PAPSIL software. The compositions of chromite and silicate are recalculated

to cation proportions using the Fe3+ calculation scheme of Droop (1987). The Major

elements data of silicate minerals for all analyzed points are tabulated in Table 3.

The major and minor elements data of oxide minerals for all analyzed points are

tabulated in Appendix 1 and the data ranges are in Table 4.
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Sulfide minerals are also analyzed using a Scanning Electron Microscope

(SEM), JSM 6490 series at the Department of Geology and Geophysics, Indian

Institute of Technology, Kharagpur, and the DST-SERB National Facility, Department

of Geology, Banaras Hindu University. The complete set of data on the sulfide

minerals from the Scanning Electron Microscope is tabulated in Table 5.

4.1.2. Trace elements and Platinum-Group element (PGE)

Trace element and PGE contents in chromite, ferritchromit, and chrome-magnetite

are also measured by an LA-ICP-MS system for selected elements (Sc, Ti, V, Mn, Co,

Ni, Cu, Zn, Ga, Os, Ir, Ru, Rh, Pt, Pd) consisting of a New Wave 193 nm ArF excimer

laser and an Agilent 7800 quadrupole ICP-MS at Korea Institute of Ocean Sciences

and Technologies, South Korea. The ablation conditions are a 10 Hz repetition rate,

an 80-100 μm beam size, and ~ 5 J/cm2 energy density. The NIST 610 glass is used as

a primary standard and Al contents measured by a microprobe is an internal

standard element for calculating trace elements. The sulfide reference material

UQAC-FeS-1 is used as a primary standard and Fe contents as an internal standard

element for platinum-group elements (PGE). The data reduction is conducted by

Iolite software (Paton et al. 2011). The isobaric interference by metal oxides (MO+)

and metal argides (MAr+) are checked by analyses of pure Cu metal (C-430, Fisher

Scientific Company) and PGE-free synthetic Ni-sulphide. The expected isobaric

interferences are ~1 ppb Ru per 1000 ppm Ni and ~7 ppb Rh per 1000 ppm Cu in Cr-

spinels, which result in negligible isobaric interferences of 61Ni40Ar + and 63Cu40Ar +

on 101Ru and 103Rh (<2 %) for most samples. Any micro inclusions, identified as spikes

in time-resolved spectra data, are excluded when calculating the concentrations.
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Multiple analyses (n = 7) of Cr-spinels from Kamchatka picrite (Ty24) are performed

using the UQAC-FeS-1 reference material to externally monitor the quality of the

PGE data. Our results are consistent with the values reported by Park et al. (2017)

within 1 standard deviation. The complete set of analyses for chromite trace

elements and platinum-group elements are tabulated in Table 6 and Table 7

respectively.

4.2. Bulk-rock analysis

For bulk-rock analysis, samples are cleaned, crushed, and pulverized to a 200-mesh

size in the Department of Geological Sciences, at Jadavpur University, India. The

crushing and pulverization work is carried out by single bowl RO milling systems

(Model MBM 07, Insmart systems) using agate (99.9% SiO2, 7.0 Mohs hardness, and

2.65 g/cc density) balls. At 600 rpm, 100 g of the sample is crushed by the machine.

bulk-rock major and trace element and the Loss On Ignition (LOI) analysis of 68

samples are performed from Intertek Genalysis, Perth, Western Australia (e.g.

Bourdeau et al. 2021; Datta et al. 2021). Platinum-group elements analysis alongside

Sulfur (S) for 42 samples is conducted from Intertek Genalysis, Perth, Western

Australia (e.g. Prichard et al. 2018; Datta et al. 2021). Sm-Nd isotopic study for 22

komatiite samples is performed at the CNRS-CRPG, Nancy, France (e.g. Maltese et al.

2022).

4.2.1. Major elements

Approximately 0.7g sample is catch-weighed into a platinum crucible and then mixed

with a pre-weighed amount of flux which is comprised of a mixture of lithium
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tetraborate and lithium metaborate. An oxidant is added and the sample is fused to

produce a homogeneous melt which is cast into a platinum mold to produce a fusion

disk. The fusion disk is analyzed on a Panalytical Axios sequential wavelength-

dispersive X-ray fluorescence spectrometer. Here, calibration is affected by standard

glass beads of known composition. Corrections are made for the catch weights,

instrumental drift, line overlaps, and inter-element enhancement/absorption matrix

effects. Standard OREAS 24b is used as reference material for this case.

LOI is analyzed using a TGA or Thermo Gravimetric Analyzer. First, the inert

crucible is weighed by the instrument and then ˜1 g of the sample is added to the

crucible. The crucible and sample are weighed again by the instrument. The exact

mass of the sample taken is determined by the difference. The sample is then heated

to constant mass at 105°C and weighed. The mass lost as a fraction of the mass

taken is moisture. The sample is then heated to constant mass at 1000°C and

weighed. The mass lost as a fraction of the dry mass is the loss on ignition or LOI.

The complete set of data for bulk-rock major elements is presented in Table 8.

4.2.2. Trace elements

The pulped samples are catch-weighed at 0.20 ± 0.02 g into a Teflon tube. The tube

is placed in a rack and the digesting acids are added sequentially. The rack is then

placed on a “hot block” which provides even heat to decompose the sample to

ensure maximum dissolution. The perchloric (HClO4) acid is evaporated and the

residue is leached by boiling in HCl. The solution is transferred to a polystyrene tube

where it is volumed and mixed. A further dilution of the digest solution is required

before reading on the Agilent 7900 ICP-MS with collision cell technology because

57



calibration is affected using solution standards of known concentration. Standard

OREAS 45h is used for trace element analysis.

The complete set of data for bulk-rock trace elements alongside major

elements is presented in Table 8.

4.2.3. Platinum-Group element (PGE)

In Intertek Genalysis the pulped samples are catch-weighed at 25 g, then mixed with

a flux and fired in a furnace. When fired, the mixed sample forms a nickel sulfide

matte and an immiscible slag which separates owing to density differences. The

precious metals are collected in the nickel sulfide matte (button). The button is

separated from the slag, weighed, and pulverized. A portion of the pulverized button

is catch-weighed and dissolved in boiling HCl. The addition of various reagents to the

boiling HCl solution and careful observation of the dissolution process ensures that

the platinum group elements and gold are quantitatively recovered by filtration as

insoluble residues. These residues are dissolved in aqua regia. Then the solution is

diluted and read on an ICP-MS with collision cell technology to remove polyatomic

interferences. Internal standards are used to correct for drift and plasma

fluctuations. The results are corrected for the various catch weights and button

weights by the LIMS system. Standard OREAS 13b is used for PGE+Au analysis.

The complete set of data for bulk-rock platinum-group elements is presented

in Table 9.

4.2.4. Sulfur (S)
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Sulfur (S) analysis is performed in an Eltra CS800 Sulphur Analyzer. The pulped

sample is weighed out and placed in a ceramic crucible. An accelerant is added to act

as a flux and improve the fluidity and oxidation of the carbon and sulfur. Heating is

accomplished in a high-frequency induction furnace as this provides both speed and

accuracy. Any sulfur in the sample is converted to gaseous oxides. These gases

absorb infrared radiation at specific wavelengths which are proportional to the

concentration of the S in the sample. Any water in the sample is removed by passing

the gases through magnesium perchlorate as water interferes with the analysis.

Calibration is affected by the standard of known S concentration. Standard OREAS

600b is used here as reference material.

The complete set of data for bulk-rock S alongside platinum-group elements

is presented in Table 9.

4.2.5. Sm-Nd isotopic analysis

Bulk rock Sm-Nd isotopic analysis is performed at the CNRS-CRPG, Nancy, France.

Before digestion, a mixed 147Sm/150Nd isotopic tracer is added to each powdered

sample and each analytical blank to allow Sm and Nd concentrations to be

determined by isotope dilution. The mass of samples is varied between ~30 and 100

mg depending on the Nd concentration previously determined by ICPMS. The bulk

powders are dissolved by adding 1.5 mL of concentrated HF and 1.5 mL of

concentrated HNO3 and heating for 3 days at 120°C. After that, the samples are dried

down and heated again for 2 days after the addition of 3 ml 6N HCl. To verify the

digestion efficiency, duplicates of four samples with high Zr contents are dissolved in

PTFE/TFM BOLA bombs, and in these cases, 1 ml each of concentrated HF and HNO3
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is added and samples are heated for 8 days at 150°C in an oven, followed by drying

and reheating in 5ml 6N HCl. Nd and Sm are separated using procedures adapted

from Pin and Zalduegui (1997) including two chromatographic column steps, the first

using Eichrom TRU Spec resin to extract the REE from the matrix and the second

using Eichrom LN Spec to isolate Nd and Sm. The resulting solutions are analyzed

using the Thermo-Scientific Neptune MC-ICPMS instrument at the CRPG laboratory.

Instrumental mass fractionation is corrected using an exponential law and assuming

146Nd/ 144Nd = 0.7219. Liquid standard JNdi (Tanaka et al. 2000) is analyzed after

every third sample, yielding a mean value for 143Nd/144Nd of 0.512097 ± 0.000010 (2σ,

n=16). As this value is slightly lower than the nominal value of 0.512115 proposed by

Tanaka et al. (2000) for this standard, a correction of +0.000018 is included in each

value to facilitate comparison with literature data. Two total chemistry blanks are

analyzed with the samples yielded 23 and 38 pg for Nd, and 28 and 36 pg for Sm.

These values are negligible relative to the quantities of Nd (>120 ng) and Sm (>40 ng)

measured in the samples. The measured isotopic ratios were then corrected offline

for iteratively corrects for fractionation, isobaric interferences, and the spike

contribution.

The complete set of data for bulk-rock Sm-Nd isotopes is tabulated in Table
10.

60



Chapter 5

Results

61



5. Results

5.1. Major elements mineral chemistry

5.1.1. Silicates and carbonates

Mineral chemical data of serpentine, chlorite, carbonate, amphibole, clinopyroxene,

and olivine from the komatiitic meta-dunite and meta-peridotites of the

Gorumahishani greenstone belt are presented in Figure 5a-d and are tabulated in

Table 3. Serpentine shows a wide range of SiO2 = 43.05 - 50.54 wt.% and MgO =

32.93 - 40.19 wt.% with low Al2O3 = 0.18 - 1.09 wt.% (Fig. 5a). Amphiboles are

mainly tremolite (SiO2 = 54.67 - 59.09 wt.%, MgO = 22.23 - 23.73 wt.%, CaO = 12.01 -

13.41 wt.%, Al2O3= 0.26 - 3.09 wt.%, FeO = 1.52 - 3.97 wt.%) from the Maharajgunj

and Kapili areas whereas low modal abundances of magnesiohornblende (SiO2 =

52.77 - 53.76 wt.%, MgO = 19.94 - 23.09 wt.%, CaO = 8.31 - 11.79 wt.%, Al2O3 = 3.18 -

5.62 wt.%, FeO = 1.29 - 9.62 wt.%) and actinolite (SiO2 = 53.91 - 57.04 wt.%, MgO =

20.04 - 23.82 wt.%, CaO = 6.5 - 12.33 wt.%, Al2O3 = 0.42 - 3.88 wt.%, FeO = 6.14 -

7.99 wt.%) are also found in the southern Kapili area (Fig. 5b). Chlorites are Mg-rich

(Mg# = 0.93 - 0.96) with variable Al2O3 = 11.37 - 17.73 wt.%. In the Si vs.

Fetotal/(Fe2++Mg2+) plot, chlorites are identified as corundophilite and sheridanite (Fig.

5d). Chlorite grains surrounding the type-II and type-III chromite grains in the Kapili

area have higher Cr2O3 = 0.74 - 0.98 wt.% than the other grains (Cr2O3 = 0.21 - 0.69

wt.%). The carbonate minerals are mainly dolomite in the Tua Dungri komatiitic

rocks (MgO = 21.46 - 22.01 wt.%, CaO = 33.31 - 33.42 wt.%) and calcite (MgO = 3.3 -

3.52 wt.% CaO = 55.2 - 55.35 wt.%) in the Chuka Pahar (Fig. 5c). The forsterite

content of one tiny olivine found in the Kapili dunite-peridotite is 88 with SiO2 =

40.62 wt.% while the clinopyroxenes are augite (MgO = 0.22 - 3.53 wt.%, FeO = 1.79 -
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2.85 wt.%, CaO = 12.69 - 13.61 wt.%; Wo27-29En66-70Fs3-5) in the Kapili and

Maharajgunj komatiitic rocks (Fig. 5a).

5.1.2. Oxides

Compositions for different types of chromite grains are given in Table 4. Type-I

chromite grains from the northern part of the greenstone belt have relatively higher

MgO (2 - 3.75 wt.%), Cr2O3 (44.45 - 46.84 wt.%), Al2O3 (17.23 - 18.38 wt.%), and

lower Fe2O3 (0.84 - 4.04 wt.%) in cores than in the outer ferritchromit (Cr2O3 = 26.89 -

42.54 wt.%, MgO = upto 0.68 wt.%, Fe2O3= 26.89 - 42.54 wt.%, and Al2O3= 0.15 -

9.95 wt.%) and chrome magnetite rims (Cr2O3= 5.03 - 24.20 wt.%, MgO = 0.04 - 0.52

wt.%, Fe2O3= 41.80 - 62.28 wt.%, and Al2O3 = 0.03 - 0.71 wt.%) (Figs. 3g, 6a). The

non-porous cores of type-II chromites from the southern part of the greenstone belt

also have relatively higher Cr2O3 (45.59 - 56.79 wt.%) with MgO = 1.25 - 3.13 wt.%,

Fe2O3= 5.54 - 14.94 wt.%, and Al2O3 = 2.8 - 5.16 wt.% than the porous ferritchromit

(Cr2O3 = 16.92 - 27.03 wt.%, MgO = 0.51 - 1.55 wt.%, Fe2O3 = 32.26 - 44.71 wt.%, and

Al2O3= 0.88 - 1.72 wt.%) and chrome magnetite (Cr2O3= 4.69 - 13.26 wt.%, MgO =

0.15 - 1.05 wt.%, Fe2O3= 50.15 - 63.03 wt.%, and Al2O3 = 0.03 - 0.71 wt.%) (Figs. 3h,

6b) rims. In both cases, the higher (Cr /(Cr+Al) ratio in the rims reflects the extremely

low Al2O3 contents of these zones rather than a high abundance of Cr2O3. The central

zone of type-III chromite grains from the southernmost greenstone belt is

surrounded by rims of various reflectances and porosity (Fig. 3j). These central zones

have similar concentrations of Al2O3 (3.55 - 9.14 wt.%), Cr2O3 (41.19 - 58.06 wt.%),

MgO (0.84 - 6.24 wt.%), and Fe2O3 (6.20 - 10.82 wt.%) to those of type-II grains (Fig.

6c, Table 4, Appendix 1). In contrast, the inner rims of variable reflectances show
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lower concentrations of Fe2O3 (2.1 - 14.88 wt. %) and higher concentrations of Al2O3

(12.65 - 21.15 wt. %) than the inner rims of the type-I and type-II grains with Cr2O3 =

16.92 - 28.96 wt.% and MgO = up to 1.55 wt.% (Fig. 6a-c). The porous outer chrome

magnetite envelope of type-III grains (Cr2O3 = 2.83 - 22.73 wt.%, MgO = 0.13 - 0.18

wt.%, Fe2O3= 41.63 - 62.62 wt.%, and Al2O3 = 0.01 - 1.09 wt.%) are compositionally

similar to the chrome magnetite rims of type-I and type-II varieties (Fig. 6a-c). These

pores in the type-II and type-III grains are filled with chrome chlorite (Cr2O3 = 1 wt.%).

The FeO concentrations are similar in cores (FeO = 22.91 - 30.65 wt. %) and rims

(FeO = 27.90 - 34.26 wt.%) of all three types of zoned chromite grains (Fig. 6a-c).

Type-IV ferritchromit grains have Cr2O3 = 34.20 - 42.10 wt.% and Fe2O3 = 17.61 -

28.47 wt.% and their abundances are similar to ferritchromit rims of type-I grains,

whereas, the Al2O3 (1.74-2.56 wt.%) and FeO (27.68 - 29.02 wt.%) concentrations

resemble those of ferritchromit rims of the type-II grains (Table 4, Appendix 1). The

type-V chrome magnetite and magnetite grains have similar FeO (27.06 - 34.03 wt.%)

and Fe2O3 (42.79 - 66.14 wt.%) contents to those of the chrome magnetite rims of all

other types of grains with variable MgO (0.02 - 5.68 wt.%), Al2O3 (up to 1.61 wt.%)

and Cr2O3 (0.92 - 19.57 wt.%) concentrations (Table 4, Appendix 1).

In terms of minor elements, the cores of type-I chromite grains have higher

MnO (0.78 - 1.74 wt.%) and ZnO (1.63 - 2.11 wt.%) than the rims (MnO = 0.13 - 1.68

wt.% and ZnO = up to 0.88 wt.%) (Fig. 6a). Type-II chromites also have higher MnO

(0.54 - 3.85 wt.%), ZnO (1 - 2.41 wt.%), and lower TiO2 (0.32 - 1.51 wt.%) in their

cores than in their rims (MnO = 0.19 - 2.50 wt.%, ZnO = up to 1.45 wt.%, TiO2 = 0.13 -

2.79 wt.%) (Fig. 6b). Type-III chromites have relatively higher concentrations of V2O3

(1.23 - 1.79 wt.%), ZnO (1.64 - 5.48 wt.%), MnO (2.90 - 3.99 wt.%), and TiO2 (4.50 -
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7.46 wt.%) in inner rims than in outer porous chrome magnetite rims or chromite

cores (V2O3 = 0.03 - 0.67 wt.%, ZnO = upto 3.03 wt.%, MnO = 0.31 - 4.40 wt.%, and

TiO2 = 0.11 - 2.50 wt.%) (Fig. 6c). Type-IV finer ferritchromit grains have similar TiO2

concentrations (0.63 - 1.75 wt.%) but higher MnO (2.84 - 3.48 wt.%) and ZnO (1.29 -

1.61 wt.%) than the ferritchromit rims of type-I and type-II grains (Table 4; Appendix

1). Type-V chrome magnetite grains have low concentrations of ZnO (up to 0.62 wt.%)

with variable TiO2 (up to 7.67 wt.%) and MnO (up to 2.8 wt.%) content.

The cores of type-I chromites are clustered in two different places in the

[Mg/(Mg + Fe2+)] vs. [Cr/(Cr+Al)] ratio plot, with the larger cores having relatively

higher Mg/(Mg + Fe2+) ratio (0.10 - 0.20) and lower Cr/(Cr+Al) ratio (0.62 - 0.64) than

the smaller cores [Mg/(Mg + Fe2+) = upto 0.02, Cr/(Cr+Al) = 0.97 - 0.99] (Fig. 7a, b).

This dichotomy is also evident in the Mg/(Mg + Fe2+) vs. Fe3+/R+3 (R3+ = Fe3++Cr+Al)

ratio plot, where the smaller type-I cores show much greater Fe3+ enrichment than

the larger ones (Fig. 7c). In the same figure, the composition of chrome magnetite

rims for all types of chromites and the independent type-V grains occupy the

metamorphogenic chrome magnetite field of Barnes and Roeder (2001) (Fig. 7c). The

cores of type-II grains have Mg/(Mg + Fe2+) = 0.08 - 0.17 and Cr/(Cr+Al) = 0.88 - 0.91

whereas the type-III chromite cores have nearly constant Cr/(Cr+Al) ratio (0.88 - 0.91)

except one data point [Cr/(Cr+Al) = 0.75] with a variable Mg/(Mg + Fe2+) ratio (0.09 -

0.33) (Fig. 7a). Outer envelopes of type-I and type-II grains show a large variation of

Cr/(Cr+Al) (0.74 - 1.00) with lower Mg/(Mg + Fe2+) ratios (up to 0.08) (Fig. 7b). In

type-III grains the inner rims have Mg/(Mg + Fe2+) = 0.04 - 0.13 and Cr/(Cr+Al) = 0.45

- 0.56 (Fig. 7b), while the outermost chrome magnetite rims have extremely high

Cr/(Cr+Al) (0.93 - 1.00) with lower Mg/(Mg + Fe2+) ratios (up to 0.01). The cores of
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large type-I grains have the lowest Fe3+/R3+ ratios (0.01 - 0.05) of all types of

chromite cores. The outer rims of type-I and type-II grains, and type-III chrome

magnetite rims have highly variable Fe3+/R3+ ratios (0.15 - 0.95) coupled with

restricted Mg/(Mg + Fe2+) ratio (up to 0.08) (Fig. 7c). The ferritchromit of type-IV

grains have similar Fe3+/R3+ ratios to the ferritchromit rims of type-I and type-II grains.

Type-V chrome magnetites from all areas display a large variety of Cr/(Cr+Al) (0.69 -

1.00) and Fe3+/R3+ ratios (0.67 - 0.98) coupled with low Mg/(Mg + Fe2+) ratio spanning

a limited range (Fig. 7a-c).

MnO, TiO2, and NiO concentrations of type-I and type-II cores show restricted

variation when plotted against Mg/(Mg + Fe2+) ratio whereas type-III cores along

with all the ferritchromit and chrome magnetite rims show strong variation (Fig. 7d-

f). This is also true for type-IV ferritchromit and type-V chrome magnetite grains. In

the MnO vs. Fe3+/R3+ plot, almost all chromite rims, as well as type-IV and V grains,

show two distinct, well-defined negative correlations (Fig. 7e). However, the

chromite cores have variable concentrations of MnO with little change in Fe3+/R3+.

The TiO2 concentrations in type-I, type-II rims, type-III outer rims, and most type-IV

and V grains show restricted variation when plotted against Fe3+/R+3 (Fig. 7d). The

most striking thing about this diagram is that there are two well-defined trends, one

defined by type-II rims and the other by type-I and type-III rims. Type-V chrome

magnetites can fall along either trend, but not in between. In the NiO vs. Fe3+/R+3

plot, a broadly positive trend is observed. (Fig. 7f).

In a Fe3+-Cr-Al ternary diagram, larger cores of type-I chromites with

relatively higher Al plot close to the Cr-Al join and inside the greenschist facies field

of Barnes and Roeder (2001) (Fig. 7g). In contrast, type-II and type-III chromite cores
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plot close to the Cr apex and amphibolite facies field of Barnes and Roeder (2001)

(Fig. 7g). The type-IV, type-V grains and almost all ferritchromit to chrome magnetite

rims show a variation along the Cr-Fe3+ join (Fig. 7h) and occupy the field of

metamorphogenic ferritchromit-magnetites of Barnes and Roeder (2001). Only a few

type-I ferritchromit rims and all type-III inner rims plot closer to the Cr-Al join.

5.1.3. Sulfides

Sulfide minerals are found disseminated in the spinifex zone and often in the

cumulate zone of the komatiitic sequence (Fig. 3m-o). The modal abundance of

sulfide is <1 % in the komatiitic meta-dunite and meta-peridotite samples. Sulfide

minerals are analyzed by SEM-EDX (Table 5). The Cu-Fe bearing sulfides are plotted

in the Cu-Fe-S diagram of Craig and Scott (1974) (Fig. 8a) and are chalcopyrite and

bornite in composition. Bornite forms thin rims surrounding the chalcopyrite mineral

grains (Fig. 3n). The Ni+Co-Fe bearing sulfides are plotted in the Ni+Co-Fe-S plot of

Kullerud (1969) and these are pentlandite, cobaltian violarite, and millerite in

composition (Fig. 8b). Pentlandite is present at the central part and is irregularly

replaced by millerite with diffused contact between them (Fig. 3o). Along the

boundary of this sulfide mineral assemblage, magnetite grains are presently sharing

sharp grain contact (Fig. 3m-o). The chalcopyrite-bornite mineral assemblage is

present at the contact of two or more chrome magnetite grains from the komatiitic

meta-dunite and meta-peridotite rocks. The pentlandite, Co-violarite, and millerite

mineral assemblage are disseminated in the interstitial spaces between the

serpentine pseudomorphs (after olivine) forming adcumulate or mesocumulate

texture in the komatiitic meta-dunite and meta-peridotite rocks.
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Fig. 8 Phase relationship of sulfide minerals from the Gorumahishani komatiitic rocks: a Cu-Fe-S 
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Chalcopyrite grains from the Gorumahishani komatiite have Cu = 30.34 -

32.63 wt.%, Fe = 28.54 - 30.10 wt.%, and S = 35.7 - 38.66 wt.% while bornite have Cu

= 54.52 - 62.20 wt.%, Fe = 6.43 - 11.46 wt.%, and S = 26.38 - 30.87 wt.% with Ni =

0.67 - 1.17 wt.% (Table 5). The pentlandite grains from the Ni+Co-Fe bearing sulfide

assemblages have Ni = 38.85 - 41.72 wt.%, Fe = 21.26 - 25.79 wt.%, and S = 31.90 -

33.99 wt.% whereas patches of millerite have Ni = 59.83 - 62.96 wt.%, Fe = 0.5 - 4.86

wt.%, and S = 33 - 36.38 wt.% (Table 5). Pentlandite grains have a higher

concentration of Co (0.5 - 2.25 wt.%) and Cobaltian violarites have high Co (8.85 -

13.64 wt.%) with Ni = 31.65 – 37.18 wt.%, Fe = 7.21 - 15.35 wt.%, and S = 38.06 -

42.42 wt.% (Table 5).

5.2. In-situ LA-ICPMS of oxides: Trace and Platinum-Group element (PGE)

5.2.1. Trace elements

In-situ trace element analysis by LA-ICPMS of Cr-oxides of type-I and type-II show

significant compositional variations across the grains (Table 6; Fig. 9a-d). Type-III

and type-IV grains were not analyzed because they are either highly porous (type-III)

or small and fractured (type-IV) (Fig. 3j, k). On the other hand, the type-V chrome

magnetite grains are selected for their high modal abundance and large grain size

over small, locally abundant, and fractured type-IV grains (Fig. 3l). The type-I zoned

chromites from the northern part and the type-II grains from the southern part of

the greenstone belt can easily demonstrate the change of metamorphic grade and

degree of hydrothermal alteration. The cores of type-I chromites from the

serpentinized peridotite of Tua Dungri have higher concentrations of Sc = 2.62 - 5.40

ppm, V = 864 - 1040 ppm, Zn = 16,866 - 18,124 ppm, and Ga = 10.4 - 23.5 ppm than
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their corresponding rims (Sc = 0.01 - 0.96 ppm, V = 15.8 - 959 ppm, Zn = 196 - 8346

ppm, and Ga = 0.04 - 2.25 ppm; Fig. 9a, b). In comparison, Ti (41.2 - 2370 ppm), Mn

(196 - 11,522 ppm), and Ni (30.94 - 1945 ppm) are higher in the ferritchromit and

chrome magnetite rims than the core (Ti = 535 - 1475 ppm, Mn = 6447 - 9947 ppm,

and Ni = 1782 - 4812 ppm; Fig. 9a, b). The core regions of type-II chromites in the

meta-peridotite from the spinifex zone of Kapili have higher concentrations of Sc =

3.39 - 5.68 ppm, Ti = 20,759 - 36,413 ppm, V = 3338 - 7165 ppm, Mn = 27,181 -

45,891 ppm, Co = 1744 - 2586 ppm, Ni = 4513 - 10,583 ppm, Zn = 11,665 - 15,757

ppm, and Ga = 49.8 - 83.7 ppm than the chrome magnetite rim (Sc = 0.22 - 0.92 ppm,

Ti = 1845 - 6248 ppm, V = 808 - 2317 ppm, Mn = 2107 - 6122 ppm, Co = 196 - 541.5

ppm, Ni = 1628 - 4705 ppm, Zn = 627 - 1746 ppm, and Ga = 6.64 - 18.9 ppm; Fig. 9c,

d). Type-V chrome magnetite grains show highly variable concentrations of Ti = 451 -

7856 ppm, V = 661 - 7609 ppm, Mn = 661 - 7609 ppm, Co = 12.5 - 668 ppm, Ni = 848

- 6689 ppm, and Zn = 580 - 3159 ppm with Ga = 0.05 - 29.4 ppm and Sc = 0.10 - 2.47

ppm (Table 6).

In Mg/(Mg + Fe2+) versus trace elements plots, Ga, Sc concentrations of the

type-I chromite cores show a positive correlation from the outer to the inner core,

whereas Ni, Co, Mn, Zn, and Ti show a negative trend (Fig. 10a-g). Nevertheless,

given the limited number of measurements generalizations must be viewed with

caution.

Trace element diagrams (spidergrams) following the order of elements

suggested by Colás et al. (2014) and Park et al. (2017), and normalized to chromite

compositions from East Pacific Rise MORB (Pagé and Barnes 2009), are shown in

figure 11. In the trace element spidergram, the average core compositions of the
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type-I (n = 4) and type-II (n = 2) chromites show a minor negative Sc anomaly (0.79 -

0.86 × EPR MORB Cr-spinel) with high abundances of Zn, Co, and Mn (6.70 - 41.47 ×

EPR MORB Cr-spinel; Fig. 11a). The ferritchromit and chrome magnetite rims of the

type-I grains (n = 6) also show moderately high abundances of Zn and Mn (5.90 - 8.69

× EPR MORB Cr-spinel) with a strong negative Sc anomaly (0.07 - 0.08 × EPR MORB

Cr-spinel; Fig. 11a). The M-shaped positive anomaly in the segment Zn-Co-Mn (ZCM

anomaly; Colás et al. 2014) is more prominent for the rims relative to the cores of

the type-I grains (Fig. 11a). Chrome magnetite rims of the type-II grains (n = 2) and

the average type-V grains (n = 15) have similar patterns, with negative anomalies of

Sc (0.09 - 0.10 × EPR MORB Cr-spinel) and minor ZCM anomalies (1 - 5.79 × EPR

MORB Cr-spinel) (Fig. 11a). The least altered volcanic chromites from other

occurrences do not have any such ZCM anomalies and overall show a fat pattern

(Fig. 11b).

5.2.2. Platinum-Group Element (PGE)

Platinum-Group Elements (PGE) are analyzed in situ by LA-ICPMS in the cores and

rims of type-I and type-II zoned chromites, and type-V chrome magnetite grains (Fig.

9a-d; Table 7). Type-III and type-IV chromites are avoided for the reasons explained

above. Os, Ir, Ru (IPGE), and Rh concentrations were determined successfully while

Pt and Pd were below the detection limits in all analyzed grains (Table 7). Despite

the mostly uniform count rates of IPGE + Rh, a few grains of the type-V chrome

magnetite from the Chuka Pahar (2 points) and Maharajgunj areas (3 points) show

anomalous Ru, Rh signals from the time-resolved LA-ICP-MS spectra (Table 7; Fig.

12). This may be due to the presence of PGE microinclusions in the chromites. The
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concentrations for the three data points from Maharajgunj are determined by

excluding the Ru and Rh spikes, however, the 2 data points from Chuka Pahar are not

corrected by excluding the PGE spikes (Ir, Os, Rh), and are not used in the plots (Ru =

128 - 140 ppb, Rh = 4.8 - 8.9 ppb, Os = 22.5 - 25.6 ppb, Ir = 20.8 - 23.8 ppb). The type-

V chrome magnetites in the komatiitic sequence from the Maharajgunj-Chuka Pahar

and Kapili sectors show a distinct variation (Table 7). The type-V grains from the

Kapili have Os, Ir, Rh below the detection limit with Ru = 8 - 46 ppb except for one

data point (Ru = 211.5 ppb, Rh = 14.4 ppb, Os = 7.3 ppb, and Ir = 13.5 ppb) compared

to the type-V grains from the Maharajgunj-Chuka Pahar sector which have higher

PGE contents (Ru = 72.2 - 110 ppb, Rh = 2.9 - 8.9 ppb, Os = 19.7 - 29.8 ppb, Ir = 12.4 -

23.8 ppb). The cores of the analyzed type-I chromites have Ru (127 - 163.2 ppb), and

Rh (28.9 - 32.6 ppb) contents similar to or slightly lower than those of its respective

ferritchromit and chrome magnetite rims (Ru = 116.9 - 206.7 ppb, Rh = 29 - 44.8 ppb)

(Fig. 9a). Osmium is detected in one laser point of the type-I chromite core (Os = 8.8

ppb). In comparison with the type-I grains, the type-II chromite cores have lower

concentrations of Ru (98.1 - 123.1 ppb), Rh (4.4 - 4.9 ppb), and nearly similar Ir (8.9 -

12.3 ppb), and Os (8 - 8.3 ppb) content (Fig. 9). The chrome magnetite rims of the

type-II grains have a lower concentration of Ru = 8 - 11 ppb than their respective

cores with Rh, Os, and Ir below the detection limit (Fig. 9b). Cores of type-I and type-

II zoned chromites from the Gorumahishani belt have generally lower IPGE + Rh

contents than volcanic chromites of komatiites and picrites from Finland and picrites

from Greenland, Kamchatka, Troodos, and the Emeishan province, with ranges of Ru

= 87 - 336 ppb, Rh = 7 - 95 ppb, Ir = 14 - 101 ppb, and Os = 5 - 54 ppb (Pagé and

Barnes 2009; Park et al. 2012, 2017; Kamenetsky et al. 2015).
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Primitive mantle normalized plots of Ru, Rh, Os, and Ir show fractionated PGE

patterns for all three types of chromites with all being strongly enriched in Ru. In

nearly all cases, IrN/OsN ratios are close to 1 (Fig. 13a; Table 7). Type-I chromite cores,

ferritchromit, and chrome magnetite rims are particularly enriched in both Ru and

Rh (15 - 34 × PM). The cores and ferritchromit rims of the type-I chromites tend to

have less fractionated PGE ratios than the type-I chrome magnetite rims (Table 7),

though given the small number of points it is difficult to generalize. The type-II

chromite cores show strong positive anomalies for Ru (16 - 21 × PM) with lower Rh

abundances than the type-I grains (Fig. 13a). The type-V chrome magnetites are

enriched in Os and Ir (Os = 2 - 8 × PM) compared to the other types of chromites

(Fig. 13a). They also have low Rh abundances, similar to those of the type-II chromite

cores. The least altered volcanic chromites from Troodos, Greenland, Finland,

Emeishan picrite, and Finland komatiite (Park et al. 2017) show similar PGE patterns

of the type-V chrome magnetite grains except for Kamchatka picrite (Fig. 13b). They

have higher Ru anomaly (15 - 56 × PM) but a similar abundance of Os, Ir, and Rh

(Fig. 13b). No distinct relationships are observed in V, Ni vs. Ru plots for the type-I,

type-II, and type-V grains (Fig. 14a-b).

5.3. Bulk-rock geochemistry

5.3.1. Major and trace elements

The Gorumahishani komatiites from the three sections (section A: Chuka Pahar -

Maharajgunj; section B: Tua Dungri; section C: Kapili) of the greenstone belt are

geochemically classified based on (Fe2O3+ TiO2) - Al2O3 - MgO triangular diagram of

Jensen (1976) (Fig. 15a). The samples of the komatiitic meta-dunite and meta-
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peridotite from the cumulate and spinifex zones occupy the komatiite field in the

diagram except one sample from section C (SHB/18/39) with MgO = 20.90 wt.%. The

samples of the komatiitic meta-basalt from the upper part of the sequence occupy

the komatiitic basaltic field except for a few samples from sections B and C (Fig. 15a).

These samples are plotted at the boundary between komatiitic basalt and tholeiitic

basalt. Al2O3 and TiO2 are two important elements for komatiite classification

because of their relatively low mobility. Nesbitt and Sun (1976) and Sun and Nesbitt

(1978) classified komatiites into Al-depleted with low and sub-chondritic Al2O3/TiO2

(<15) and Al-undepleted with chondritic Al2O3/TiO2 (~22). Jahn et al. (1982) classified

the komatiites with high Al2O3/TiO2 (>25) as an Al-enriched type. Arndt et al. (2008)

classified the komatiites by comparing them with the type areas. Low Al2O3/TiO2

varieties are named ‘Barberton-type’ komatiite, chondritic Al2O3/TiO2 varieties are

termed as ‘Munro-type’ komatiite, and high Al2O3/TiO2 varieties as ‘Gorgona-type’

komatiites. In the Al2O3 vs. TiO2 diagram, (Fig. 15b) the komatiitic meta-dunite, meta-

peridotite, and komatiitic meta-basalt from sections B and C occupy the Al-depleted

field except for a few komatiitic meta-basalt (Fig. 15b). The composition of the

komatiitic meta-dunite and meta-peridotite from section A occupy the Ti-depleted

field except for one meta-basalt sample (SHB/19-12/39) from the upper part of the

komatiitic sequence of section A (Fig. 15b). The high Al2O3/TiO2 type is termed as the

Ti-depleted komatiite with their very low TiO2 = 0.02 - 0.13 wt.% content and Al2O3 =

0.31 - 5.62 wt.% that are close to the range of Al-depleted ones (Al2O3 = 1.42 - 6.88

wt.%, TiO2 = 0.1 - 0.54 wt.%; e.g. Kamber and Tomlinson 2019).

The Gorumahishani komatiitic suite of rocks were metamorphosed under the

greenschist-amphibolite facies. To evaluate the effects of metamorphism and
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alteration, major and trace elements of meta-dunite, meta-peridotite, and meta-

basalt are plotted against LOI (Loss on Ignition) (Fig. 16a-h). MgO and Ni show a

positive relation with LOI whereas TiO2, Al2O3, Ga, V, Cr, and Y show negative

relations (Fig. 16a-h). Samples of komatiitic meta-basalt show a more scattered

nature at a restricted LOI in comparison with the komatiitic meta-dunite and meta-

peridotite. Chromium concentrations for all the samples from the three sections

show a highly scattered distribution (Fig. 16f).

Correlations in the different variation diagrams based on bulk-rock major and

trace element geochemistry of the Gorumahishani komatiitic rocks reflect the modal

variation of minerals across the sequence (Fig. 17a-l). Major element oxides

(Na2O+K2O), SiO2, TiO2, FeO(T), and Al2O3 show a negative relation with MgO for

samples of the meta-dunite, meta-peridotite, and meta-basalt (Fig. 17a, b, e, f). The

meta-dunite and meta-peridotite have low concentrations of (Na2O+K2O) and show a

minor change with decreasing MgO (Fig. 17b). The meta-dunite and meta-peridotite

from section A have a lower concentration of FeO(T) (6.34 - 10.19 wt.%), and TiO2

(0.02 - 0.13 wt.%) compared to the samples from section B and C (FeO(T) = 9.51 -

14.67 wt.%, TiO2 = 0.01 - 0.43 wt.%) (Fig. 17e, f). CaO shows a negative correlation

with MgO for the samples of the meta-dunite and meta-peridotite while the samples

of the meta-basalt show a positive relation (Fig. 17d). In the MgO vs. SiO2 plot, the

komatiitic rocks show the olivine fractionation trend (Grove and Parman 2004) (Fig.

17a). In the MgO vs. Sc, Sr, and V plots the meta-dunite and meta-peridotite show a

distinct negative correlation (Fig. 17g, h, l). The samples of the meta-basalt show a

negative relation in MgO vs. Sr and V plots whereas Sc shows no correlation with

MgO (Fig. 17g, h, l). Trace elements Ni and Co show a positive relation with MgO for
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the samples of the meta-dunite, meta-peridotite, and meta-basalt of sections B and

C (Fig. 17i, j). The samples of section A show no such correlation in the MgO vs. Ni

and Co plots (Fig. 17i, j). The concentration of Cr increases with MgO from meta-

dunite to meta-peridotite and decreases in the meta-basalt (Fig. 17k). The meta-

dunite and meta-peridotite of section A have lower Ni and Co and higher Cr than

sections B and C (Fig. 17i-k). In the MgO vs. other major and trace elements plots the

compositions of the Gorumahishani komatiitic rocks show a close resemblance with

the early Archean komatiites from different cratons (Fig. 17a-l).

The chondrite normalized rare-earth elements for the Gorumahishani

komatiitic rocks show a flat to a minor LREE enriched pattern (Fig. 18a-d). The

samples of the meta-dunite and meta-peridotite of section A are sub-chondritic and

more depleted in LREE (Lan/Smn = 0.62 - 0.94) than the samples of sections B and C

(Lan/Smn = 0.62 - 3.93; Fig. 18a-c). The HREEs are below the detection limit for the

komatiitic meta-peridotite of section A (Fig. 18a; Table 8). The samples of the

komatiitic meta-basalts from all the sections have a variable LREE enriched pattern

(Lan/Smn = 0.52 - 1.99, Gdn/Ybn = 0.93 - 1.82; Fig. 18a-c). The chondrite normalized

REE data for the Gorumahishani komatiitic rocks are compared with the early

Archean komatiitic rocks from the Western Dharwar and Singhbhum Cratons (Fig.

18d). It is observed that the Gorumahishani meta-dunites and meta-peridotites show

a similarity with the komatiitic rocks of the Tomka-Daitari greenstone belt,

Singhbhum Craton and the Sargur type older greestone belt, Western Dharwar

Craton (Fig. 18d). The Daitari komatiites show a similar REE pattern with the

komatiitic samples of section A, whereas, the Badampahar komatiites have an REE

enriched pattern than all the three sections of the Gorumahishani greenstone belt.
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Average komatiitic basalts from both Badampahar and Daitari have similar REE

patterns except a little depletion in LREE than the Gorumahishani komatiitic basalts

from the three sections (Fig. 18d). The REE patterns of the Gorumahishani komatiitic

rocks are also compared with the early to late Archean komatiites from the Kaapvaal,

Pilbara, Zimbabwe, Karelian, and Superior Cratons (Fig. 18d). The meta-dunite and

meta-peridotite from section A show a relatively depleted REE pattern (with higher

depletion in Nd) when compared to the global database (Fig. 18d). The meta-basalts

from the three sections have enriched LREE and HREE than other early Archean

komatiitic basalt but relatively depleted in comparison to the late Archean

komatiites (Fig. 18d).

In the chondrite normalized multielement plot, meta-dunite, and meta-

peridotite from the three sections show a flat to little LILE enriched pattern (Fig. 18e-

h) with a distinct negative Rb anomaly (0.04 - 0.52 × chondrite) except one sample

(SHB/18/37; 1.13 × chondrite). A few samples of the meta-dunite and meta-

peridotite from three sections show a little negative Nb anomaly (0.42 - 5.42 ×

chondrite) along with Y and Yb anomalies (0.57 - 6.83 × chondrite) from sections B

and C (Fig. 18e-g). The meta-basalts from the three sections show a minor LILE-

enriched pattern. The meta-basalts from sections B and C are more LREE enriched

than section A (Fig. 18e-g). Two samples (SHB/19-12/56, 57) of the komatiitic meta-

basalts from section B have relatively higher concentrations of Th, U than the other

samples indicating the presence of Th, U bearing mineral like monazite or

incorporation of these elements during alteration (Fig. 18f). In the chondrite

normalized multielement plot the Gorumahishani komatiites show similar LILE and

HFSE pattern with the other global occurrences except a negative Nd and Zr
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anomalies for samples of section A (Fig. 18h). The Gorumahishani komatiitic meta-

dunite and meta-peridotite show similar multi-element pattern like the komatiitic

rocks from the Tomka-Daitari greenstone belt and the Sargur type older greenstone

belt from the Western Dharwar Craton (Fig. 18h). However, the komatiitic samples

from the Badampahar greenstone belt have higher HFSE than most of the

Gorumahishani komatiitic samples. The Badampahar komatiitic meta-basalts have a

similar LILE and HFSE pattern to the rest of the meta-basalt samples while Daitari

meta-basalts show a depleted pattern (Fig. 18h).

The Nb/Ta ratios of the meta-dunites, meta-peridotites (Nb/Ta = 1 - 13), and

the meta-basalts (Nb/Ta = 5 - 17) from three sections are highly variable compared

to the primitive mantle (Nb/Ta = 17; McDonough and Sun 1995). This low and

variable Nb/Ta ratio for most of the samples may indicate the effect of crustal input.

To understand the assimilation of crustal materials by the Gorumahishani komatiites

during emplacement, the data are plotted in the Zr vs. TiO2, La vs. Sm, and Th vs. Yb

plots (Fig. 19a-c). Besides positive correlation, komatiitic rocks follow the primitive

mantle (e.g. McDonough and Sun 1995) trend except for a few komatiitic meta-

basalt samples from sections B and C The data field of the early Archean mafic proto-

crust from the ca. 3.7 - 3.8 Ga meta-basalt and amphibolite of the Isua supracrustal

belt, Greenland (Polat et al. 2002, 2003; Frei et al. 2004; Polat and Frei 2005; Furnes

et al. 2009; Hoffmann et al. 2010) coincides with the Zr/TiO2, La/Sm, and Th/Yb ratios

of the Gorumahishani komatiitic rocks (Fig. 19a-c). This indicates probable

contamination of the komatiites by the older mafic proto-crust. The mafic

contaminants are not highly evolved like those of the bulk continental crust (e.g.
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Puchtel et al. (2013); Tushipokla and Jayananda (2013); Schneider et al. (2019); Ghosh et al. 
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is from Rudnick and Gao (2014).

3.7 - 3.8 Ga basalt and amphibolite; 
Isua supracrustal belt, Greenland
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Rudnick and Gao 2014), and a drastic change in komatiite composition is not

expected even after enough contamination of the komatiitic magma (Fig. 19a-c).

5.3.2. Platinum-Group element (PGE)

The bulk-rock PGE data of the Gorumahishani komatiitic suite of rocks are plotted

against MgO (Fig. 20a-r). Section A meta-dunite and meta-peridotite rocks show a

weak negative trend in the MgO vs. Pd plot whereas other PGEs show no such

correlation with MgO (Fig. 20a, d, g, j, m, p). Section B komatiitic meta-dunite, meta-

peridotite, and meta-basalt samples also show a negative correlation in MgO vs. Pt,

Pd plots (Fig. 20b, e). A positive correlation is observed in MgO vs. Ru and Ir plots of

section B samples (Fig. 20h, k). No such distinct correlation is observed in MgO vs. Pd,

Rh, and Os plots for the section C komatiitic rocks, however, Pt and Ru show a

positive relation with MgO (Fig. 20c, f, i, l, r).

The meta-dunite and meta-peridotites from section A show a weak positive

relation in Cr vs. Ir and Ru plots (Fig. 21j, m). The komatiitic rocks from section B

show a positive relation in the Cr vs. Ru plot and a weak negative relation in the Cr vs.

Pt and Pd plots (Fig. 21b, e, k, n). The meta-dunite, meta-peridotite, and meta-

basalt from section C show a positive relation in Cr vs. Ru, Ir, and Pt plots (Fig. 21c, l,

o). Os and Rh show no such distinct relationship with Cr for the komatiitic rocks from

the three sections (Fig. 21g-i, p-r).

PGE ratios like Pd/Ir, Pd/Ru, and Pd/Pt are plotted against MgO and Cr (Fig.

22a-f). Pd/Ir and Pd/Ru of the komatiitic rocks from all three sections show negative

co-relation with MgO (Fig. 22b, c). Pd/Pt shows no such correlation with MgO (Fig.

22a). Pd/Iraverage = 3.3 and Pd/Ruaverage = 3.6 are higher in the komatiitic meta-basalts
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compared to the komatiitic meta-dunite and meta-peridotite (Pd/Iraverage = 1.5,

Pd/Ruaverage = 1.1). All these values from the Gorumahishnai komatiitic rocks are

higher than the primitive mantle ratio (Pd/Irprimitive mantle = 1, Pd/Ruprimitive mantle = 0.7;

Barnes et al. 1988) indicating their fractionated character. Pd/Ru and Pd/Ir of

komatiitic meta-dunite, meta-peridotite, and meta-basalt show a negative

correlation with Cr from the samples of the three sections (Fig. 22e, f). No such

convincing correlation is observed in the Pd/Pt vs. Cr plot (Fig. 22 d). The komatiitic

rocks from the three sections show a negative trend in the Pd/Ir vs. Ni/Cu plot (Fig.

22d) where Ni/Cu is high in komatiitic meta-dunites and meta-peridotites (10.2 -

1689) than the komatiitic meta-basalts (0.62 - 144.3).

The PGEs and their ratios along with MgO, Cr, Ni, Cu, Co, and S

concentrations are plotted across the komatiitic sequence in the three sections (Fig.

23). Section A komatiitic rocks do not show visible sulfide minerals. Only one meta-

dunite sample (SHB/19-12/18) has minor S (0.02 wt.%, Table 9) with concentrations

of Ni, Cu, Co, and PGEs similar to other samples from this section. Meta-dunite

sample SHB/19-12/19 also have marked peaks in Pt (= 8 ppb) and Pd (= 11 ppb)

without any S (Fig. 23). In contrast, eleven komatiitic meta-dunite and meta-

peridotite samples from the cumulate and spinifex zones of sections B and C have

visible sulfide minerals. The bulk-rock S for these samples varies from 0.01 to 0.07

wt.% (Table 9). From section B komatiitic meta-dunite, the sample MIC/16/34 shows

small peaks in Ni (= 1986.1 ppm) and Co (= 108 ppm) and a distinct peak in S (= 0.07

wt.%) but the PGE concentrations are similar to other samples (Table 9). On the

other hand, meta-dunite sample MIC/16/37 has peaks only in Pt (= 19 ppb) and S (=

0.03 wt.%) whereas meta-peridotite sample MIC/16/41 has peaks in Pt (= 64 ppb),
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Pd (= 29 ppb), Rh (= 6 ppb), and Ru (= 8 ppb) without any S (Fig. 23, Table 9). Like

section B, komatiitic meta-peridotite sample SHB/19-12/79 from section C has a

well-defined peak in Cu (= 45.1 ppm) and S (= 0.03 wt.%) but the PGE concentrations

are similar to the rest of the samples (Fig. 23, Table 9). On the contrary, meta-

peridotite samples SHB/18/23 and SHB/18/37 have peaks in platinum-group

elements (Pd = 6 ppb, Rh = 4 ppb, Ru = 5 ppb, and Ir = 5 ppb) without any S (Fig. 23,

Table 9). Komatiitic meta-peridotite sample SHB/19-12/78 from section C also shows

a high concentration of S (= 0.04 wt.%) alongside sharp peaks in Pt (= 16 ppb), Pd (= 6

ppb), Ru (= 5 ppb), and Os (= 2 ppb) but Ni, Co, and Cu concentrations are similar to

rest of the samples (Fig. 23, Table 9). All the meta-basalt samples except two

samples from section C (SHB/18/27, SHB/19-12/73; S = 0.05 - 0.06 wt.%) do not have

any sulfide minerals in them (Fig. 23, Table 9).

In the primitive mantle normalized PGE plots the meta-dunite and meta-

peridotite from the three sections show variable enrichment in Pd-group of PGE

(PPGE: Pt, Pd, Rh = 0.2 - 2.1 × primitive mantle) and Ir-group of PGE (IPGE: Ru, Ir, Os =

0.2 - 1.1 × primitive mantle) except one sample with anomalously high PPGE

(MIC/16/41; PPGE = 3 - 6.9 × primitive mantle; Fig. 24a-c). The meta-basalt samples

from the three sections show more depletion in IPGE (0.2 - 0.5 × primitive mantle)

and similar PPGE (0.2 - 2 × primitive mantle) compared to the meta-dunite and meta-

peridotite (Fig. 24a-c). Overall the PGEs from most of the meta-dunites, meta-

peridotites, and meta-basalts show depleted character (Fig. 24a-c). In the meta-

dunite and meta-peridotite samples from the three sections, a negative Pt anomaly

is observed (0.3 - 0.9 × primitive mantle) except for two samples from section B and

one sample from section C (Fig. 24a-c). All the komatiitic suite of rocks from three
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sections also show distinct negative Os anomaly (0.2 - 0.5 × primitive mantle). The

meta-basalt samples of section B have minor Pt and Pd enrichments (0.4 - 2 ×

primitive mantle) than the meta-basalts from section C (0.2 - 1.8 × primitive mantle;

Fig. 24b, c). The komatiitic rocks from sections B and C also show a distinct negative

Ru anomaly (0.5 - 0.8 × primitive mantle) except for two samples, however, no such

negative anomaly is observed for the samples of section A (Fig. 24a-c).

In the primitive mantle normalized PGE plot, the data for the komatiitic

samples from the Gorumahishani greenstone belt are compared with the early to

late Archean komatiitic rocks from the Yilgarn, Kaapvaal, Pilbara, Karelia, Superior,

and Dharwar Cratons (Fig. 24d). The meta-dunite and meta-peridotite samples have

similar normalized PGE patterns, however, the PGE concentration in the late

Archean is relatively higher than the early Archean komatiites (Fig. 24d; e.g. Maier et

al. 2009).

5.3.3. Sm-Nd isotope systematics

The komatiitic suite of rocks from the three sections of the Gorumahishani

greenstone belt, define an eighteen-point errorchron corresponding to an age of

3472 ± 260 Ma (MSWD = 107, initial 143Nd/144Nd = 0.50813 ± 0.00034) (Fig. 25c). The

data of the Tua Dungri area (section B) define an eight-point errorchron

corresponding to an age of 3353 ± 830 Ma (MSWD = 211, initial 143Nd/144Nd = 0.5083

± 0.0011) (Fig. 25b). However, more realistic and best-fit correlation line for the

Gorumahishani komatiites is observed from the section C samples of the Kapili area.

An eight-point errorchron is obtained for these rocks corresponding to an age of

3508 ± 190 Ma (MSWD = 41, initial 143Nd/144Nd = 0.50808 ± 0.00025) and εNd(T) value
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of 0.1 (Fig. 25d). The εNd(T) is considered from this errorchron to calculate the initial

143Nd/144Nd. The regression lines are calculated and plotted using the isoplot

program for Excel by Ludwig (2008). The least erroneous age is well within the error

limits of the other two errorchrons (Fig. 25b, c). Therefore, this particular age is

considered the emplacement age of the parental magma of the Gorumahishani

komatiitic suite of rocks (Fig. 25d).

Although the komatiitic rocks from the Kapili area do not show significant

disturbance of their isotopic ratios as indicated by the negative co-relation in

143Nd/144Nd vs. (Lan/Smn) plot (e.g. Zindler et al. 1979), however, the high error in age

data is quite distinct (Fig. 25a). The (Lan/Smn) ratio serves as an indicator of element

mobility during metamorphic alteration events. Significant degrees of

metamorphism and hydrothermal alteration can redistribute the highly mobile

element La and cause a low (LaN/SmN) ratio but it can not redistribute the robust Nd.

Therefore, a negative relation between these elements indicates the robustness of

the Nd isotope systematics. Low to moderate spread of 143Nd/144Nd (0.5118 - 0.5129)

and 147Sm/144Nd (0.16 - 0.20) values from the Kapili area (section C) or all eighteen

samples (143Nd/144Nd = 0.5118 - 0.5132, 147Sm/144Nd = 0.16 - 0.22) may also be

responsible for the high error in age. The well-defined regression line for the samples

of section C, εNd(T) value of 0.1 from the errorchron, and the average εNd(T) value of -

0.17 ± 1.85 from the eighteen samples overall indicate that the Nd isotopic signature

does not deviate much from the chondritic value (Jacobsen and Wasserberg 1980).

The calculated CHUR model ages (TCHUR) from the Kapili komatiite samples vary

between 3.34 and 3.98 Ga (Table 10). The lower limit of TCHUR is well within the error

limit of the emplacement age of the komatiitic magma as yielded by the errorchrons,
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Fig. 25 a 143Nd/144Nd vs. Lan/Smn bivariate plot for the komatiitic rocks from the Gorumahishani greenstone belt. 
Normalized values are from McDonough and Sun (1995). b Whole-rock Sm-Nd errochron of the Gorumahishani 
komatiitic rocks from Tua Dungri area (section A). c Whole-rock Sm-Nd errochron of Gorumahishani komatiitic rocks 
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Fig. 26 Age vs. εNd(T) plot for ultramafic-mafic rocks from the Archean greenstone 
belts of different cratons around ca. 3.8 - 2.6 Ga. Data of the Singhbhum komatiitic rocks 
(this study) is compared with the data from other ultramafic-mafic rocks of the Singhbhum 
Craton as well as other Cratons worldwide. The global data from Hamilton et al. (1979); 
DePaolo and Wasserburg (1979); Hamilton et al. (1983); Hegner et al. (1984); Chauvel et 
al. (1985); Huang et al. (1986); Sharma et al. (1994); Kumar et al. (1996); Tomlinson et al. 
(1998); Polat et al. (1999); Blichert-Toft et al. (1999); Hollings and Wyman (1999); Bateman 
et al. (2001); Oberthür et al. (2002); Augé et al. (2003); Frei and Jensen (2003); Misra and 
Johnson (2005); Chavagnac (2004); Jayananda et al. (2008); Van Kranendonk et al. (2010); 
Mukherjee et al. (2012); Wang et al. (2015); Ruiz et al. (2019); Singh et al. (2019); 
Wainwright et al. (2019); Adhikari et al. (2021a, b); and Hasenstab et al. (2021).
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however, the upper limit represents a much older age. The Sm-Nd data of the

Gorumahishani komatiitic rocks are compared with other early to late Archean

ultramafic-mafic rocks from the Singhbhum Craton and other different Archean

greenstone belts in the age (Ga) vs. εNd(T) plot (Fig. 26) to understand the evolution of

the mantle through ages.
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6. Discussion

6.1. Modification of chromite to ferritchromit and chrome magnetite

Zones of various reflectances around chromite cores of all types (Fig. 3h-j) mainly

reflect compositional variation in the rims between ferritchromit and chrome

magnetite resulting from prograde (Evans and Frost 1975; Burkhard 1993; Loferski

1986; Fleet et al. 1993; Barnes 2000; Mondal et al. 2006; Mukherjee et al. 2010,

2015; Staddon et al. 2021; Datta and Mondal 2021a; Kang et al. 2022; Barnes et al.

2023) or retrograde metamorphism (Proenza et al. 2004; Gervilla et al. 2012, 2019;

Colás et al. 2014, 2017, 2019, 2020; Bussolesi et al. 2022; Roy et al. 2022). The

ferritchromit formation is contemporaneous with the modification of the primary

mineral assemblages of komatiitic meta-dunites and meta-peridotites (olivine,

orthopyroxene, clinopyroxene) from cumulate and spinifex zones to serpentine,

tremolite, chlorite, and carbonates. The CO2-rich fluid at low metamorphic grade

drives the formation of talc and carbonate minerals (e.g. Barnes 2006). The

komatiitic chromites from the Gorumahishani belt were modified during the

metamorphism of the entire greenstone sequence and became depleted in Mg, Al,

and Cr, and enriched in Fe3+ at the boundaries (Fig. 6a-c). Chrome chlorite is formed

during this metamorphic process, incorporating Cr and Al released from chromites

(e.g. Evans and Frost 1975; Burkhard 1993; Barnes 2000). The enrichment of Fe3+

during prograde metamorphism has produced the ferritchromit as the inner rim and

chrome magnetite as the outer rim in the modified chromites (type-I and type-II

grains; Fig. 3g-i, 6a-c). The type-III chromites from the northern Kapili are different

from type-I and type-II grains, showing complex zoning patterns with a highly porous

character (Fig. 6c). The porous chrome magnetite rims of the type-II and type-III
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grains suggest significant mass loss due to elemental exchange with silicates without

any changes in grain size during metamorphism (Fig. 6b, c). The type-III grains have

broadly higher Cr# (0.87 - 0.92) and lower Mg# (0.08 - 0.17) in their cores relative to

type-I varieties (Fig. 6c). Lower Fe2O3 (2.1 - 14.88 wt.%) and Fe3+/R3+ in the type-I and

II inner rims relative to the outer rims suggest the presence of an oxidizing

environment. Overall concentration difference of TiO2, V2O5, NiO, and CoO between

type-I core and rims are quite less except for MnO in both areas (Fig. 6a). This

indicates a restricted modification of type-I chromite core at a low metamorphic

grade (e.g. Kimball 1990; Barnes 2000). The mineral assemblage, serpentine +

tremolite + chlorite ± calcite ± dolomite in the Tua Dungri komatiites (Fig. 4, Table 3)

confirms this and supports modification under the greenschist to greenschist-

amphibolite transition facies metamorphism with the involvement of CO2 rich fluids

(Fig. 27). In comparison, type-II chromites have a more homogenized core with high

concentrations of ZnO and MnO but significantly low Al2O3, MgO (Fig. 6b). Higher

enrichment of low mobile elements with slower diffusion rates like Ti (e.g. Rollinson

1995) is also observed in the chrome magnetite rim part relative to the type-I grains

(Fig. 6a, b). This high concentration of high-mobile elements like Zn, and Mn in the

type-II core and low-mobile elements like Ti in the type-II rim indicates that a higher

metamorphic grade is suffered by the type-II chromites compared to the type-I

grains (e.g. Barnes 2000). Mineral assemblages of serpentine + tremolite +

hornblende + chlorite ± actinolite ± carbonate from the Kapili area (Fig. 4) in

association with type-II chromite grains point towards metamorphism under

amphibolite facies (Fig. 27). Compared to type-II grains, type-III grains from the

Kapili area have inner rims of variable reflectances with a high concentration of MnO,
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ZnO alongside TiO2, and V2O5 (Fig. 6c). This is due to the diffusion of these elements

from the core to the inner rims after complete homogenization of core composition

(type-II) at high metamorphic grade (Barnes 2000). Mineral assemblage associated

with the type-III chromites is nearly similar to the association with type-II grains

except for the low modal abundance of chlorite (Fig. 4). This suggests that the

reverse diffusion of certain elements from core to inner rims took place during

metamorphism under the amphibolite facies condition (e.g. Barnes 2000) (Fig. 27).

The higher Al2O3 in the inner rims of the type-III grains might be due to the

breakdown of chlorite under this high metamorphic grade (e.g. Loferski 1986). The

type-IV grains from Maharajgunj are intensely fractured small ferritchromit grains

suggesting deformation during metamorphism (Fig. 3j). The concentrations of major

and minor elements in the type-IV grains are mostly similar to those in the

ferritchromit rims of the type-I and type-II grains (Table 4; Appendix 1). The mineral

assemblage of serpentine + chlorite + carbonate + tremolite ± talc from the northern

Maharajgunj-Chuka Pahar indicates a low metamorphic grade close to the

greenschist-amphibolite transition facies (Fig. 4). The type-V chrome magnetite

grains have a wide-ranging major and minor element concentration (Fig. 7b-f;

Table 4) and the geochemical diversity reflects the differing degrees of

metamorphism related to the development of the chrome magnetite grains. Finer-

grained type-V magnetites were formed during the alteration of the primary

ferromagnesian silicates like olivine due to hydration of the komatiitic rocks under

the low-grade metamorphism (e.g. Bach et al. 2004; Alt et al. 2007; Gahlan et al.

2006; Eslami et al. 2018). Considering the olivine core (Fo88) from the Kapili area

(Fig. 3a) and the associated chromite core, the geothermometers of Roeder et al.
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(1979) and Fabriès (1979) yield re-equilibration temperatures in the range of 409 -

619°C, consistent up to amphibolite facies metamorphism. However, these olivine

grains might have a metamorphic origin because under the amphibolite facies

serpentine breaks down to form metamorphic olivine (e.g. Evans and Trommsdorff

1974; Kunugiza et al. 1986; Barnes 2006). Thermometric calculations are also

performed using chrome magnetite-ilmenite pairs of the Maharajgunj (1 pair) and

Kapili area (3 pairs) following the method of Spencer and Lindsley (1981) and Lepage

(2003). The calculated temperature from the northern part of the greenstone belt

(Maharajgunj area) is 384°C suggesting greenschist facies metamorphism at X(CO2) <

0.05 in the stability field of serpentine, tremolite, chlorite, and carbonate (e.g.

Barnes 2006). On the other hand, the calculated temperatures from the southern

part of the greenstone belt (Kapili area) range from 443 to 502°C suggesting a

greenschist-amphibolite transition to amphibolite facies metamorphism at X(CO2) <

0.05 in the stability field of serpentine, tremolite, hornblende, chlorite ±

metamorphic olivine, which is consistent with the present observations (e.g. Barnes

2006). In Barnes and Roeder’s (2001; Fig. 7g) chromite compositional discrimination

fields, the Gorumahishani komatiitic chromite cores for type-I grains occupy the

greenschist field and type-II and type-III cores occupy the amphibolite field. To

understand the lowest equilibration temperature of the assemblage, chlorite

thermometry has been employed following the method of Cathelineau and Nieva

(1985) where: T = 319 × AlIVCorrected - 69 and AlIVCorrected = AlIV + 0.1 × (Fe/Fe+Mg). The

calculation reveals the lowest temperature of re-equilibration of the komatiitic

mineral assemblage is ~337 - 237°C from the northern part and ~357 - 243°C from

the southern part of the Gorumahishani greenstone belt.

152



6.2. Fractionation of trace elements and PGE during metamorphism of chromites

6.2.1. Trace elements

Zoned chromites from the Gorumahishani greenstone belt show inter and intra-grain

major and minor element variations, developed due to greenschist to amphibolite

facies metamorphism. Similar variations are apparent in trace element abundances

determined by LA-ICPMS. The positive relationships of Ga, Sc with Mg/(Mg+Fe2+) for

the non-porous cores of type-I chromites indicate relatively pristine core

compositions (Fig. 10a, c). However, the sum of Zn+Co+Mn remains almost constant

with decreasing Ga (Fig. 10h). This indicates a greater role for metamorphism than

for H2O, CO2-rich fluid activity because hydrothermal re-equilibration might have

affected the Zn+Co+Mn content of type-I cores but not Ga (e.g. Colás et al. 2014). Ga

and Sc are not compatible in olivine but may enter into the chlorite structure in

substitution for Al during the metamorphic modification of the assemblage (Nelson

and Roy 1958; Colás et al. 2014; Chu et al. 2020).

The type-II porous chromites have a higher concentration of Ga and similar Sc

compared to the type-I grains (Fig. 10a, c; Table 6). The higher concentrations of Ga

and lower modes of chlorite in the pores of chrome magnetite rims from Kapili

suggest a lower degree of substitution of Ga for Al in chlorite (e.g. Colás et al. 2014;

Chu et al. 2020). Lower Al2O3 content in the type-II cores and rims than in the type-I

variety supports this observation as Al has migrated to chlorite (Fleet et al. 1993;

Barnes 2000; Merlini et al. 2009) (Table 4). The concentrations of Zn in the type-II

cores are similar but Co and Mn are higher compared to the type-I cores (Table 6;

Fig. 10d-f). This is related to the higher metamorphic grade, i.e. up to amphibolite
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facies metamorphism of the komatiitic rocks from Kapili, and therefore, the higher

diffusion rate of the trace elements (e.g. Sievwright et al. 2020). The ZCM anomaly in

the type-I and type-II chromite cores (Fig. 11a, b) was likely due to modification

during metamorphism when Zn, Co, and Mn were diffused into the chromite

structure from altered silicate minerals such as olivine, clinopyroxene, and the

associated carbonate phases (e.g. Colás et al. 2014).

The microprobe data are consistent with the LA-ICPMS data and show greater

contrast between core and rim in the type-III grains than in the type-II grains, with

the inner rims of the former having higher concentrations of Mn, Zn, Ni, Ti, and V

than the cores (Table 6). This transition from homogenized type-II cores towards

enriched type-III inner rims indicates the reverse diffusion of these elements from

the core to the inner rims of the type-III grains under the amphibolite facies

conditions (e.g. Barnes 2000) (Fig. 27).

The LA-ICPMS data show that the type-II cores have higher concentrations of Ni

(4513 - 10,583 ppm) and Ti (20,759 - 36,413 ppm) at similar Mg/(Mg+Fe2+) (0.13 -

0.16) and higher Fe3+/R3+ ratio (0.08 - 0.10) than the type-I cores (Fig. 9a-d; Table 4,

6). Ti4+ is less mobile to incorporate into the spinel structure than the +2 ions (e.g.

Wylie et al. 1987; Barnes 2000; Nielsen and Beard 2000), therefore, its higher

concentration in type-II cores indicates a modified core composition compared to

the type-I cores under a higher grade of metamorphism (Fig. 9a-d; Table 6). With an

increasing Fe3+/ R3+ ratio, bivalent ions begin to occupy octahedral sites of the

inverse spinel structure (e.g. Barnes 2000; Gervilla et al. 2012). As the homogenized

type-II cores have higher Fe3+/R3+ ratios, their higher Ni concentrations may

therefore result from the substitution of Ni2+ for the bivalent ions (Fe2+, Mg2+) in the
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divalent octahedral sites and Ti4+ for Fe3+ in the tetrahedral sites (e.g. Barnes 1998,

2000).

The type-V chrome magnetite grains show variable degrees of enrichment of

Zn and Co with lower Mg/(Mg+Fe2+) and higher Fe3+/R3+ ratios (Fig. 10d, f; Table 4, 6),

indicating different degrees of involvement of metamorphism. However, the overall

negative relationship between Fe3+/R3+ and MnO mainly from the type-V grains

(Fig. 7e) indicates the bivalent tetrahedral site occupancy of Mn was decreased in

the inverse spinel structure. Fe3+ occupies the tetrahedral site in the inverse spinel

structure, limiting the possibility of Mn occupying this site (e.g. Sack and Ghiorso

1991; González Jiménez et al. 2009; Gervilla et al. 2012; Davis et al. 2013). The type-

V chrome magnetite grains also show variable enrichment of Ni and Ti with

Mg/(Mg+Fe2+) and Fe3+/R3+ (Fig. 10b, g; Table 4, 6). This is due to different degrees of

metamorphic modification coupled with a variable Fe2+-Fe3+ re-ordering (e.g. Barnes

2000; Nielsen and Beard 2000; Gervilla et al. 2012).

6.2.2. Platinum-Group element (PGE)

Previous studies using in situ LA-ICPMS analysis of natural chrome spinels from

volcanic ultramafic-mafic rocks have documented higher concentrations of Rh, Os, Ir,

and Ru that are considered to be present as solid solutions in the spinel structure

(Locmelis et al. 2011; Park et al. 2012, 2017; Pagé et al. 2012; Pagé and Barnes 2016;

Schoneveld et al. 2022). Platinum-group elements were also found to exist as micro-

nuggets in chromite grains (Tredoux et al. 1995; Ballhaus and Sylvester 2000; Park

et al. 2012, 2017; Kamenetsky et al. 2015; Arguin et al. 2016; González-Pérez et al.

2021; Cabri et al. 2022). Inclusions of PGE-bearing phases, such as laurite (RuS2),
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IPGE (Ir, Os, Ru)-alloys, and Pt-alloys, are common in chromites from mafic layered

intrusions and ophiolitic complexes (Garuti et al. 2002; Ahmed 2007; Fonseca et al.

2009; Habtoor et al. 2017; Prichard et al. 2017; Mondal et al. 2019; Garuti et al. 2021;

Bussolesi et al. 2022; Zaccarini et al. 2022). Experimental studies considering silicate

melt and chrome spinel have shown higher partition coefficients of Rh and IPGEs (Os,

Ir, Ru) in chrome spinels than Pt, Pd (Capobianco and Drake 1990; Nell and O’Neill

1997; Righter and Downs 2001; Brenan et al. 2012; Prasek 2022). In situ LA-ICPMS

analysis of type-I, type-II, and type-V grains show high Ir, Os, Ru, and Rh

concentrations with strong positive Ru anomalies (Fig. 13a), as observed in other

volcanic chromites from different tectonic settings (Fig. 13b) (e.g. Pagé and Barnes

2009; Park et al. 2012, 2017; Kamenetsky et al. 2015). However, the concentrations

of Rh, Ir, Os, and Ru differ between the types of altered chromite grains and are also

highly variable in different zones within a single grain (Fig. 9a-d; Table 7). The type-I

chromite cores from Tua Dungri have lower Ru and similar Ir and Os to the

ferritchromit and chrome magnetite rims (Fig. 9a, b). The Rh concentrations are also

slightly lower in the cores of the type-I grains than in the corresponding outer

ferritchromit and chrome magnetite rims (Fig. 9a, b; Table 7). The petrological

evidence reveals that the type-I chromite grains were modified under greenschist-

amphibolite transition facies conditions. The modification of existing chromite to

ferritchromit and chrome magnetite rims was accompanied by the development of

an inverse spinel structure surrounding the core. Among the PGEs, Rh2+ might have

diffused towards the ferritchromit and chrome magnetite rims as these elements

prefer to occupy divalent octahedral sites of inverse spinel (e.g. Borisov and Palme

1995; Brenan et al. 2003; Park et al. 2017). However, such a process, if it occurred,
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must have been quite limited as the difference between the Rh abundances of the

core and the rim are minimal (Fig. 9a, b). Ru shows no relationship with Ni or V

contents even though these trace elements also tend to occupy the divalent

octahedral sites in an inverse spinel structure (Fig. 14a, b) (e.g. Barnes 2000; Park

et al. 2017). Ruthenium exists both as Ru2+ and Ru3+ depending on the fO2 condition

of the magma (e.g. Brenan et al. 2012; Park et al. 2012; Locmelis et al. 2018). If Ru

occupied the divalent octahedral site as Ru2+, the type-I chromite grains should have

crystallized from a reduced parental melt. However, the Fe3+ enrichment and

development of an inverse spinel structure during the formation of the ferritchromit

and chrome magnetite rims were due to post-magmatic oxidation during

metamorphism and not a magmatic process. Therefore, possibly Ru was initially

present as a +2 ion in the reduced komatiitic melt of the early Archean

Gorumahishani greenstone belt and thus preferred to occupy the divalent

octahedral sites (Ru2+) in the primary magmatic chromites. The enrichment of Ru2+ in

the outer rims took place during metamorphic modification of the grains when Ru2+

preferentially diffused to the octahedral sites in the inverse spinel structure of the

rims (Fig. 9a, b). High temperature (1275°C, 1 atm) experimental study between

basaltic melt and magnetite also indicates a greater degree of the partitioning of Ru,

Rh towards the inverse spinel structure (e.g. Capobianco et al. 1994). However, it

should be noted that the existing PGE characters of the different altered zones of the

komatiitic chromites from the Gorumahishani greenstone belt took place under the

low-temperature metamorphic condition. Vanadium (V) is a redox-sensitive element,

and during metamorphic modification of chromites, the concentrations should be

increased in the altered outer rims; however, there is no such correlation of V with
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Ru concentrations in the zoned chromites (Fig. 14a). This suggests a reduced mantle

source for the Gorumahishani komatiites and supports the existence of a global

heterogeneity in mantle redox conditions as suggested from the study of the early

Archean komatiites (e.g. Nicklas et al. 2019). As noted above, there may also be

some IPGE-bearing phases present as inclusions (e.g. laurite, erlichmanite, IPGE

alloys; Kamenetsky et al. 2015) which result in the IPGE-enrichment in chrome

spinels (e.g. Fiorentini et al. 2004). A minor IPGE spike (Rh, Ru rich inclusion) is

observed from the laser ablation (LA) spots in the type-I grains (Fig. 12b); however,

only a limited number of spots were analyzed and no specific platinum-group

mineral (PGM) phase was identified during the SEM study (Fig. 12a, b). In addition,

the observation of Ru (and Rh) enrichments in the outer rims on both sides of the

central cores of the type-I grains strongly suggests that in the studied spots Ru is

hosted as a solid solution in the spinel structure rather than in IPGE bearing

inclusions (Fig. 9a, b). The type-II chromite cores have lower Os, Ir, Ru, and Rh than

the type-I chromite cores (Fig. 9c, d; Table 7). In addition, the chrome magnetite

rims of the type-II grains have a negligible amount of Ru with no traceable Rh, Os,

and Ir (Fig. 9c, d; Table 7). The petrological evidence reveals that the type-II chromite

grains were modified up to amphibolite facies conditions. Therefore, the enrichment

of Ru and Rh in the thick chrome magnetite rims relative to the cores should have

been even higher than in the type-I grains. The very low abundances of these

elements in both type-II cores and rims are thus surprising, and may reflect faster

diffusion under the higher metamorphic grade (Fig. 27). The chalcophile character of

PGEs might have facilitated the partitioning of these elements into the co-existing

sulfide phases (e.g. chalcopyrite, pentlandite, millerite) or platinum-group minerals
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(e.g. laurite, erlichmanite, IPGE alloy) that may be present in the komatiitic rocks or

as inclusions in chromites (Peach and Mathez 1996; Andrews and Brenan 2002;

Fiorentini et al. 2004; Fonseca et al. 2009; Park et al. 2012, 2017; Pagé and Barnes

2016; Locmelis et al. 2018). The isolated type-V chrome magnetite grains have higher

Os, Ir, and lower Rh content with a wider range of Ru concentration than the cores

and rims of type-I and type-II grains (Table 7). The IPGE and Rh concentrations of

type-V grains vary spatially in the greenstone belt. Only Ru is detected in type-V

grains from the southern Kapili area whereas higher IPGE and Rh contents are found

in those from the northernmost Maharajgunj and Chuka Pahar areas (Table 7). It

indicates an increase in the diffusion of PGEs from the chromite grains to associated

sulfides (e.g. chalcopyrite, pentlandite, millerite) or platinum-group minerals with

increasing metamorphic grade from the northern to the southern part of the

greenstone belt as discussed earlier. The overall enrichment of Os and Ir in the type-

V grains (Fig. 13a-b; Table 7) is due to the stronger affinity of these elements

towards the VI-fold coordination of the inverse spinel structure (e.g. Brenan et al.

2012).

6.2.3. Mass balance calculation and partitioning behaviour of PGE

Chrome spinel plays a significant role in controlling the PGE budget, and several

trace elements in plutonic and volcanic ultramafic-mafic rocks that formed under

different geological conditions (Pagé and Barnes 2009; Park et al. 2012; Colás et al.

2014; Kamenetsky et al. 2015; Park et al. 2017; Chu et al. 2020; Schoneveld et al.

2022; Zaccarini et al. 2022). Thus understanding the partitioning of these elements

between ultramafic-mafic silicate melt and co-existing chrome spinels during early
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magmatic processes is of great importance. This is a challenging exercise for the

Gorumahishani komatiitic chromites owing to their extensive metamorphic

alteration and therefore, only the core compositions of the least altered chromites

were considered for mass balance and partitioning calculations. The compositions of

the Al-depleted meta-peridotite (Table 7) from Tua Dungri (sample MIC/16/44) and

Kapili (sample SHB/18/25) are considered to be equivalent to the parental komatiitic

melt compositions of the type-I (Tua Dungri) and type-II (Kapili) chromites,

respectively.

The mass fraction of chromite in komatiitic rocks from the least altered chromite

cores of type-I (sample MIC/16/39, meta-peridotite) and type-II grains (sample

SHB/19-12/82, spinifex-textured meta-peridotite) are calculated following the

equation proposed by Pagé and Barnes (2016): % Cr-spinel in sample = ( Cr2O3
WR ∕

Cr2O3
Cr-spinel ) × 100 × 0.75 where Cr2O3

WR = whole-rock Cr2O3 content in wt.% and

Cr2O3
Cr-spinel = Cr2O3 content of Cr-spinel in wt.%. The calculation assumes that 75%

of Cr in the whole rock is hosted by chromite (e.g. Arguin et al. 2016), with the rest

being hosted by silicate phases dominated by olivine with some pyroxene and

chlorite (e.g. Pagé et al. 2012; Pagé and Barnes 2016). Using the Cr2O3 abundances of

the least altered chromite cores and the Cr2O3 contents of the corresponding rocks,

we find that the proportions of chromite in the komatiitic rocks ranged from 0.33 to

0.61% (Tables 11, 12) which is similar to the lower limit of chromite modal

abundances obtained by Pagé and Barnes (2016) for volcanic samples. The weight

fraction of chromite in the studied samples was used to estimate the fractions of

trace elements and IPGE + Rh in the whole rock contributed by chromite, following

the equation of Pagé and Barnes (2016):
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FiCr-spinel (%) = 100 × ( Ci
Cr-spinel × FCr-spinel) ∕ Ci

WR where FiCr-spinel= contribution of

element ‘i’ from chromite in the whole rock, Ci
Cr-spinel = element ‘i’ concentration in

chromite, FCr-spinel = proportion of Cr-spinel in our sample, and Ci
WR = concentration of

element ‘i’ in the whole-rock. The mass balance calculation for the Tua Dungri

komatiites indicates that chromite hosts mass fractions of Sc = 0.12 - 0.15%, Ti =

0.04%, Ni = 0.08 - 0.10%, V = 4.46%, Ga = 2.71 - 3.62%, Mn = 0.83 - 0.87% and Co =

3.7 - 3.92%. The proportions for the Kapili komatiites are Sc = 0.09 - 0.16%, Ti = 3.89 -

7.05%, Ni = 2.88 - 6.97%, Ga = 6.58 - 11.41%, Mn = 9.62 - 16.78%, Co = 12.33 -

18.87% and V = 18.20 - 40.34% (Tables 11, 12). These values can be compared with

the FSc and FNi values of the least modified komatiitic chromites (FSc = 23.21%, FNi =

47.98%) of Park et al. (2017) and the bulk rock data of Törmänen et al. (2016).

Assuming that our choices for the bulk melt compositions are appropriate, the data

show that low and variable fractions of the considered minor and trace elements are

hosted by chromites in the Gorumahishani komatiites, unlike the much higher

fractions of these elements hosted by chromites in the other komatiites (e.g. Park

et al. 2017). This suggests that the distribution of these elements in the komatiitic

rocks is mainly controlled by the modally abundant silicate plus carbonate minerals

in combination with the metamorphic modification of the primary assemblages.

Calculations based on global komatiitic and ultramafic-mafic volcanic rocks (e.g.

Pagé et al. 2012; Pagé and Barnes 2016; Park et al. 2017) reveal that about 15 - 40%

of the whole-rock Os, Ir, Rh budgets and nearly 100% of the Ru budget are

represented by accessory chromites or the PGE-rich micro-inclusions they contain. In

contrast, the type-I chromite cores from the Gorumahishani komatiites account for

15 - 20% Ru, 11 - 12% Rh, 2% Os, and 1 - 2% Ir in the whole-rock budgets while the
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type-II chromite cores represent even lower proportions of these elements (Ru = 8 -

10%, Rh = 2%, Os = 2%, and Ir = 1%; Tables 11, 12). The lower values from both types

of grains relative to those calculated from the global dataset partly reflect the

redistribution of PGEs during metamorphic modification of the komatiitic chromites.

Metamorphic redistribution may include the diffusion of IPGE and Rh from chromites

to co-existing sulfide phases (e.g. chalcopyrite, pentlandite, millerite). In addition,

part of the whole-rock PGE budget may be held by micro-inclusions of PGE alloys or

PGE minerals in the zoned chrome spinels, although such phases have not yet been

identified in the laser spot analyses of our samples.

The empirical partition coefficients for trace elements and PGEs are calculated

considering the chromite core compositions and the bulk rock compositions of the

selected komatiitic rocks (Table 11). To obtain the composition of the melt with

which the Cr-spinel equilibrated, it is necessary to exclude the portion of each

element hosted by this phase from the bulk rock composition. The mass balance

equation of Pagé and Barnes (2016) is used to do this. The equation is: Ci
Melt = [( Ci

WR

× 100) - ( Ci
Cr-spinel × % Cr-spinel)] ∕ (100 - % Cr-spinel) where Ci

Melt = content of

element ‘i’ in the silicate melt. We then used these calculated melt compositions to

determine empirical partition coefficients (D = Ci
Cr-spinel / Ci

Melt) for Sc, Ti, V, Mn, Co, Ni,

Ga, IPGEs, and Rh for the least altered type-I and type-II cores. Type-I chromite cores

have values of DSc = 0.37 - 0.45, DNi = 0.24 - 0.28, DTi = 0.12 - 0.13, and DCo = 11.58 -

12.10 (Table 11) similar to or lower than the previous empirical values for volcanic

chromites as well as experimentally determined values, e.g. DSc = 0.36 - 0.57, DNi =

3.5 - 6.8 and DTi = 0.4 - 3.5, DCo = 3.1 - 29.6 (Horn et al. 1994; Sattari et al. 2002;

Righter et al. 2006; Pagé and Barnes 2009; Park et al. 2012). The other trace
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elements from type-I chromite cores show a restricted range of values: DV = 14.08 -

14.38, DMn = 2.51 - 2.69, and DGa = 8.44 - 11.04 (Table 11). The type-II chromites have

higher empirical partition coefficients for DCo (23.52 - 37.66) than the type-I values,

and even higher than the volcanic chromites determined by previous workers (Horn

et al. 1994; Sattari et al. 2002; Righter et al. 2006; Pagé and Barnes 2009; Park et al.

2012). The other trace elements, except for Sc, also show higher values than the

type-I values (Table 11). Nevertheless, accessory chromites in komatiitic rocks have

re-equilibrated with co-existing modally abundant silicate minerals during

metamorphism, so the empirically determined partition coefficients should differ

from the true magmatic values.

Empirical partition coefficients calculated for IPGEs and Rh for type-I chromite

cores are DOs = 4.45, DIr = 2.54 - 4.18, DRu = 49.79 - 67.86, and DRh = 32.21 - 36.94

(Table 12). Coefficients for type-II chromite cores are DIr = 2.23 - 3.1, DRu = 35.51 -

45.43, and DRh = 4.4 - 4.94, which are lower than the values obtained for the type-I

grains except for DOs = 8.18 - 8.45 (Table 12). Previous studies (e.g. Pagé et al. 2012;

Park et al. 2017) of komatiitic chromites yielded DOs = 9.6 - 18, DIr = 11 - 11.8, DRu =

5.64 - 100, and DRh = 13 - 18.1. The calculated DOs and DIr from this study are

somewhat lower while DRu falls within the wide range of published values. DRh shows

lower values in type-II cores but higher in type-I cores compared to the published

data. Experiments by Brenan et al. (2012) using synthetic iron-bearing basalt at

0.1 MPa and 2 GPa at 1400 - 1900°C, fO2 = IW + 1.6 to IW + 2.1 yielded lower

partition coefficient values for these elements (DRu = 4, DRh, Ir = 0.04 - 1). However,

the values were higher (DIr = 186.9, DRu = 37.9, and DRh= 89) under more oxidizing

conditions, e.g. fO2 = IW + 3.1 to IW + 7.2. Other researchers (e.g. Capobianco and
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Drake 1990; Capobianco et al. 1994; Righter et al. 2004) determined the

experimental partition coefficients under much more oxidizing conditions (NNO to

HM buffer), obtaining exceedingly high values of DIr = 5 - 22,000, DRu = 20 - 4000, and

DRh = 41 - 530. Natural chrome spinels crystallized from an oxidized basaltic magma

from Ambae volcano, Vanuatu at fO2 = QFM + 2.5 (Park et al. 2012) yielded DOs = 288,

DIr = 472, DRu = 2448, and DRh = 641, which are comparable to the values determined

experimentally under highly oxidizing conditions. Brenan et al. (2012) emphasized

that the high D (Ru Ir, Rh) values obtained for experiments performed under

oxidizing conditions were due to the presence of ferric iron in the spinels. In this

context, it is significant that some of the zoned chromites from the Gorumahishani

belt have Fe3+-rich outer rims with elevated Ru and Rh contents. Similarly, many of

the type-V chrome magnetites have higher IPGE contents than the other chromites

(Table 7). Although the fO2 values of the Gorumahishani komatiite parental melts are

poorly constrained, the empirical partition coefficients (DIPGE, Rh) of this study and

comparison with other natural or experimental values suggest that the accessory

chromites we studied might have crystallized frommagma under relatively low fO2

conditions. The low calculated D values for Os, Ir, Ru, and Rh are consistent with the

low Fe3+/R3+ values of the type-I and type-II chromite cores, with both suggesting

reducing conditions. These findings corroborate the study of Nicklas et al. (2019).

These workers observed the global heterogeneity in early Archean mantle redox

conditions and found the change of estimated fO2 conditions for komatiitic melts

from reducing to oxidizing since the early Archean (3.48 Ga: 0.11 ± 0.30 ΔQFM log

units to 1.87 Ga: 1.22 ± 0.31 ΔQFM log units). Finally, even though the cores are the

least altered chromite available, their trace element and PGE abundances may still
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Table 11 Empirical partition coefficient of trace elements (DCr spinel-silicate melt) from the
Gorumahishani komatiites

Sample MIC/16/39 SHB/19-12/82

Type Type-I Core Type-I Core Type-I Core Type-II Core Type-II Core

Location Tua Dungri Tua Dungri Tua Dungri Kapili Kapili

DSc 0.37 0.45 0.38 0.26 0.15

DTi 0.13 0.12 0.12 12.28 6.77

DV 14.21 14.34 14.08 109.52 37.21

DMn 2.69 2.57 2.51 32.65 17.81

DCo 12.10 11.99 11.58 37.66 23.52

DNi 0.24 0.28 0.26 12.13 4.95

DGa 8.46 11.04 8.44 20.87 11.78

Table 12 Empirical partition coefficient of IPGE (Os, Ir, Ru) and Rh (DCr spinel-silicate melt)
from the Gorumahishani komatiites

Sample MIC/16/39 SHB/19-12/82

Type Type-I Core Type-I Core Type-I Core Type-I Core Type-II

Core

Type-II

Core

Location Tua Dungri Tua Dungri Tua Dungri Tua Dungri Kapili Kapili

DRu 67.86 51.73 49.79 51.74 35.51 45.43

DRh 36.94 36.66 36.71 32.21 4.40 4.94

DOs 4.45 8.18 8.45

DIr 2.72 2.73 4.18 2.54 2.23 3.10
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have been modified by metamorphism. Therefore, the calculated magmatic partition

coefficients may represent minimum values. This is particularly true for the type-II

cores from the southern area (Kapili), which experienced higher-grade

metamorphism and are less likely to represent magmatic compositions.

6.3. Significance of different correlation trends in bulk-rock geochemistry

The various relations of bulk-rock major and trace element geochemistry of the

entire komatiite sequence from three sections of the Gorumahishani greenstone belt

reflect the modal variation of minerals across the lithology of the komatiitic suite of

rocks (Fig. 17a-l). The cumulate and spinifex zones are extensively serpentinized, and

serpentine consumes H2O in the samples (e.g. Lamadrid et al. 2017). As a result, a

positive correlation in MgO vs. LOI is observed. (Fig. 16a). The plots of other major

and trace elements vs. LOI show little or no influence of metamorphic modification

on the major and trace element geochemistry of the komatiitic rocks (Fig. 16a-h).

Both Al2O3 and TiO2 are less mobile and show a negative correlation when plotted

against LOI (Fig. 16b, c) supporting that their concentrations were not disturbed due

to metamorphic modification of the komatiites. Similarly, trace elements like Ga, Cr,

V, and Y vs LOI of the meta-dunites and meta-peridotites also show a negative

correlation indicating their robustness during metamorphic modification (Fig. 16e-h).

Ni shows a positive relation with LOI in the meta-dunites and meta-peridotites which

is due to higher modes of olivine (altered to serpentine) in the rocks (Fig. 16d). The

meta-basalts show variable major and trace elements concentration without any

change in LOI indicating their robust character during metamorphic modification of

the rocks (Fig. 16a-h). Thus, the komatiitic rocks show little effect of metamorphic
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modification on bulk-rock major and trace element mobility. Therefore the plots of

major and trace elements are used to understand the primary magmatic processes

responsible for these early Archean komatiitic rocks (Fig. 17a-l).

The Gorumahishani komatiitic suite of rocks shows a distinct variation in its

mineral modes from the meta-dunite at the bottom to the komatiitic meta-basalt at

the top. A negative relation in the MgO vs. SiO2 plot (Fig. 17a) and the alignment of

the bulk-rock data along the olivine fractionation trend indicate olivine-control

magma fractionation (e.g. Grove and Parman 2004). The negative relations in the

MgO vs. Al2O3, CaO, Sc, and Sr plots are due to the incompatibility of these elements

during olivine crystallization from the komatiitic magma (Fig. 17c, d, g, h).

Petrographic study shows that the chromite mode is relatively higher in the meta-

peridotite from the spinifex zone than in the lower cumulate zone which is also

reflected in the bulk-rock Cr concentration variation across the komatiitic sequence

(Figs. 4, 17k). In the meta-basalt, the oxide mineralogy is dominated by magnetite,

therefore, the Cr concentration drops with decreasing MgO (Fig. 4). The magma

evolution trends of the Gorumahishani komatiitic rocks are best matched with the

early Archean Barberton komatiites of South Africa (Robin-Popieul et al. 2012;

Puchtel et al. 2013; Fig. 17a-l). It is observed that despite following the same trend,

the samples of section A have a low concentration of FeO(T), and TiO2 and higher

concentrations of Al2O3, and Cr than the other two sections (Fig. 17c, e, g, j). As there

is no such variation in mineral assemblage or mineral modal abundance from section

A komatiitic suite of rocks than sections B and C, the change in elemental

concentrations reflects the difference in the mantle source chemistry (e.g. Waterton

et al. 2017, 2021).
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The bulk-rock PGE geochemistry can be used as a tracer of the chemical

character of the mantle source as well as the processes involved during magma

evolution (e.g. Khatun et al. 2014; Mukherjee et al. 2014; Mondal et al. 2019). The

bulk-rock PGEs show characteristic trends for the Gorumahishani komatiitic rocks

(Fig. 20, 21). The positive correlations between MgO, Cr vs. Ru, Ir (Fig. 20j-o, 21j-o)

and the negative relations in the MgO, Cr vs. Pd/Ru, Pd/Ir plots (Fig. 22b, c, e, f) are

due to the early crystallization of chromites during the formation of the dunite-

peridotite sequence and magnetite during the formation of the komatiitic basalt.

Experimental works also demonstrate the high partition coefficients of IPGEs and Rh

to chromite structure from silicate melt. However, these partition coefficient values

can vary depending on the fO2 condition of the magma (e.g. Capobianco and Drake

1990; Capobianco et al. 1994; Righter et al. 2004; Brenan et al. 2012; Park et al.

2012). Brenan et al. (2012) conducted experiments at 0.1 MPa and 2 GPa pressure

and 1400 - 1900°C temperature with fO2 = IW + 1.6 to IW + 2.1. Their experiments

yielded partition coefficient values for DRu= 4 and DRh, Ir= 0.04 - 1. On the other hand,

these partition coefficient values were higher at more oxidizing conditions (fO2 = IW

+ 3.1 to IW + 7.2) where DIr= 186.9, DRu= 37.9, and DRh= 89 (Brenan et al. 2012).

Other experimental works also determined the high partition coefficient values of DIr

= 5 - 22,000, DRu= 20 - 4000, and DRh = 41 - 530 at fO2 varies between NNO to HM

buffer (Capobianco and Drake 1990; Capobianco et al. 1994; Righter et al. 2004).

Park et al. (2012) determined the partition coefficients between basaltic magma and

Cr-spinels from the Ambae volcano, Vanuatu, with fO2 = QFM + 2.5 and yielded DOs =

288, DIr = 472, DRu = 2448, and DRh = 641. Overall, a weak negative correlation of Pd

and Pt with MgO and Cr (Fig. 20 a-f, 21a-f) indicates the incompatibility of these
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PPGEs with early fractionated phases (olivine and chromite). However, Pt in the

samples of section A shows a positive correlation with Cr (Fig. 21a) which may be

due to the presence of Pt-bearing phases (alloys or sulfides) as micro-inclusion in the

early fractionated chromite grains (e.g. Borisov and Palme 1995, 2000; Lorand et al.

1999, 2013; Fonseca et al. 2012). There is a weak negative relation between Pd/Ir

and Ni/Cu for the samples of the three sections (Fig. 22g). Olivine prefers Ni over Cu

and chromite prefers Ir over Pd (e.g. Barnes et al. 1988; Mukherjee et al. 2015). Thus

early crystallization of olivine and chromite decreases the Ni/Cu ratio and increases

the Pd/Ir ratio in the fractionated melt.

The Gorumahishani komatiitic rocks contain very minor to negligible Ni-Cu-

Co-bearing sulfides in a few samples from the cumulate and spinifex zones (Fig. 3m-

p). In a silicate melt-sulfide liquid system the PGEs show a strong preference towards

base metal sulfides with the sulfide-silicate partition coefficient ranging from ˜103 to

˜106 as observed from the experiments and natural occurrences (e.g. Peach et al.

1990, 1994; Fleet et al. 1996; Andrews and Brenan 2002; Fonseca et al. 2009;

Mungall and Brenan 2014). Cr, Ni, Co, Cu, and S along with PGEs and their ratios are

plotted across the komatiitic sequence from the three sections (Fig. 23). The sulfide

minerals chalcopyrite, pentlandite, Co-violarite, millerite, and bornite are present in

a few samples from the cumulate and spinifex zones of the komatiitic rocks (Fig. 3m-

p). If the sulfide phases were responsible for fractionating the PGEs in the komatiitic

sequence then there must be a harmonious peak in the concentration of PGEs along

with S, Ni, Cu, or Co. The sulfide-bearing samples MIC/16/37 and SHB/19-12/78 from

sections B and C show peaks in S along with Pt, Pd, Ru, or Os concentrations

indicating a localized control of sulfide minerals on the PGE fractionation (Fig. 23).

171



Two sulfide-bearing komatiitic basalt samples from the section C (SHB/19-12/73 and

SHB/18/27) have peaks in S and Cu concentrations but not in PGEs indicating no

relation with Cu-bearing sulfides and the PGEs in the rocks (Fig. 23). Four samples

from the three sections do not have sulfide minerals but show notable peaks in PGE

concentrations which may be due to the presence of platinum-group minerals (PGM)

or alloys in the rocks. The presence of PGM inclusions (e.g. laurite, erlichmanite,

IPGE alloys) in the chromite grains also causes PGE anomalies (e.g. Fiorentini et al.

2004, 2008; Finnigan et al. 2008; Locmelis et al. 2011; Pagé et al. 2012; Mondal et al.

2019; Haugaard et al. 2021), however, so far these phases are not identified in the

chromites or the studied komatiitic rocks from the Gorumahishani belt.

6.4. Chemical character of the mantle source and origin of the komatiitic magma

Based on the bulk-rock geochemistry of the Gorumahishani komatiitic suite of rocks

are classified as Ti-depleted (in section A) and Al-depleted komatiites (in sections B

and C (Fig. 15b). The composition of these komatiites are compared with the other

Archean komatiitic suite of rocks from Indian cratons as well as from different parts

of the world (Fig. 15b, 29a). It is observed that the Archean komatiites from the

Badampahar greenstone belt in the Singhbhum Craton also show two distinct

geochemical characteristics like the Gorumahishani komatiites (Fig. 15b, 29a). This is

a common observation for other global occurrences where Al-depleted, Al-

undepleted, or Ti-depleted komatiites are present and systematically studied (Fig.

15b; Lahaye et al. 1995; Puchtel et al. 2004, 2009a; Blichert-Toft et al. 2004; Maier et

al. 2009; Robin-Popieul et al. 2012; Sossi et al. 2016). It has been proposed that the

Al-depleted komatiites are generated from a garnet-peridotite mantle source with
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majorite garnet retained at the residue (e.g. Nesbitt et al. 1982; Xie and Kerrich 1994;

Arndt et al. 2008; Robin-Popieul et al. 2012). These studies showed that Al2O3 and Yb

are more compatible in majorite garnet during the melting of a garnet peridotite

mantle source. The komatiitic rocks from sections B and C are characterized by low

Al2O3/TiO2 (<15) and high Gdn/Ybn indicating an origin from a garnet peridotite

source (Fig. 15b, 29a; (e.g. Xie and Kerrich 1994; Arndt et al. 2008; Robin-Popieul et

al. 2012; Netshidzivhe et al. 2023). The samples from section A are Ti-depleted with

a very low Gdn/Ybn ratio (Fig. 29a). This possibly indicates their origin from a

previously depleted mantle source (e.g. Wilson 2019; Waterton et al. 2021).

Existing models for the origin of Al-depleted komatiites propose the

generation of high-Mg silicate melt from a rising plume of garnet-peridotitic material

at P ≥ 6 GPa and T ≥ 1600°C (e.g. Walter 1998; Asahara et al. 1998; Herzberg and

O’Hara 2002; Arndt 2003). High-Mg silicate melt formed by partial melting at this

high pressure is more compressible than their solid residue and the density

difference becomes minimal (e.g. Ohtani 1984; Ridgen et al. 1984; Miller et al. 1991).

Therefore, the mantle plume at this depth must produce a significant amount of

partial melt to escape to the surface. It is less likely that the Ti-depleted komatiites of

section A generated by a second stage of melting of this depleted plume source at

the garnet-peridotite stability field because of their HREE-depleted character (Fig.

18a-d) and almost similar Al2O3 content (1.42 - 6.88 wt.%) compared to the Al-

depleted samples (Al2O3= 0.31 - 5.62 wt.%). The second stage of melting of a garnet

peridotite residue would require a high degree of partial melting. This might have

resulted in high HREE and Al2O3 in the Ti-depleted komatiitic rocks but this is not true

for the section A samples (Fig. 18a-d). In this context, a second stage of melting of
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the same depleted mantle plume at a shallower depth similar to the spinel peridotite

stability field (P < 4 GPa and T < 1500°C) might be a more possible mechanism to

generate the Ti-depleted komatiites of section A (e.g. Robinson and Wood 1998;

Arndt 2003; Wilson 2019; Waterton et al. 2021). This process could produce MgO-

rich (29.12 - 43.32 wt.%) and highly Ti-depleted (0.02 - 0.13 wt.%) melt than the first

stage of melting of a garnet peridotite mantle source (MgO = 20.90 - 42.76 wt.%,

TiO2 = 0.10 - 0.54 wt.%; Table 8). The density difference between melt and residue is

much less than in the previous case and melt can escape from the depleted mantle

source by a high degree of partial melting (e.g. Arndt et al. 1997; Arndt 2003). The

depleted LREE pattern of section A komatiites compared to sections B and C along

with low FeO(T) and high Cr content also support the origin from a depleted mantle

source (Fig. 18a-d, Table 8). Chromium is compatible with garnet during high-

pressure melting of a garnet peridotite source (e.g. Klemme et al. 2009). Therefore,

the komatiitic melt generated due to a high degree of partial melting of a depleted

mantle source should release more Cr than the previous melting.

To quantify two extreme ends of komatiite melt generation in the

Gorumahishani greenstone belt, a two-stage melting of the mantle plume has been

modeled based on a non-modal batch melting equation (Shaw 1970). The first stage

of melting is considered to take place at the garnet peridotite source containing

garnet, olivine, orthopyroxene (Opx), and clinopyroxene (Cpx). 10 %, 20 %, 30 %, and

40 % non-modal batch melting has been performed at the plume source by varying

their mineralogical composition from 5 % garnet to 10 %, 15 %, and 20 % garnet in

every melting stage (Fig. 29b). The second stage of melting is considered to take

place at the spinel peridotite source containing olivine, orthopyroxene, and spinel
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with 10 %, 20 %, 30 %, 40 %, and 50 % non-modal batch melting (Fig 29c). Non-

modal batch melting lines of these two stages of melting are produced based on the

partitioning of (Gd/Yb) and TiO2 between the source mantle and the komatiitic melt

(McKenzie and O’Nions 1991). In the first stage, it is observed that the Al-depleted

komatiitic melt can be produced by 27 % partial melting of a plume at a garnet

peridotite depth with 15 % garnet (Fig. 29b). Although the melt % varies with the

change of garnet modal %; the consideration of 15 modal % garnet at the source of

Al-depleted komatiite is consistent with the previous works (e.g. Arndt 2003; Robin-

Popieul et al. 2012). After the first stage of melting, the depleted mantle plume

ascends to a shallower level and the second stage of melting takes place at the spinel

peridotite stability field. To produce a Ti-depleted komatiite, like section A, a high

degree of partial melting (~45 %) is required (Fig. 29c). In the proposed model,

spinifex textured komatiites from the Gorumahishani belt are considered as the

parental komatiitic melt composition (e.g. Barnes et al. 1995). There are

experimental studies as well as models based on natural komatiites that showed

~40 % - 50 % partial melting of a depleted mantle source to generate komatiitic

melts similar to those occurring in different parts of the world (e.g. Herzberg 1992;

Walter 1998; Robin-Popieul et al. 2012; Sossi et al. 2016).

Alternative theories are available to explain the high degree of partial melting

(~40 % - 50 %) of a spinel peridotite mantle source to generate komatiitic magma.

One of the theories proposes a hydrous melting of the source mantle (e.g. Allègre

1982; Echeverría 1982; Grove and Parman 2004; Fiorentini et al. 2008; Sobolev et al.

2016). After originating from the plume source, the komatiitic melt rises to the

surface via rift zones generated within the proto-crust. The rift basin gradually
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transforms into an ocean basin where water can percolate through the rift axis like

the modern-day mid-ocean ridge settings (e.g. Langmuir and Forsyth 2007). In this

setting, a high degree of melting of the depleted shallow mantle source under a

hydrous condition might have generated the komatiites similar to that of section A

within the Gorumahishani greenstone belt (e.g. Echeverría 1982). Sobolev et al.

(2016) proposed the existence of a hydrous deep-mantle reservoir based on the

study of hydrous melt inclusions in magnesian olivine in the Archean komatiites from

the Abitibi greenstone belt in Canada. Water-bearing wadsleyite [Mg4O(Si2O7)] or

ringwoodite [(Mg, Fe2+)2SiO4] acts as a source of water when the plume passes

through the mantle transition zone at ~410 km depth (Sobolev et al. 2016). Although,

H2O bearing fluid inclusions in the pristine olivine grains are not identified from the

metamorphosed komatiites of the Gorumahishani greenstone belt, such supply of

water from the deep mantle to the plume source is still possible which can expedite

the high degree of partial melting at the second stage. Fiorentini et al. (2008)

reported hydromagmatic primary amphiboles from the Pechenga ferropicrites and

interpreted that the source of volatiles might be either a metasomatized

subcontinental lithospheric mantle or a hydrous plume. However, the primary

magmatic amphibole is not identified in the metamorphosed komatiites (Fig. 3f, g)

or as inclusions in chromite, olivine, or pyroxene from the Gorumahishani belt.

Besides the plume origin of the komatiitic suite of rocks, Allègre (1982)

proposed a hydrous melting of an undifferentiated peridotitic oceanic proto-crust at

a shallow mantle depth (40 - 70 km) in a subduction environment. According to their

model, the hydrated peridotitic oceanic crust had gone through a high degree of

partial melting when intersecting the wet-solidus at a high Archean geothermal
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gradient. An experimental study by Parman et al. (1997) also pointed to a subduction

origin of the ˜3.5 Ga Barberton komatiites. They compared the composition of

igneous pyroxene from the olivine spinifex unit with pyroxene from a laboratory

experiment at 0.1 MPa under anhydrous conditions or 100 - 200 MPa under hydrous

conditions. This comparison showed that the pyroxene minerals contained 6 wt.%

magmatic water, and the H2O in komatiitic magma might sourced from a subducted

oceanic crust. Based on the experimental study, Parman et al. (2001) proposed that

the Archean Barberton komatiitic basalts are equivalent to modern boninites and

were generated by a hydrous melting process in a subduction zone. Higher SiO2,

lower TiO2, positive anomalies in Zr and Hf, and a U-shaped REE pattern of the

komatiitic rocks also showed some similarity with boninites, along with petrographic

evidence for high magmatic H2O contents. Extraction of Barberton komatiitic melt

gave rise to a depleted mantle residue as represented by part of the material

forming the Kaapvaal cratonic keel (e.g. Parman et al. 2001, 2004; Grove and Parman

2004).

6.5. PGE geochemical and Sm-Nd isotopic constraints on the mantle source and the

melting processes

Primitive mantle normalized PGE plots of the 3.5 Ga komatiitic rocks from the

Gorumahishani greenstone belt show a PGE-depleted character (Fig. 24a-d). The PGE

patterns are compared with the early to late Archean komatiites from other cratons

e.g. Yilgarn, Kaapvaal, Pilbara, Karelia, Superior, and Western Dharwar Cratons (Fig.

24d). The Gorumahishani komatiites show a similar depleted character to other early

Archean komatiites. Based on the PGE geochemistry of komatiites of different ages,
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Maier et al. (2009) showed that there is a gradual enrichment of PGEs in the late

Archean komatiites (Fig. 24d). Maier et al. (2009) hypothesized this character as

evidence of progressive mixing of PGE-rich chondritic materials with the Earth’s

mantle during the late heavy meteorite bombardment (˜4.5 Ga - 3.8 Ga; Chou 1978).

The early Archean komatiites were formed during the slow accretion of the PGE-rich

cosmic material and bear a depleted PGE character that was generated due to early

core segregation (e.g. Stevenson 1981; Maier and Mundl-Petermeier 2023). The

relatively younger komatiites (Mesoarchean to Late Archean) show PGE-enriched

character due to the slow and gradual mixing of the chondritic materials and a

homogenous mixing was completed by 2.9 Ga (Maier et al. 2009). Puchtel et al.

(2004, 2014, 2016) explained the change in PGE characters in komatiites with time as

a consequence of the heterogeneous mantle source domain in terms of PGE

geochemistry. They proposed the existence of Pt-enriched and Pt-depleted mantle

domains during the major silicate differentiation of the Earth (e.g. Stevenson 1981).

Recent research by Waterton et al. (2017, 2021) showed that the Paleoproterozoic

Winnipegosis komatiites (ca. 1.9 Ga), Canada, have a depleted PGE character that

questions the gradual PGE enrichment of the Earth’s mantle during progressive

mixing with the PGE-rich chondritic component (e.g. Maier et al. 2009).

According to Waterton et al. (2021), Ru is a good tracer to study the PGE

partitioning behaviour of the evolving Earth. In the fertile mantle xenoliths, PGEs are

concentrated in base metal sulfides (e.g. Lorand and Alard 2001) and retain as alloy

phases in the depleted mantle after the complete exhaustion of sulfides due to a

high degree of partial melting (e.g. Luguet and Pearson 2019). If the mantle

peridotite is critically melted at a high temperature (~1650°C), the initial melt after
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~10 % partial melting contains a low Ru concentration because high-temperature

sulfides are still present in the mantle source (Waterton et al. 2021). After high

degrees of partial melting (~20 % - 25 %) at the same temperature, these sulfides are

completely exhausted from the mantle and Ru content increases in the melt (e.g.

Waterton et al. 2021). The melting model indicates that komatiitic melt can be

generated during the first stage of melting at garnet peridotite depth by 27 % of

partial melting of a rising plume (Fig. 29b). Therefore, the mantle source probably

reaches sulfide exhaustion and the Ru in sections B and C komatiitic rocks of the

Gorumahishani greenstone belt may have a concentration in the range of 3 - 8 ppb.

The lower values of Ru in komatiitic rocks possibly indicate early Ru removal from

the silicate melt as alloy phases (e.g. Lorand et al. 2013). The upper limit of these

values is closely similar to the primitive mantle Ru content of 7 ppb (e.g. Becker et al.

2006) and may indicate a complete sulfide exhaustion from the source. After

complete sulfide exhaustion during a high degree of partial melting at the first stage,

Ru concentration in the second stage melt should be low (e.g. Waterton et al. 2021).

The Ti-depleted komatiite of section A within the Gorumahishani belt has Ru content

in the range of 3 - 5 ppb which can be explained by the model proposed by Waterton

et al. (2021). However, the possibility of early removal of Ru-bearing alloys from the

silicate melts may be another possible mechanism for Ru-depletion in the komatiites

(e.g. Lorand et al. 2013). In addition, a low concentration of Ru in the Ti-depleted

komatiite is possible if the melt is generated from a reduced mantle source where

DRu is relatively higher towards the silicate melt (e.g. Waterton et al. 2021; Zhou et al.

2023).
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In the normalized PGE plots most of the komatiitic samples of sections B and

C from the Gorumahishani belt have negative Os, Ru, and Pt anomalies and a sample

from section A has a negative Ir anomaly (Fig. 24a-c). Although the komatiitic rocks

from the entire belt contain chromites, these negative anomalies of Os, Ru, and Pt

(and Ir) strongly suggest early removal of PGE alloys before the onset of chromite

crystallization from the rising komatiitic melt or retention of PGE-alloys in the mantle

residue during high-degree of partial melting. Based on an experimental study at

1300°C, Fonseca et al. (2012) proposed that the Os-Ir alloys can precipitate directly

from a silicate melt, which is found in the mantle rocks. Ru, Os, and Ir have low

solubility in the silicate melts and their sulfide matte/silicate-melt partition

coefficients are quite high (Brenan and Rose 2002; Fonseca et al. 2012). Thus, partial

melting and extraction of sulfur into the silicate melt from the base-metal-sulfide

matte in the mantle can lead to a decrease in the fS2 condition of the mantle. This

low fS2 condition may lead to the exsolution of IPGE or Pt-alloys from the refractory

matte because of the decrease in solubility of PGEs (e.g. Borisov and Palme 1995,

2000; Fonseca et al. 2012). Lorand et al. (1999) from the study of Pyrenean orogenic

lherzolites showed that Pt along with Ir and Ru can reside in the mantle as melting-

resistant atomic clusters or micro alloys after significant melt extraction. In another

study, Lorand et al. (2013) discussed that the platinum-group minerals (PGM) may

present as a refractory residue of platinum-iridium-osmium alloys as found in many

sulfide-free residual mantle peridotites. Mantle xenoliths from the Slave Craton and

the Kaapvaal Craton also show evidence of the presence of PGM or alloy phases

(Irvine et al. 2003; Luguet et al. 2007). A late-stage sulfur saturation of the

Gorumahishani komatiitic melt and their S-undersaturated character before the
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eruption to the surface may be the reason for the early crystallization and

precipitation of PGE phases. Wittig et al. (2010) proposed that the Ru (Os, Ir)-rich

alloys can be eliminated from their mantle source by dissolving into the S-free, Si-

poor komatiitic melt at a temperature of 1600 - 1700°C. However, it is difficult to

incorporate the PGEs in melts during mantle melting (e.g. Alard et al. 2000) because

the PGM or alloy phases might have reprecipitated from the komatiitic melt close to

the melting site.

The Sm-Nd errorchron of the 3.5 Ga Gorumahishani komatiites gives an εNd(T)

value of 0.1 for the section C samples whereas the calculated values for eighteen

samples give an average εNd(T) = - 0.17 ± 1.85. Overall, the Sm-Nd isotopic character

of the Gorumahishani komatiites shows similarity with the primitive mantle. Most of

the samples have positive εNd(T) values (εNd(T) = +0.11 to +2.02), other than the five

samples that yielded negative εNd(T) values (εNd(T) = -0.04 to -2.37) (Table 10). The

positive εNd(T) values may indicate a slightly depleted mantle source domain and

agree with the PGE geochemical constraints on the mantle source (Fig. 24a-d). On

the other hand, the five negative εNd(T) values may indicate a little perturbation of the

Sm-Nd isotopic systematic due to metamorphism (e.g. Blichert-Toft et al. 1999).

However, the 143Nd/144Nd vs. Lan/Smn plot reveals no such isotopic disturbance due

to metamorphic modification of the rocks (Fig. 25a). Alternatively, this may be due

to little heterogeneity of the mantle source in terms of incompatible trace element

concentrations (e.g. Lahaye et al. 1995; Jayananda et al. 2008). In the age vs. εNd(T)

plot (Fig. 26), the Gorumahishani komatiites show an εNd(T) value well within the

range of the early Archean komatiites worldwide like Barberton komatiite, Kaapvaal

Craton (South Africa), Warrawoona Group komatiite, Pilbara Craton (Australia),
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Sargur group komatiite, Western Dharwar Craton (India), and Daitari komatiite,

Singhbhum Craton (India). Most Early Archean komatiites and other rock samples

from different parts of the world exhibit positive εNd(T) values, indicating a depleted

mantle character (e.g. Bennett et al. 1993; Nebel et al. 2014) (Fig. 26). In

Mesoarchean to late Archean, komatiites and other rock samples show an increase

in negative εNd(T)values, which may indicate a shift towards horizontal tectonics and

subsequent mantle metasomatism or crustal contamination event (e.g. Jahn and

Condie 1995; Roy et al. 2004; Mukherjee et al. 2012) (Fig. 26).

6.6. Geodynamic implications

Available geochronological studies on komatiitic and felsic volcanic rocks from the

three IOG greenstone belts in the Singhbhum Craton e.g. Tomka-Daitari, Noamundi-

Jamda-Koira and Gorumahishani-Badampahar greenstone belts (Fig. 1a) revealed the

ages around 3.6 to 3.5 Ga (e.g. Basu et al. 2008; Mukhopadhyay et al. 2008; Adhikari

et al. 2021a; Jodder et al. 2021). The current study on the Gorumahishani komatiitic

suite of rocks also yielded a whole rock Sm-Nd errorchron age of ~3.5 Ga. This study

along with other recent research works on the Singhbhum Craton confirm that the

rocks of the Older Metamorphic Group, Older Metamorphic Tonalite Gneiss, older

phases of the Singhbhum Granitic Complex, and the three greenstone belts are more

or less coeval within a period of ~3.6 Ga - 3.3 Ga (e.g. Sharma et al. 1994; Goswami

et al. 1995; Mishra et al. 1999; Tait et al. 2011; Upadhyay et al. 2014; Dey et al. 2017;

Chakraborti et al. 2019; Pandey et al. 2019).

The current research proposes that the Gorumahishani komatiites with two

distinct compositional types were formed from the rising plume of peridotitic
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materials where melting took place in two different depth fields. The first-stage melt

generation was restricted at the garnet peridotite stability depth that generated the

Al-depleted komatiite whereas the Ti-depleted komatiitic melt was generated due to

the second-stage melting of the same depleted plume source at a shallow depth (Fig.

29b, c). According to this model, the komatiitic melts erupted through an older mafic

proto-crust (older than 3.6 Ga) (Fig. 19a-c). The Hadean to early Archean

geochronology of the Singhbhum Craton is evidenced by the presence of detrital and

xenocrystic zircons of ca. 4.2 - 3.6 Ga (e.g. Chaudhuri et al. 2018; Miller et al. 2018;

Olierook et al. 2019; Sreenivas et al. 2019; Bhattacharjee et al. 2021). Based on Re-

Os isotope systematics of chromites from the Sukinda and Nuasahi ultramafic-mafic

complexes in the Singhbhum Craton, Mondal et al. (2007) reported a mantle

depletion age of ~3.7 Ga. This indicates that the initial melting of a primitive mantle

started as early as ˜3.7 Ga in the Singhbhum Craton and suggested the probable

existence of a contemporary ancient crust.

Petrological and geochemical studies indicate that the Gorumahishani

komatiites were generated from the hot mantle plume at different depths and

erupted at the surface through rift basins similar to many other komatiites

worldwide (e.g. Glikson 1971; Fyfe 1978; Bickle 1993; Arndt 2003; Robin-Popieul et

al. 2012; McKenzie 2020; Waterton et al. 2021) (Fig. 30). There are several

alternative hypotheses for the generation of komatiitic magma in various tectonic

settings. Researchers (e.g. Shimizu et al. 2001; Sobolev et al. 2016) suggested that

komatiitic melts might have been generated from the hydrous plume source and the

hydrous phases were added to the plume from the mantle transition zone or the

upper mantle. Wilson et al. (2003) proposed that the komatiite genesis begins by
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melting of a hot mantle plume at a deeper depth to produce Al-depleted komatiites

and the residual depleted mantle may be melted again at a relatively shallower

depth under an H2O saturated condition within a subduction setting to produce the

low TiO2/Al2O3 komatiites. According to Parman et al. (2001, 2004) and Grove and

Parman (2004), komatiitic magma might be generated due to hydrous mantle

melting within a subduction setting.

The Archean greenstone belts are closely associated with tonalite-

trondhjemite-granodiorite-granitic rocks (TTG) of similar age. Moyen and Martin

(2012) summarized the origin of the TTG suite of rocks by (i) melting at the base of a

thick oceanic plateau over the upwelling mantle plume, (ii) melting of the

delaminated mafic crust at the downwelling part of the convective mantle, and (iii)

melting of the subducted mafic oceanic crust. The early Archean greenstone belts of

the Singhbhum Craton are mostly associated with the felsic batholithic plutons of the

Singhbhum Granite Complex. In addition, TTG rocks of the OMTG are also present at

different places in the craton (Fig. 1b). The ~3.5 Ga tonalitic enclave known as the

Patna tonalite is located near the Gorumahishani greenstone belt. These TTG are

characterized by high-HREE concentrations (Dey et al. 2017). The low-HREE TTG

rocks are also located in the Champua area (~3.5 Ga, Sharma et al. 1994). Both the

high-HREE and low-HREE TTG rocks from the Singhbhum Craton are characterized by

low Mg# along with low Cr and Ni concentrations indicating that their parental melts

can not be generated from a subducted oceanic crust (e.g. Saha 1994; Sharma et al.

1994; Dey et al. 2017). If melting of the subducted mafic crust produced the parental

melts of the TTG then it must have passed through the overlying mantle wedge

whereby their Mg# along with MgO, Cr, and Ni concentrations should be increased
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(e.g. Smithies 2000; López et al. 2006). Geochemical modeling and experimental

studies also point towards the melting of ultramafic-mafic crust at different depths

to produce parental melt of the high- and low-HREE TTG rocks (e.g. Rapp and

Watson 1995; Moyen 2011). According to these researchers, the trace element

composition of the tonalite-trondhjemite-granodioritic rocks is strongly controlled by

the mineralogy of the source and the depth of melting. Parental magma for the low-

HREE tonalite-trondhjemite-granodioritic rocks can be generated at the deeper

crustal depth where garnet is stable with pressure-temperature varies between 10

kbar at 700°C to 15 kbar at 1200°C (Moyen and Martin 2012). On the other hand,

parental magma for the high-HREE tonalite-trondhjemite-granodioritic rocks can be

generated by melting of the mafic-crust at a shallow to moderate depth (~8 - 10 kbar)

(e.g. Moyen and Stevens 2006) where plagioclase, pyroxene, and amphibole are

stable. Therefore, it may be possible that the parental magmas of the early Archean

tonalite-trondhjemite-granodioritic rocks of the Singhbhum Craton generated by the

melting of the mafic proto-crust at different depths (e.g. Champion and Smithies

2007; Moyen et al. 2007; Dey et al. 2017) (Fig. 30).

The supracrustal rocks of the Older Metamorphic Group (OMG; Saha 1994)

are present as enclaves along with the OMTG rocks within the Singhbhum granite

batholithic complex. Saha (1994) reported that the amphibolites of the OMG are

LREE enriched without HREE depletion indicating their probable origin related to the

melting of a mafic primordial crust at a moderate depth (Fig. 30). Saha and Ray

(1984), Mukhopadhyay (2001), and Chaudhuri et al. (2022) also postulated that the

OMG amphibolites have a komatiitic to tholeiitic affinity and pointed to their
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fractional crystallization origin from an ultramafic parental magma like those of the

upper komatiitic/ tholeiitic/ picritic basalts of the Iron Ore Group supracrustal unit.

The voluminous older phases of the Singhbhum granites (phase-I and phase-II;

Saha 1994) are the most prominent felsic magmatic units in the Singhbhum Craton.

The phase-I granitic rocks are mostly granodiorites-trondhjemites and the phase-II

rocks are granodiorites grading to adamellitic granites (e.g. Saha 1994). The

emplacement of the different phases of the Singhbhum granite batholithic complex

during the early Archean points toward a continuous mantle plume activity (e.g.

Saha 1994; Dey et al. 2017). Underplating and intraplating of plume-generated

ultramafic-mafic magma in several episodes resulted in repeated crustal reworking

(Dey et al. 2017; Fig. 30). Low K2O and FeOtotal/MgO, and high Cr/Ni of the phase-I

and phase-II granitic rocks compared to the phase-III variety indicate their origin by

repetitive melting of the ultramafic-mafic crustal component (Saha 1994). Therefore,

it may be possible that the ultramafic-mafic proto-crust of the Singhbhum Craton

was melted during the emplacement of the high-temperature komatiitic magma at

different depths in different degrees to produce the parental magmas of the older

phases of the Singhbhum granite batholithic complex (phase-I and II) and the

tonalite-trondhjemite-granodiorite suite of rocks of the OMTG (Fig. 30).

Fractionation of these magmas resulted in variations in the older phases of the

Singhbhum granites and the tonalite-trondhjemite-granodiorite.

Based on Archean komatiite formation along with the associated TTG, this

study proposes a geodynamic model for the early crustal evolution of the Singhbhum

Craton (Fig. 30). The continuous heat conduction from a hot mantle plume

generated a soft and ductile crust that induced sagging of the overlying crustal
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materials and formation of a basinal environment (e.g. Dey et al. 2017). Komatiitic

magmas were emplaced within these basins through rifting and the rift basins

gradually transformed into ocean basins (e.g. Rosendahl 1987; Leroy et al. 2004).

Pillow basalts that are located at the top of the komatiitic sequence from the

Gorumahishani, Badampahar, and Daitari areas (e.g. Ghosh et al. 2019; Bachhar et al.

2021; Jodder et al. 2021, 2023) and also cross-laminated sedimentary units, graded

bedding, and ripple lamination from the top of the volcano-sedimentary sequences

of the greenstone belts indicate subaqueous environment (e.g. Mazumder and

Chaudhuri 2019; Jodder et al. 2021, 2023). The continuous rifting process of the

ocean floor, therefore, leads to the subduction of oceanic lithosphere under the

continental lithosphere in an active continental margin setting. The Mesoarchean to

late Archean ultramafic-mafic intrusive rocks (e.g. Nuasahi-Sukinda-Mayurbhanj

Complexes) and the volcanic rocks of the younger greenstone belts (e.g. Dhanjori-

Simlipal-Dalma-Jagannathpur-Malangtoli belts) are thought to be formed from the

magmas that were originated in the lithospheric mantle wedge by hydrous melting

within active continental margin settings (Figs. 1a;Mondal et al. 2021; Bhattacharjee

et al. 2022). The emplacement of these magmas adjacent to the early Archean

greenstone belts (~3.6-3.5 Ga) supplied the heat required for the metamorphism of

these rocks. The voluminous younger felsic plutonic rocks (Mayurbhanj-Nilgiri-Bonai

granitic complexes) were formed from the felsic magmas that were generated by

melting and reworking of the early Archean TTG crust during the emplacement of

the ultramafic-mafic magmas from the continental lithospheric mantle wedge (e.g.

Mondal et al. 2021; Bhattacharjee et al. 2022). In addition to supplying the heat, the

younger igneous intrusions acted as the source of the pressure for the
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metamorphism of the early Archean rock suites in the craton. Evidence of

compressional deformation on the komatiitic and tonalite-trondhjemite-

granodiorite-granite suite of rocks is provided by many researchers. Saha et al. (2021)

have studied the Singhbhum granite phase-I and phase-II rocks around the

Gorumahishani-Badampahar greenstone belt and reported inclined to reclined folds

with steep NE-SW trending axial plane and steeply plunging mineral elongation-

lineations that indicate high strain zones in these areas. Similarly, Singhbhum granite

phase-II rocks show foliation and lineation fabrics along the contact with the

Gorumahishani-Badampahar volcano-sedimentary strata (Saha et al. 2021). A more

prominent signature of a compressional deformation is represented by the NE

trending tight to overturned synforms and antiforms as observed in the

Gorumahishani-Badampahar volcano-sedimentary sequence (Saha et al. 2021).

The researchers (e.g. De wit et al. 1992; Rodgers 1996; Bleeker 2003) proposed the

possibility of the existence of an early Archean supercraton considering the global

occurrence of the 3.6 Ga - 3.3 Ga komatiitic magmatism. Nearly ca. 35 cratonic

blocks are considered at the early Archean (e.g. Bleeker 2003). However, a

correlation was not possible because of the multiple break-up and dispersal events

by convective plumes (e.g. Taylor and McLennan 1985; Pollack 1997; Bleeker 2003).

It has been considered that the Archean Earth had twice the heat production than

today (e.g. Lambert 1980; Richter 1985) and was characterized by vigorous mantle

convection with smaller, faster plates. High geothermal gradient and high convection

rate of the Archean mantle implied a lower viscosity and, therefore, a thinner

lithosphere or thinner thermal boundary layer, which might not have the strength to

behave rigidly and gave rise to frequent break up of the Archean continental or
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oceanic plates into smaller ones (e.g. Davies 2007; Ernst 2017). Under this condition,

smaller, transient continental aggregations as supercratons were more likely than

the formation of a single large supercontinent. The ca. 3.5 Ga Vaalbara supercraton

(e.g. De wit et al. 1992; Rodgers 1996; Bleeker 2003) is one such hypothetical

supercraton, and the Singhbhum Craton might be a part of this. Petrological and

geochemical similarities of the early Archean Kaapvaal, Pilbara, Singhbhum, and

Dharwar Cratons (e.g. Nelson et al. 1999; Hofmann et al. 2016; Kumar et al. 2017)

possibly indicate their coexistence in the ancestral supercraton assembly. The

presence of ~3.6 - 3.5 Ga komatiitic magmatism event, ~3.3 Ga voluminous TTG

activity, ~ 3.0 - 2.7 Ga large-scale magmatic events as evidenced by igneous intrusive

and extrusive complexes and dyke-sills, and rifted margins of the Proterozoic age

therefore, possibly indicate the Kaapvaal, Pilbara, Singhbhum, and Dharwar cratons

are mere fragments of the Vaalbara supercraton. The similarity of paleomagnetic

data between the Archean dyke swarms from these cratons also indicates their

proximity to each other (e.g. Kumar et al. 2017).
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7. Conclusions

The major conclusions of this research are

a) The komatiitic suite of rocks in the Gorumahishani greenstone belt were

metamorphosed under greenschist to amphibolite facies. As a result, the primary

mineral assemblages of olivine, clinopyroxene, and plagioclase were altered to

an assemblage of serpentine, tremolite, chlorite, hornblende, epidote, and

carbonate minerals. Mineral assemblages like serpentine + tremolite + chlorite ±

calcite ± dolomite from the Maharajgunj-Chukapahar (section A) and Tua Dungri

areas (section B) indicate the effect of greenschist-amphibolite transition facies

metamorphism. From the Kapili area (section C), the silicate and carbonate

mineral assemblages like serpentine + tremolite + hornblende + chlorite ±

actinolite ± carbonate indicate metamorphism under amphibolite facies.

b) The accessory chromite grains from the metamorphosed komatiitic dunite-

peridotites within the greenstone sequence show optical and compositional

zoning patterns (classified as type I, II, III chromite grains) due to modification

with a relatively unaltered central core surrounded by ferritchromit to chrome-

magnetite rims. With increasing metamorphic grade from the northern (section

A, B) to the southern (section C) parts of the greenstone belt, the type-II and

type-III chromite cores, found in section C, display greater extents of diffusive

equilibration of trace elements such as Zn, Co, and Mn with associated silicate or

carbonate minerals than the type-I chromite cores from section B. Increasing Os,

Ir, Ru and Rh concentrations from the type-I cores to rims and lower

concentrations of these elements in the type-II chromite cores to undetectable

concentrations in the type-II rims are also related to the increasing metamorphic
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grade towards the southern part of the greenstone belt. The co-existing sulfide

or platinum-group mineral phases might control the diffusion of Os, Ir, Ru, and

Rh from the chromite grains.

c) Disseminated base metal sulfide minerals e.g. chalcopyrite, pentlandite, and

violarite in the komatiitic suite of rocks were modified during late-stage

alteration events. A thin bornite rim is observed surrounding the chalcopyrite

grain by replacing Fe2+ with Cu. Pentlandite shows replacement by millerite that

occurs as patches and can be explained by the replacement of Fe2+ by Ni from

the secondary alteration. The Fe2+ ions probably precipitate as magnetite

surrounding the sulfide mineral assemblages in the presence of oxidizing fluid.

d) Mass balance calculation shows that the cores of the type-I chromite contribute

< 1 % Sc, Ti, Ni, and Mn, and 2-5 % V, Ga, and Co to the whole-rock trace

elements budget. The type-II chromite cores contribute < 1-19 % Sc, Ti, Ni, Mn,

Ga, Co, and 18-40 % V, indicating a significant control of the modally abundant

silicate minerals on the whole-rock budget of these trace elements. In terms of

Os, Ir, Ru (IPGE), and Rh the type-I chromite cores contribute ≤ 20 %, and the

type-II chromite cores contribute ≤ 10 % of the whole-rock IPGE+Rh budget,

indicating the effect of metamorphism or equilibration with other PGE-bearing

phases. Calculation of empirical partition coefficients (D) of trace and platinum-

group elements based on the least altered cores of the type-I and type-II grains

and komatiitic whole-rock compositions yield values broadly comparable to the

low-end of the published natural and experimental DIPGE+Rh values as a result of

metamorphic modification. However, these interpretations should be viewed
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cautiously because of the limited number of in situ LA-ICP-MS PGE and trace

elements data.

e) The whole-rock major and trace elements across the komatiitic sequence reflect

the changing modes of the minerals during the magmatic crystallization process.

The fractionation of PGEs was controlled by the accessory chromites for the

lower meta-dunite-peridotite unit, whereas, by the accessory magnetite for the

upper meta-basalt. In addition, localized control of PGEs by disseminated sulfide

minerals is also observed in the meta-dunite-peridotites as evident by the

congruous peaks of PGEs with S, Ni, Cu, and Co across the komatiitic sequence.

f) The bulk-rock geochemical characteristics of the Gorumahishani komatiites

reveal two compositional types: (i) komatiites from section A are Ti-depleted,

whereas, (ii) from sections B and C are Al-depleted. Geochemical modeling

suggests that the Al-depleted komatiites were generated from a rising plume of

garnet-peridotite mantle source by 27 % partial melting with 15 % garnet in the

residue. Modeling also indicates that ~45 % partial melting of this rising

depleted mantle plume at the spinel-peridotite stability field might produce the

Ti-depleted komatiitic melt.

g) Sm-Nd isotopic study of the Gorumahishani komatiites yields an errorchron for

the samples from section C (Kapili area). An eight-point errorchron yielded an

age of 3508 ± 190 Ma (MSWD = 41, initial 143Nd/144Nd = 0.50808 ± 0.00025) with

εNd(T) = 0.1. The calculated εNd(T) is - 0.17 ± 1.85 for eighteen samples

representing the entire greenstone belt. Overall, the εNd(T) values of the

Gorumahishani komatiites are similar to the primitive mantle, however, the
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effect of crustal contamination or the presence of a slightly depleted mantle

source can not be ignored.

h) The chondrite-normalized REE plots and primitive mantle-normalized PGE plots

of the Gorumahishani komatiites show a depleted character. The depleted PGE

patterns of the early Archean Gorumahishani komatiites are similar to the other

early Archean komatiites from different greenstone belts worldwide. The PGE

patterns indicate the extraction of the komatiitic melt from the PGE-depleted

primitive mantle. The depleted character of the primitive mantle source

represents the early removal of PGEs during core segregation of the Earth within

a magma ocean. Distinct negative Os, Ru, and Pt anomalies of the

Gorumahishani komatiites may be due to the retention of Pt-Ru-rich micro

nuggets, such as isoferroplatinum (Pt3Fe), osmiridium (Os-Ir alloy), and Ru-Ir rich

alloys in the residual mantle or the early segregation of these PGE-bearing

phases from the ascending komatiitic magma.

i) Based on this study, a geodynamic model has been proposed for the early

Archean crustal evolution of the Singhbhum Craton. According to this model the

komatiitic magma generated within a rising plume from different depths

forming Al-depleted and Ti-depleted komatiites that were erupted within a rift

setting under sub-aqueous conditions. During the emplacement, the high-

temperature komatiitic magma supplied heat for the melting of the mafic-rich

proto-crust in different depths that generated parental magmas for the early

Archean TTG and an older granitic suite of rocks in the Singhbhum Craton. The

initial rift basin gradually converted into an ocean basin, and the continuous

rifting process led to the beginning of subduction of the early formed crust in an
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active continental margin setting. The Mesoarchean to late Archean ultramafic-

mafic intrusive and the extrusive rocks in the Singhbhum Craton were formed

from the magmas that originated in the lithospheric mantle wedge within an

active continental margin setting. In this setting, the rising ultramafic-mafic

magmas supplied the heat to melt the early Archean TTG-granitic crust and

generated the parental felsic magmas from which the voluminous younger

granitic intrusions were formed.
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