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Nuggihalli greenstone belt is one of the oldest greenstone belts (3.4-3.0 Ga) in the Western Dharwar
craton, southern India. It consists of conformable metavolcanic (e.g., komatiite and komatiitic basalt) and
metasedimentary rocks belonging to the Sargur Group. Sill-like ultramafic-mafic plutonic bodies are present
within these schistose rocks which are in turn enclosed by tonalite-trondhjemite-granodiorite gneisses (TTG).
The plutonic suite occurs as a layered succession of serpentinite (after dunite) and tremolite-chlorite-actinolite

K ds: . L . . . . . . .
CE{E’;&Z schist (after peridotite) hosting chromitite bodies, anorthosite, pyroxenite, and gabbro hosting magnetite bands.
Komatiite Whole-rock Sm-Nd data for the peridotite-anorthosite-pyroxenite-gabbro unit yield a correlation line with a

slope corresponding to an age of 3125+ 120 Ma (MSWD = 1.3) which is similar to ages of komatiitic rocks of
the older greenstone belts in the craton. A whole rock Pb-Pb errorchron age of 28014110 Ma (MSWD =
102) has been obtained for the entire plutonic ultramafic-mafic suite; this represents (partial) redistribution/
resetting of the U-Pb system during a younger metamorphic event and by the magmatic activity during forma-
tion of the younger greenstone belts. The positive eng values (4 1.7 to + 3.4) of the ultramafic-mafic rocks, and
low initial 87Sr/36Sr values (at 3.1 Ga) of the gabbros (0.70097-0.70111) implies derivation of the parental
magma from a depleted mantle source. The REE pattern of the metavolcanic schists bears resemblance with
the pattern of Al-depleted komatiites. Major and trace element variation in the schists correspond with the
fractionation trend exhibited by komatiites to komatiitic basalts in the older greenstone belts within the craton.
Coherent patterns of whole-rock major and trace element data, along with the layered nature of the sill-like
ultramafic-mafic rocks indicate that the plutonic and volcanic suites are related by analogous fractional crystal-
lization processes. Comparison of our age data with global plutonic and volcanic ultramafic-mafic rock occur-
rences in greenstone belts supports an increase in komatiitic activity from 3.5 Ga to 2.7 Ga, which is most
likely related to a supercontinent cycle. High-Mg magmas such as komatiites and their plutonic equivalents
host important metal deposits like chromite, Ni-sulfide and minor PGE mineralization. The uneven distribution
of metal deposits over time can be explained by supercontinent cycles. The 3.1 Ga chromite deposits of the
Nuggihalli greenstone belt are perhaps related to the amalgamation stage of a supercontinent.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Archean greenstone belts represent the site of continental crustal
growth in the early Earth. The greenstone belts are composed of
interlayered volcanic-sedimentary rocks that are surrounded by the
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tonalite-trondhjemite-granodiorite (TTG) gneisses (DeWit and Ashwal,
1995). Sill-like bodies of ultramafic and mafic rocks comprise an
important component of greenstone belts, as for example in
the Shurugwi greenstone belt (Zimbabwe craton; Stowe, 1987),
Sukinda-Nuasahi-Jojohatu complexes in the Tomka-Daitari-
Jamda-Koira greenstone belts (Singhbhum craton, eastern India;
Mondal, 2009; Mondal et al, 2006), Nuggihalli-Holenarsipur-
Krishnarajpet-Banasandra-Kalyadi greenstone belts (Western Dharwar
craton, southern India; Mukherjee et al., 2010), Barberton greenstone
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belt (Jamestown Igneous complex, Kaapvaal craton, South Africa; DeWit
et al,, 1987), the Bird River sill within the Bird River greenstone belt (Su-
perior craton, Canada; Mungall and Staff, 2008; Ohnenstetter et al.,
1986), and the Obanga greenstone belt (Superior craton, Canada;
Tomlinson et al., 2002). These ultramafic-mafic bodies are genetically
related to high-Mg magmas such as komatiite, boninite or high-Mg sili-
ceous basalt (Mondal, 2000; Mondal et al., 2006, 2007; Prendergast,
2008; Rollinson, 1997).

The relationship of the sill-like plutonic ultramafic-mafic rocks with
the associated volcanics remains ambiguous. They have been consid-
ered to represent sill-like intrusions (Mondal et al.,, 2006; Prendergast,
2008), or these were originally sub-volcanic sill-like feeders to the over-
lying volcanic rocks that were tectonically emplaced alongside the
volcanics during later deformation events (e.g., Lesher and Groves,
1986; Naldrett and Turner, 1977). Alternatively, they are also consid-
ered as the lower cumulate portion of thick komatiitic extrusions
(Barnes et al., 1988; Donaldson et al., 1986; Hill et al., 1995). Resolving
these questions requires precise geochronological data.

The main objective of our current research is to determine the age
of the chromitite-bearing sill-like layered cumulates from the
Nuggihalli greenstone belt, Western Dharwar craton, southern India
(Fig. 1a). The sill-like layered unit comprises serpentinites (after dunite)
and tremolite—chlorite-actinolite schists (after peridotite) that host
chromitite bodies, anorthosites, pyroxenites, and gabbros that contain
magnetite bodies. The plutonic suite is surrounded by the metavolcanic
schistose unit of the older greenstone belts (supracrustals of the Sargur
Group), which consists of the oldest rocks (3.4-3.0 Ga; Jayananda et al.,
2008; Maya et al., 2011; Nutman et al,, 1992; Ramakrishnan et al., 1994)
reported from the Western Dharwar craton. Recent research by
Mukherjee et al. (2010) has shown that the chromitite-bearing

ultramafic-mafic plutonic suite was derived from high-Mg komatiitic
basalt magma within an Archean suprasubduction zone setting.

In this study we present the first whole-rock Sm-Nd, Pb-Pb, and
Rb-Sr isotope studies, and major and trace element geochemistry of
the sill-like plutonic ultramafic-mafic rocks and associated schistose
metavolcanic rocks from the Nuggihalli greenstone belt. Geochronolog-
ical study of these rocks is significant as they are integral in defining the
lithospheric evolution, and formation and stabilization of the Western
Dharwar craton. Major and trace element geochemistry has been uti-
lized to distinguish magmatic fractionation processes from the effects
of alteration, metamorphism, and crustal contamination in the rocks,
and also to determine the nature of the parental magma and mantle
source. Integrated trace element and isotope geochemistry helps to elu-
cidate the relationship between the plutonic ultramafic-mafic suite and
the metavolcanic schistose unit in the Nuggihalli greenstone belt, as
their contact relations have been obliterated in the field.

2. Geological background

The Nuggihalli greenstone belt is situated in the Western Dharwar
craton in southern India (Fig. 1a). A 500 km long, N-S trending intrusive
body of Closepet Granite (2.5 Ga; Taylor et al., 1988) has sub-divided
the craton into a western and an eastern component (Fig. 1a). The
Western Dharwar craton comprises older Archean supracrustal rocks
that constitute the Sargur Group (Swami Nath and Ramakrishnan,
1981). The Sargur Group consists of sediments and igneous rocks that
were metamorphosed to greenschist and amphibolite facies. The meta-
igneous lithologies occur as both intrusive and volcanic ultramafic-
mafic rocks with a compositional range from komatiite to komatiitic
basalts and tholeiites (Ramakrishnan et al, 1994). The ultramafic-
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Fig. 1. (a) Generalized geology of the Dharwar craton showing location of the Nuggihalli greenstone belt (after Murthy, 1987; cited in Devaraju et al., 2009). Inset map portrays the
generalized geology of the Indian shield showing Dharwar craton (compiled by Mondal et al., 2006; after Leelananadam et al., 2006; Radhakrishna and Naqvi, 1986). (b) Geology of
the Nuggihalli greenstone belt showing locations of the chromite mining districts (after Jafri et al., 1983; cited in Devaraju et al., 2009). Sample locations are marked.
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mafic rocks occur as linear belts, and are associated with clastic
sediments (mainly quartzites) and banded iron formations, as found in
the greenstone belts of Nuggihalli, Holenarsipur, Krishnarajpet, and
Nagamangala. Rocks of the Sargur Group are unconformably overlain
(Swami Nath and Ramakrishnan, 1981) by the younger supracrustals
of the Dharwar Supergroup (younger greenstone belts~2.9-2.6 Ga;
Taylor et al, 1984). The Dharwar Supergroup overlies the tonalite-
trondhjemite-granodiorite (TTG) suite that acts as their basement, and
is later intruded by the Closepet Granite at about 2.5 Ga.

The Nuggihalli greenstone belt is a linear belt (~length 60 km;
width ~2 km) with a strong NNW-SSE trend (Fig. 1b). It consists of sev-
eral en echelon, lenticular, dismembered, sill-like ultramafic-mafic bod-
ies that are well exposed in the Tagdur mining district (Fig. 1b). The
sill-like bodies are composed of layers of dunite (now serpentinite),
peridotite (now tremolite-chlorite-actinolite schist), pyroxenite and
gabbro. The sequence commences with a serpentinite and tremolite-
chlorite-actinolite schist unit that hosts the chromitite ore bodies
(~50-500 m length; width~15 m). The chromitites appear as sig-
moidal, lenticular, pod-shaped, and folded bodies (~0.5 m length;
width=0.3 m), with a nearly vertical dip (75°- 80°) and a range in strike
from NW-SE to N-S with dip towards the east; at places they also have
an E-W trend with dip towards the north. The serpentinite and perido-
tite are overlain by a pyroxenite unit, which is subsequently followed

by a gabbro unit. The gabbro shows layering, and contains two conform-
able bands of titaniferous-vanadiferous magnetite at the base and top of
the unit. The upper magnetite band has a N-S trend (width~1 m;
Radhakrishnan et al., 1973), whereas the lower band (width~2 m)
trends in the NNW-SSE direction; both dip towards the east.

The gabbro is overlain by an upper ultramafic unit of chromitite-
bearing serpentinite. The chromitites (N-S trend, dipping west) in this
unit are elongated, lenticular (length~ 100 m; width=15 m), and are
more altered with a higher mode of carbonate (mainly magnesite;
Table 1). The upper ultramafic unit is overlain by the schists that are var-
iably altered, and possess a strong deformational fabric which imparts a
lens-shaped geometry to the rocks. A lens-shaped E-W trending anor-
thosite unit (width ~130 m) is observed in the Jambur mine (Fig. 1b),
where it is interlayered with serpentinite. Overall, the rocks in the
Nuggihalli greenstone belt are deformed and altered, with the deforma-
tion and alteration being linked to later metamorphism and secondary
low temperature hydrothermal processes during serpentinization.

3. Samples and petrologic background

Samples have been collected from all the different lithological units
across the entire stratigraphy of the Nuggihalli greenstone belt. The
samples were collected from different mine sections and from outcrops.
Most of the samples have been collected from the Tagdur mine, and also
from the Byrapur and Bhaktarhalli mines of the greenstone belt (Fig. 1b).
A detailed description of the samples is presented in Table 1 which is
available online. The serpentinites are highly schistose and deformed
rocks that are completely altered to an assemblage of antigorite, chlorite
and magnesite. The upper serpentinite (DHR-07-36) that occurs above
the gabbro shows a higher mode of magnesite (~35% modal) relative
to the other serpentinite samples. Chromites occur as an accessory
phase (<2% modal) that are highly altered and compositionally zoned
with ferritchromite rims and modified cores (Mukherjee et al., 2010).
The chromitites are predominantly composed of coarse to medium-
grained, euhedral, and polygonal chromite grains. Based on the modal
proportions of the intercumulus silicates the chromitites can be identi-
fied as massive chromitite to net-textured, spotted- and schlieren-
banded varieties (e.g., Mondal et al., 2006; Mukherjee et al., 2010). The
intercumulus silicate minerals have been altered to antigorite, chlorite
and minor carbonate. The peridotites are medium to fine grained, schis-
tose, and composed of actinolite and chlorite grains with minor tremo-
lite and talc. Fine-grained irregular shaped accessory chromite grains
occur in the rock.

The anorthosites are coarse grained and consist of plagioclase, actin-
olite, chlorite and minor oxide minerals. The rock exhibits cumulate
texture, where coarse and rounded plagioclase grains constitute the cu-
mulus phase that are surrounded by the intercumulus actinolite and
chlorite grains. The pyroxenite is a dark green rock that shares conform-
able contact with the lower magnetite band within the subsequent gab-
bro unit. The rock is altered and dominated by secondary minerals such
as actinolite, chlorite and quartz; some hypersthene grains are also
present. Disseminated oxides in the rock are ilmenite with exsolved
patches of hematite. The gabbro is coarse-grained and ranges from
melanocratic to slightly leucocratic, due to an increase in the abundance
of plagioclase in the upper part of the unit. The rock retains the original
cumulus texture; however, it is metamorphosed in most places with the
development of quartz, chlorite and amphibole, along with magnetite
and coarse- to medium-grained ilmenite.

The schists are mainly comprised of metagabbro, amphibolite
schist, chlorite-quartz-actinolite schist and talc-chlorite schist. The
metagabbro shows a well developed fabric and is composed of
coarse-grained plagioclase and actinolite, along with chlorite, quartz
and minor epidote. The schistose metagabbro differs from the previ-
ously discussed cumulate metagabbro in that it is more deformed,
contains less plagioclase, and does not host magnetite bands. The
quartz-chlorite-amphibole schist exhibits a weak fabric and is
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Table 2
Major element on anhydrous basis (wt.%) and trace element (ppm) data of the samples from Nuggihalli greenstone belt.

DHR-07-29 DHR-07-29E DHR-07-29Y DHR-07-30A DHR-07-30B DHR-07-BH-1
chromitite chromitite chromitite serpentinite® serpentinite? serpentinite

Si0, 39.20 39.48

Al,05 2.36 1.63

TiO, 0.14 0.10

Fe,03 10.58 10.09

MnO 0.12 0.10

MgO 47.12 47.80

Ca0 0.47 0.79

Na,0 0.01 0.01

K,0 0.01 0.01

P,05 0.02 0.02

LOI 13.5 13.35

Sc 0.06 0.28 1.55 1.01 18.43 6.06

Ti 57.80 61.52 1709 49.55 6882 2328

\' 10.29 12.30 37.48 14.21 236.2 75.84

Cr 6497 8213 18095 4337 436.6 9654

Mn 268.7 3425 647.4 271.8 1349 3933

Co 22.78 2543 62.25 2333 77.27 71.37

Ni 1026 956.2 2506 1372 244.6 555.4

Cu 1.80 0.40 2.46 1.08 23.78 0.27

Zn 14.31 17.28 37.03 9.81 67.80 30.22

Ga 1.79 2.11 3.29 142 14.27 4.08

Rb 0.05 0.05 0.20 0.13 1.23 0.10

Sr 0.01 0.14 0.04 0.12 74.70 0.12

Y 0.29 0.06 0.12 0.08 8.39 0.08

Zr 1.29 131 1.87 8.77 76.17 0.68

Nb 0.17 0.15 0.51 0.19 5.20 0.34

Cs - 0.01 0.03 0.01 0.04 0.01

Ba - 0.01 0.05 0.21 6.34 0.22

Hf 0.04 0.04 0.05 0.21 2.09 0.02

Ta 0.25 0.18 0.69 0.24 0.71 0.72

Pb 0.25 0.69 0.88 0.39 3.48 0.09

Th 0.01 - 0.01 0.01 0.47 0.02

u - - 0.02 0.01 0.14 0.01

Mo 0.04 0.07 0.15 0.02 0.26 0.02

La 0.02 0.01 0.04 0.03 3.70 0.02

Ce 0.06 0.03 0.13 0.10 15.10 0.05

Pr 0.01 - 0.02 0.01 1.32 0.01

Nd 0.04 0.02 0.07 0.06 5.97 0.04

Sm 0.02 0.01 0.03 0.02 1.89 0.01

Eu - - - - 0.71 -

Gd 0.02 0.01 0.04 0.02 2.14 0.02

Tb - - - - 0.35 -

Dy 0.02 0.01 0.04 0.02 2.02 0.02

Ho - - 0.01 0.01 0.38 -

Er 0.02 0.01 0.03 0.02 0.99 0.01

Tm - - - - 0.13 -

Yb 0.01 0.01 0.02 0.02 0.77 0.02

Lu - - - - 0.11 -
DHR-07-21 DHR-07-24 DHR-07-TD-6 DHR-07-36 DHR-10-92 DHR-10-95
serpentinite® serpentinite® serpentinite serpentinite® peridotite” peridotite”

Si0, 46.61 42.70 21.48 45.65 46.17

Al,05 441 3.40 5.27 6.28 8.82

TiO, 0.05 0.07 0.02 0.18 0.27

Fe,03 10.21 10.63 11.53 11.24 11.07

MnO 0.09 0.16 0.33 0.07 0.09

MgO 37.35 39.52 61.23 30.21 22.96

Ca0 1.28 3.51 0.13 6.36 9.65

Na,0 0.01 0.01 0.02 0.01 0.94

K,0 0.01 0.01 0.02 - 0.03

P,0s 0.01 0.01 0.01 - -

LOI 11.00 16.90 33.60 471 3.03

Sc 3.92 3.75 1.04 1.13 8.20 7.42

Ti 268.6 381.7 638.5 68.32 701.0 1024

\" 67.88 43.28 2431 17.99 96.15 126.6

Cr 6690 2261 644.5 8130 3105 1750

Mn 556.1 724.1 628.4 1164 787.7 733.0

Co 99.01 1043 90.50 31.74 60.59 47.85

Ni 1119 1415 2233 1273 387.7 427.0

Cu 0.18 24.42 0.69 1.44 77.20 11.30

Zn 24.57 18.18 20.92 12.98 12.97 10.22

Ga 337 2.54 132 4.08 391 4.63

Rb 0.29 0.03 0.02 0.26 0.01 0.03

(continued on next page)
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Table 2 (continued)

DHR-07-21 DHR-07-24 DHR-07-TD-6 DHR-07-36 DHR-10-92 DHR-10-95
serpentinite® serpentinite® serpentinite serpentinite® peridotite® peridotite®
Sr 0.18 1.66 0.76 0.08 0.51 425
Y 028 0.36 0.49 0.13 1.18 1.55
Zr 1.94 0.15 6.64 0.31 4.26 3.30
Nb 0.26 0.32 1.44 0.05 0.19 0.17
Cs 0.01 0.01 0.04 0.01 - -
Ba 0.05 0.10 0.01 0.02 0.18 0.59
Hf 0.06 0.01 0.21 0.01 0.14 0.19
Ta 0.46 0.45 0.86 0.10 0.24 0.20
Pb 0.01 0.05 0.19 0.36 0.004 -
Th 0.01 0.01 0.02 - 0.01 0.01
U 0.01 0.02 0.03 - 0.01 -
Mo 0.01 0.19 0.14 0.02 0.02 0.06
La 0.09 0.03 0.35 0.02 0.03 0.06
Ce 0.14 0.13 1.46 0.06 0.17 0.41
Pr 0.03 0.02 0.21 0.01 0.03 0.07
Nd 0.10 0.09 1.08 0.05 0.20 0.45
Sm 0.03 0.05 0.25 0.02 0.10 0.18
Eu 0.01 - 0.05 - 0.02 0.10
Gd 0.03 0.06 0.25 0.02 0.15 0.27
Tb 0.01 0.01 0.04 - 0.03 0.05
Dy 0.05 0.08 0.21 0.02 0.24 0.35
Ho 0.01 0.02 0.04 0.01 0.06 0.08
Er 0.04 0.07 0.12 0.02 0.18 0.22
Tm 0.01 0.01 0.01 - 0.03 0.03
Yb 0.06 0.08 0.09 0.03 0.19 0.23
Lu 0.01 0.01 0.01 - 0.03 0.03
DHR-10-99 DHR-10-129 DHR-10-130 DHR-07-26 DHR-07-35 DHR-10-43
peridotite” anorthosite® anorthosite” pyroxenite? gabbro® gabbroP®
SiO, 4234 45.59 45.48 53.83 50.22 4733
Al;04 8.10 28.57 29.63 8.69 17.87 12.70
TiO, 0.16 0.14 0.13 0.91 2.28 1.40
Fe,05 10.60 3.40 3.17 15.94 11.77 15.83
MnO 0.12 0.03 0.02 0.18 0.17 0.14
MgO 31.08 3.64 3.30 10.46 4.25 8.41
Ca0 7.59 16.39 16.27 8.88 10.69 13.03
Na,O 0.02 217 1.93 0.87 2.60 1.03
K,0 - 0.06 0.05 0.13 0.11 0.08
P,05 - 0.01 0.01 0.11 0.06 0.04
LOI 4.44 0.43 0.63 24 143 2.07
Sc 6.27 2.62 5.53 9.07 20.60 19.95
Ti 614.9 610.2 598.6 4518 10829 8002
\ 77.19 62.05 61.67 126.9 108.1 531.0
Cr 2491 172.7 201.7 726.8 537 147.0
Mn 872.8 226.6 124.0 1408 1174 967.6
Co 61.39 11.71 10.91 70.90 43.61 44.58
Ni 365.3 23.19 21.87 404.1 1.79 56.13
Cu 3.15 5.57 1.70 178.5 6.36 236.9
Zn 13.76 8.04 6.90 86.12 55.68 72.69
Ga 4.06 12.82 12.76 9.75 18.72 16.42
Rb 0.01 0.03 0.01 0.13 0.07 0.02
Sr 0.58 50.26 24.01 7.98 126.0 131.8
Y 1.29 0.44 0.11 3.74 4.69 3.58
Zr 3.78 1.70 1.09 51.76 12.77 4.02
Nb 0.21 0.28 023 10.15 1.87 0.72
Cs - - - - - -
Ba 0.35 0.61 1.02 5.77 7.72 3.10
Hf 0.13 0.08 0.06 1.39 0.40 0.25
Ta 0.24 0.12 0.14 0.99 0.44 0.29
Pb 0.04 0.43 0.35 0.22 0.46 0.32
Th 0.01 0.04 - 0.24 0.02 0.02
8] 0.01 0.02 0.01 0.10 0.07 0.03
Mo 0.03 0.17 0.57 0.07 0.20 0.24
La 0.06 0.16 0.05 4.23 1.29 0.80
Ce 0.25 0.74 0.09 9.43 3.17 1.73
Pr 0.06 0.04 0.01 1.21 0.56 0.35
Nd 0.35 0.18 0.07 4.81 2.94 1.91
Sm 0.14 0.05 0.02 1.13 0.90 0.66
Eu 0.05 0.03 0.01 0.38 0.53 0.34
Gd 0.20 0.07 0.03 1.13 1.05 0.84
Tb 0.04 0.01 0.01 0.18 0.17 0.14
Dy 0.29 0.08 0.05 0.99 1.06 0.94
Ho 0.07 0.02 0.01 0.18 0.22 0.20
Er 0.21 0.05 0.04 0.50 0.62 0.54

Tm 0.04 0.01 0.01 0.07 0.09 0.07
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Table 2 (continued)

DHR-10-99 DHR-10-129 DHR-10-130 DHR-07-26 DHR-07-35 DHR-10-43
peridotite® anorthosite® anorthosite® pyroxenite? gabbro? gabbro®

Yb 0.23 0.05 0.05 0.41 0.50 0.44

Lu 0.03 0.01 0.01 0.06 0.08 0.06
DHR-10-109 DHR-10-114 DHR-07-33 DHR-07-34 DHR-07-37 DHR-07-38
gabbro® gabbro® metagabbro?® chl-qtz-act schist® talc-chlorite schist® amphibolite schist®

Si0, 37.98 48.21 53.03 48.99 53.88 53.77

Al,05 17.27 14.13 11.35 15.31 6.88 14.69

TiO, 1.57 1.04 1.19 1.06 0.14 2.01

Fe,05 20.88 15.03 13.27 13.76 8.49 10.56

MnO 0.14 0.21 0.19 0.20 0.10 0.13

MgO 10.82 8.44 8.78 7.78 28.13 5.96

Cao 9.10 11.16 8.74 9.48 2.34 9.20

Na,O 211 1.57 3.14 3.00 0.02 2.89

K;0 0.09 0.12 0.21 0.35 0.01 0.23

P,0s5 0.03 0.08 0.10 0.08 0.02 0.57

LOI 2.74 2.06 1.11 1.79 6.47 1.17

Sc 471 13.74 17.66 21.81 432 11.21

Ti 8922 6226 6971 6137 537.5 11896

\% 739.0 279.4 239.9 292.8 84.52 312.2

Cr 76.99 318.5 430.6 242.6 2323 100.2

Mn 892.1 1405 1345 1476 660.9 991.9

Co 73.89 48.83 75.45 51.60 80.26 46.16

Ni 232.7 138.1 237.0 1289 1262 70.29

Cu 492.9 100.4 23.17 91.86 40.21 51.41

Zn 89.29 82.57 66.59 70.76 62.44 84.87

Ga 18.92 15.61 13.73 16.72 3.94 20.71

Rb 0.05 0.03 1.16 0.67 0.04 0.15

Sr 92.67 32.98 69.26 88.73 0.53 58.86

Y 1.29 498 7.58 7.65 0.29 20.77

Zr 3.30 18.92 69.62 11.89 1.78 139.8

Nb 0.71 2.65 4.66 2.78 0.15 11.94

Cs - - 0.04 0.01 - -

Ba 7.08 9.57 5.57 8.72 0.03 15.60

Hf 0.15 0.61 1.91 0.44 0.07 3.21

Ta 1.96 0.22 047 042 0.06 0.69

Pb 0.20 0.30 3.22 5.71 0.12 2.02

Th 0.02 0.04 0.42 0.07 - 0.36

U 0.04 0.07 0.13 0.08 0.01 0.45

Mo 0.12 0.19 0.22 0.14 0.06 0.39

La 0.84 1.73 3.35 1.67 0.02 7.32

Ce 1.95 3.13 13.71 4.44 0.08 17.85

Pr 0.28 0.66 1.19 0.69 0.01 2.79

Nd 138 3.40 5.29 3.53 0.06 12.59

Sm 0.36 0.94 1.67 1.15 0.03 3.54

Eu 0.26 0.35 0.63 045 0.01 1.18

Gd 0.39 1.14 193 1.50 0.03 4.00

Tb 0.06 0.18 0.31 0.27 0.01 0.70

Dy 0.37 1.10 1.85 1.72 0.06 441

Ho 0.07 0.23 0.34 0.37 0.01 0.95

Er 0.20 0.63 0.90 1.08 0.05 2.75

Tm 0.03 0.08 0.12 0.15 0.01 0.37

Yb 0.16 0.52 0.72 0.94 0.05 2.30

Lu 0.02 0.07 0.09 0.13 0.01 0.33

Major element data from a: ALS Laboratory (Guangzhou, China) b: major CESS (India); data of all trace elements from GEUS (Copenhagen, Denmark); LOI values shown for infor-

mation purpose.

composed of actinolite along with chlorite, recrystallized quartz
grains, minor plagioclase (altered to epidote), anhedral hematite
and lath-shaped ilmenite that occur at the grain boundaries of the sil-
icate minerals. The amphibolite schist is fine-grained, sheared and
composed of actinolite, quartz, minor chlorite, plagioclase, hematite,
and ilmenite. The talc-chlorite schist shows intense deformation in
the form of crenulations and puckers; chevron folds are common.
The rock is almost entirely composed of talc.

4. Analytical methods

The samples were pulverized in a tungsten carbide mortar at the
Institute of Geology and Geography, University of Copenhagen for
bulk rock major and trace element analyses. Major elements were
determined on the PANalytical Axios-advance X-ray fluorescence

spectrometer (XRF) at the ALS Laboratory (Guangzhou, China), using
fused lithium-tetraborate glass pellets. The international standards
SY-4 and STSD-4 were used for analytical quality control and the analyt-
ical precision is better than 5%. Major elements for some of the samples
were analysed at the Centre for Earth Science Studies (Trivandrum,
India), using a Bruker S4 Pioneer Wavelength Dispersive X-ray fluores-
cence (WD-XRF) spectrometer. Fused glass discs (30 mm) were used
for analysis that were prepared following determination of loss on igni-
tion, by fusing exactly 1 g of finely powdered sample mixed with 5 g of
lithium tetra-metaborate flux, in a platinum crucible at 1100 °C using
Claisse Fluxer. The standards used were ultramafic rock standards
from the USGS, DTS1 and DTS2 and UB-N from CRPG (France). Detec-
tion limit of major element was~0.01% and analytical precision is better
than 1%. The major element oxides have been recalculated on an anhy-
drous basis and tabulated in Table 2. Totals of major element oxides are
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100 £ 0.04 wt.%. Trace element concentrations on bulk solutions were
analyzed by ICP-MS on the Perkin Elmer Elan 6100 DRC facility of the
Geological Survey of Greenland and Denmark (GEUS). The standard
BHVO-2 was used for trace element analysis. Appendices A, B, and C tab-
ulate the standard, reference and duplicate data for both major and
trace element analytical protocols, which are available online.

Bulk rock Nd-Pb-Sr isotopic analyses were performed by isotope di-
lution using TIMS at the Institute of Geography and Geology at the Uni-
versity of Copenhagen. For whole rock Sm-Nd and Sr isotopic analyses,
1 g of powdered rock sample was spiked with a mixed '4’Sm-'>°Nd
spike and dissolved in a mixture of concentrated HF and 14 N HNO;
in Teflon beakers on a hot plate for 72 h. Chemical separation of Sr
and REEs from whole rocks was carried out on conventional 12 ml
glass stem cation exchange columns (Sr and total REE cuts), followed
by a separation of Sm and Nd from total REEs using Tristchem/
Eichrom™ Ln-resin charged in 4 ml pre-fabricated plastic columns
(BioRad). Sr fractions stripped from the cation columns were subse-
quently cleaned from residual matrix elements by separation over
100 Wl Tristchem/Eichrom™ SrSpec resin in disposable pipette-tip
columns with a fitted frit according to a modified recipe published by
Horowitz et al. (1992). Isotope analyses were carried out in multi-
dynamic mode on the VG Sector 54-IT instrument. Nd ratios were
normalized to '“°Nd/'#*Nd =0.7219. The mean value of our long-term
internal JM Nd reference solution analyses (referenced against the Geo-
logical Survey of Japan Shin Etsu Nd standard) is 0.51109 for **Nd/
144Nd, with a 20 external reproducibility of+0.000015 (fifty-five
measurements). Sr isotopes were analysed in multidynamic mode
using 365r/38Sr=0.1194 as the normalizing ratio for the correction for
thermal fractionation. The mean 87Sr/%%Sr value of the NIST 987 Sr
standard measured during the analyses of the sample batch was
0.710242 +0.000016 (n=4; 20).

For whole rock Pb isotope analysis powdered samples were
dissolved by treating with concentrated HF-14N HNOs; mix and finally
by 9N HCl. A conventional HCI-HBr elution recipe was used for both
the separation over 0.5 ml glass columns charged with AG-1x 8 anion
resins and the final purification of the Pb concentrates over 300 pl
Teflon columns. Fractionation for Pb was controlled by repeat analyses
of the NBS 981 standard and amounted to 0.103 4+ 0.007%/a.m.u. (20;
n=>5) relative to the values proposed by Todt et al. (1993).

5. Results
5.1. Geochemical variations

Given the altered nature of the rocks all the major elements show
scatter with respect to MgO, however, some of the elements still provide
information on magmatic conditions (Fig. 2). Al;03 and TiO, exhibit a
distinct negative relation with MgO except for some scattered values
shown by the gabbros, metavolcanic schists and the pyroxenite
(Fig. 2b, c). The elements Al and Ti are relatively immobile during meta-
morphism and secondary alteration (Kerrich et al., 1998; Pearce and
Norry, 1979) hence they are successful in retaining the magmatic
trend. The serpentinites show a contrasting positive relation of TiO,
with MgO in Fig. 2b, which is due to alteration of accessory chromites
to Ti-rich ferritchromite and the presence of secondary magnetite in
these rocks (Mukherjee et al., 2010). The rest of the major elements
SiO,, Cao, and the alkali elements (Na,O+K,0) show large scatter
with MgO, but a negative trend is discernable (Fig. 2a, d, e). P,0s
shows a positive variation with TiO, (Fig. 2f); the gabbros plot slightly
away from the trend due to their higher TiO, contents. A positive corre-
lation is also seen in the Ni and Cr versus MgO diagrams (Fig. 2g, i); the
serpentinites however show scattered Cr values which is expected due
to the intense alteration of the accessory chromite grains in these rocks
to ferritchromite and magnetite. An overall negative relation is observed
when Ni and Cr are plotted against TiO, (Fig. 2h, j), where the latter is
taken to be an index of fractionation. Among the metavolcanic schists

one sample show consistently low values for the major and trace ele-
ments, the concentrations of which matches with the range shown by
the serpentinites and peridotites of the plutonic suite (Fig. 2). In Fig. 2,
the major and trace element concentrations of the Nuggihalli rocks
have been compared with a typical Al-depleted komatiite and
komatiitic basalt from the Barberton greenstone belt (Kaapvaal craton;
Arndt et al,, 2008), and an Al-undepleted komatiite and komatiitic ba-
salt from the Abitibi greenstone belt (Superior craton; Fan and
Kerrich, 1997). Komatiitic rocks of the Sargur group reported by
Jayananda et al. (2008) from the Western Dharwar craton have also
been included for comparison.

The chondrite-normalized REE patterns of the Nuggihalli rocks have
been plotted in Fig. 3 and compared with komatiites from the Western
Dharwar craton, and the Al-depleted and undepleted komatiite and
komatiitic basalts from the Barberton and Abitibi greenstone belts
respectively. The chondrite-normalized REE patterns of the chromitites,
serpentinites, peridotites, and anorthosites are flat (Fig. 3a), and
the rocks contain low abundances of REE. The chromitites show strong
negative Eu anomalies (Eu anomaly~0.22-0.37) similar to the
serpentinites (Eu anomaly ~0.22-0.63), which is an outcome of hydro-
thermal alteration as explained by Sun and Nesbitt (1978) and Arndt
et al. (1989) for hydrothermally altered komatiites and basalts within
Archean greenstone belts. The peridotites either show a slightly positive
Euanomaly (= 1.34) or a negative anomaly (=~ 0.54), while the anortho-
sites show distinct positive Eu anomaly (=~ 1.42-1.58) (Fig. 3a). The pos-
itive Eu anomaly is due to the presence of plagioclase in these rocks.

The pyroxenite and gabbro displays superchondritic REE abun-
dances relative to the ultramafic plutonic rocks (Fig. 3b). The gabbros
exhibit positive Eu anomalies (Eu anomaly~1.03-2.12) due to the
presence of plagioclase feldspar, except for sample DHR-10-114. Other
than sample DHR-07-37 (talc—chlorite schist), the metavolcanic schists
have superchondritic REE abundances with flat chondritic REE patterns.
Sample DHR-07-37 (talc-chlorite schist) shows subchondritic REE
abundances and LREE depleted pattern (Lan/Smy~0.52; Fig. 3c). The
metagabbro (DHR-07-33) shows HREE depleted character similar to
the cumulate gabbro of the plutonic suite (Gdy/Yby=2.18; Fig. 3c).
The REE pattern of sample DHR-07-38 show almost flat REEs with slight
HREE depletion (Gdn/Yby~1.41).

In the chondrite-normalized multi-element plot (Fig. 3d, e), the
ultramafic-mafic plutonic rocks show parallel patterns, where they
are characterized by strong enrichment in Ti (=0.1-25x chondrite),
depletion in Rb (0.003-0.05 x chondrite), and moderate enrichment in
Sr (0.1-18 x chondrite), U (0.4-13 x chondrite) and Th (0.1-8 x chon-
drite); positive anomaly of Rb is observed for the serpentinites DHR-
07-36, DHR-07-21, and the chromitites (Fig. 3d). A distinctly positive
Zr-Hf anomaly is exhibited by few of the serpentinites, chromitites,
and a peridotite; remainder of the samples show low Zr/Hf ratios except
for the pyroxenite (Fig. 3e). Compared to the serpentinites and perido-
tites, the gabbros and pyroxenite display relatively higher concentra-
tion of the trace elements (Fig. 3e). The metavolcanic schists are
characterized by similar trace element patterns as observed in the plu-
tonic rocks (Fig. 3e). The talc-chlorite schist (DHR-07-37) shows stron-
gest Ti anomaly (1.2 x chondrite) among the schistose samples.

5.2. Geochronology

The whole-rock Sm-Nd data of the ultramafic-mafic rocks from the
plutonic suite, namely the peridotite-anorthosite-pyroxenite-gabbro
unit from the Nuggihalli greenstone belt, define a nine point isochron
corresponding to an age of 31254120 Ma (MSWD=1.3; '3Nd/
144Nd initial = 0.50872 4-0.00015), and an &ygq value of + 2.8 (Fig. 4a).
A considerable variation in the '¥’Sm/'*Nd ratios of the ultramafic-
mafic samples ensures a good spread of data points about the regression
line in Fig. 4a. The ultramafic rocks such as serpentinite and chromitite,
and the metavolcanic schists do not help to better constrain the iso-
chron, and instead enhance the scatter about the correlation line. This
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results from disturbances of the Sm-Nd isotope system in these rocks
during secondary alteration (serpentinization) and metamorphism.
The initial eng (3.1 Ga) values of the peridotites, anorthosites, pyroxe-
nite and gabbros are uniformly positive, and vary from + 1.7 to +3.8
(Table 3a). Such values are extremely variable for the schists and
show a range from —3.7 to +7, again reflecting a severe post-
formational disturbance of the Sm-Nd system in these rocks.

A whole-rock Sm-Nd age for komatiitic rocks belonging to the older
Sargur Group, from Nuggihalli and the surrounding stratigraphically
equivalent greenstone belts of Ghattihosahalli, J.C. Pura, Banasandra
and Kalyadi has been presented by Jayananda et al. (2008). They
obtained a 16-point whole-rock Sm-Nd isochron age of 3352+
110 Ma ('3Nd/'**Nd initial = 0.50838 4 0.00015; &ygq +2.0+3.0) as
the age of komatiite eruption in the Western Dharwar craton, which is
indistinguishable within errors from the age of the plutonic ultramafic-
mafic suite reported herein. On comparing the whole-rock Sm-Nd data
of the metavolcanic schists from our study with the isochron obtained
by Jayananda et al. (2008) in Fig. 4b, it is observed that the schists do
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not lie on Jayananda et al's isochron which is due to variable hydrother-
mal alteration of the rocks.

The whole-rock Rb-Sr isotope data do not yield an isochron and
suggest disturbances of the isotopic system, in particular due to the
low concentrations of both Rb and Sr in some samples, which make
them susceptible to perturbations (and analytical errors) (Table 3b).
The initial 87Sr/36Sr ratios of the gabbros are very low and show a
range from 0.70111 to 0.70286.

The bulk rock Pb isotope data obtained in our study are plotted in a
conventional common-Pb isotope diagram (Fig. 5), that contains the
two-stage evolution curve for average crustal Pb (Stacey and Kramers,
1975). The correlation lines are calculated and plotted using the program
ISOPLOT for Excel by Ludwig (2008). In the 2°6294ph versus 207/204pp
diagram, all the plutonic ultramafic-mafic rocks, excluding the pyroxe-
nite, are plotted together (Fig. 5). These rocks define a correlation line
with a slope corresponding to an age of 2801+ 110 Ma (Fig. 5). The
large scatter of data points about the errorchron is reflected by the very
high MSWD (mean squares of weighted deviates) value of 102, which
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Fig. 2. Variation diagrams for selected major (anhydrous basis) and trace elements (a) MgO versus SiO, (b) MgO versus TiO (c) MgO versus Al,05 (d) MgO versus CaO (e) MgO
versus Na,0 + K0 (f) TiO, versus P,0s (g) MgO versus Ni (h) TiO, versus Ni (i) MgO versus Cr (j) TiO, versus Cr. © komatiite, WDC (Jayananda et al., 2008); ® Barberton komatiite
(Arndt et al., 2008); #= Barberton komatiite basalt (Arndt et al., 2008); = Abitibi komatiite (Fan and Kerrich, 1997); » - Abitibi komatiite basalt (Fan and Kerrich, 1997).
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Fig. 2 (continued).

indicates scatter beyond analytical reasons, such as later disturbances in
Pb isotopes during hydrothermal alteration or metamorphism. The py-
roxenite sample is excluded from the regression calculation because of
its very high radiogenic values of 2°6204ph (72.660), 2°7/2%4ph (24.638)
and 208/204ph (123.527) (Table 3c). The reason for these radiogenic Pb
isotope values are not understood, but we associate this signature
with the likely presence of a U-Th-rich accessory mineral, potentially
monazite, which was introduced during later hydrothermal alteration.
The metavolcanic schists do not define a Pb-Pb isochron. The perturba-
tions in Pb isotopes in these schists are understood from the very
unradiogenic values (in relation to the antiquity of these rocks) of pres-
ent day 206/204pp, 207/204pph and 208/204ph ratios (Table 3c), which indi-
cate mobilization and loss of U and Th during secondary alteration
processes. This is also reflected in the low p values (6.82-7.75;
Table 3c) of the chromitites, serpentinites, anorthosites, peridotites
and a gabbro. In contrast, some very radiogenic Pb isotope ratios in
rest of the samples imply the addition of U and Th during secondary
enrichment events that led to their exceptionally high u values of
8.34-13.66 (Table 3c).

6. Discussion

6.1. The 3.1 Ga age of the chromite deposits, crustal evolution and constraints
on source mantle

Previous geochronological work in the Western Dharwar craton
has mostly been conducted on the mafic and felsic rocks of the youn-
ger greenstone belts (i.e. the Dharwar Supergroup, Bhaskar Rao et al.,
1992; Drury et al., 1983, 1987; Kumar et al., 1996; Peucat et al., 1995;
Taylor et al., 1984), the surrounding TTG rocks (i.e. the Peninsular
Gneiss and trondhjemite plutons, Beckinsale et al.,, 1980; Monrad,
1983; Stroh et al., 1983; Taylor et al., 1984; Meen et al., 1992), and
on the late Archean granites (Bhaskar Rao et al., 1992; Meen et al.,

1992; Taylor et al., 1988). Geochronological investigations of the
Sargur Group of rocks (i.e. the older greenstone sequence) were
conducted mainly in the Holenarsipur greenstone belt, in the Western
Dharwar craton (Fig. 1a). Based on previous works, the Sargur Group
were considered to be early Archean (>3.5 Ga) as they were intruded
by the 3.4-3.3 Ga TTG rocks (Gorur Gneiss) near the Holenarsipur belt
(Beckinsale et al., 1980, 1982). Others were of the opinion that the
Sargur Group were middle Archean in age (~3.2-3.0 Ga) because of
the intrusion of 3.1-3.0 Ga TTG into the Sargur Group elsewhere in
the Western Dharwar craton (e.g., Ramakrishnan et al., 1994). The age
of deposition of the sedimentary protoliths belonging to the Sargur
Group was considered to be between 3.1 and 3.0 Ga by Nutman et al.
(1992) based on dating of detrital zircon grains in garnetiferous pelitic
schists and quartzites (3.5-3.1 Ga and 3.2-3.1 Ga respectively), and
the intrusions of TTG into these rocks (2.9-3.0 Ga). Similar interpreta-
tions were presented by Ramakrishnan et al. (1994) who considered a
maximum age of the metasediments to be 3250+ 5 Ma based on the
Pb-Pb zircon age of metaquartzites from the ].C. Pura belt, and
Bidyananda et al. (2003) who obtained a 3.2 Ga U-Pb age of zircons
from quartz-mica—chlorite schists in the Nuggihalli greenstone belt.
Younger Pb ages of 2.96 Ga obtained in metamorphic zircons with
low Th/U ratios (<0.05) (Nutman et al., 1992), and 2.9-2.7 Ga in rims
of zoned zircon grains (Bidyananda et al., 2003) were considered by
the authors to represent the age of later metamorphic imprints.

The metavolcanics of the older greenstone belts (i.e. the Sargur
Group metavolcanics) were dated by Jayananda et al. (2008), where
the timing of eruption of the komatiitic magma in the craton was
constrained at 3352 4 110 Ma based on a whole-rock Sm-Nd isochron.
The geochemistry of the komatiites indicated melting of a plume source
at different depths. The associated tonalite-trondhjemite-granodiorite
(TTG) gneisses were considered to have formed in an arc setting. A
plume-arc interaction model was thus suggested to explain the spatial
association of komatiites and the surrounding TTG in the craton.
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Fig. 3. Chondrite normalized REE diagrams of (a) chromitite, serpentinite, peridotite, and anorthosite (b) pyroxenite and gabbro and (c) schist rocks from the Nuggihalli greenstone belt.
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shaded. DHR-07-33: metagabbro; DHR-07-34: quartz—chlorite—amphibole schist; DHR-07-37: talc-chlorite schist; DHR-07-38: amphibolite schist; —3— Barberton komatiite (Arndt et

al., 2008); —o— Barberton komatiitic basalt (Arndt et al., 2008);

Recently Maya et al. (2011) obtained a 3136 4-200 Ma whole-rock Sm-
Nd isochron for nine samples of komatiites from the Sargur equivalent
Banasandra schist belt in the Western Dharwar craton (Fig. 1a). The
komatiites yielded a positive eng (3.15 Ga) value of +3.5. Thus, the
Sargur Group supracrustals formed in a protracted time period from
3.4 to 3.0 Ga, which is consistent with the observation that very short
but distinct pulses of magmatism spanning up to 50 Ma generates the
komatiitic-tholeiitic rock sequences in greenstone belts (e.g., Bryan
and Ernst, 2008 and references therein). A simplified summary of the
stratigraphy and crustal evolution of the Western Dharwar craton is
presented in Table 4.

The first whole-rock Sm-Nd isochron age of 31254120 Ma for
the chromitite-bearing sill-like ultramafic-mafic rocks, and their sim-
ilarity within the limits of errors to the age of komatiites (Jayananda
et al., 2008; Maya et al., 2011) in the older greenstone belts of the
Western Dharwar craton, implies that plutonic magmatism occurred
concomitantly with eruption of the komatiitic magma that are the
protoliths to the schistose lithologies in the Nuggihalli and equivalent

Abitibi komatiite (Fan and Kerrich, 1997); —e— Abitibi komatiitic basalt (Fan and Kerrich, 1997).

greenstone belts of the Western Dharwar craton. The average Tpym
model age of DePaolo for the peridotite, anorthosite, pyroxenite and
gabbro is 3.17 Ga. This implies that the parental magmas for the plu-
tonic and volcanic ultramafic-mafic suites were rapidly emplaced in
the crust (considering the error ranges for both plutonic and volcanic
suites of the older greenstone belts).

The Pb-Pb age of 2801 4-110 Ma, for the plutonic ultramafic-mafic
rocks obtained in this study, is a metamorphic age that is inferred
from the 2.9-2.7 Ga age of metamorphosed zircons in metasediments
of the Sargur Group (Bidyananda et al., 2003; Nutman et al., 1992).
The 2.8 Ga age is also close to the reported Sm-Nd ages of 2.85-
2.75 Ga (Kumar et al., 1996) for mafic to felsic metavolcanic rocks of
the younger supracrustals (Dharwar Supergroup) in the Bababudan
and Chitradurga greenstone belts within the Western Dharwar craton.
The Pb isotopes for the Nuggihalli ultramafic-mafic plutonic suite may
have been reset to a younger age during emplacement of the igneous
rocks of the younger greenstone belts, owing to loss of Pb from the
minerals due to increased diffusion facilitated by the thermal effect.
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Fig. 4. (a) Whole-rock Sm-Nd isochron of peridotites-anorthosites-pyroxenite-gabbro.
(b) Comparison of metavolcanic schist samples from the Nuggihalli greenstone belt
with the 3.4 Ga Sm-Nd isochron of Jayananda et al. (2008) obtained from komatiites
of the Sargur equivalent greenstone belts, Western Dharwar craton. DHR-07-33:
metagabbro; DHR-07-34: quartz—chlorite—amphibole schist; DHR-07-37: talc-chlorite
schist; DHR-07-38: amphibolite schist.

The eng values (at 3100 Ma) for the ultramafic-mafic rocks are
mostly positive indicating a depleted mantle source for the Nuggihalli
rocks (Table 3a). The gyq value obtained for the whole-rock Sm-Nd iso-
chron (3125 + 120 Ma) is + 2.8, and the average initial gyq value of the
peridotites, pyroxenite, anorthosites and gabbros is +2.72, which are
slightly higher than the expected eng value of +2.0 for the depleted
mantle at 3100 Ma (De Paolo, 1981). The schists, on the other hand,
show variable &yq values (at 3100 Ma) that average + 0.44. Extremely
negative and low positive values of &yq (Table 3c) imply open-system
processes during hydrothermal alteration and metamorphism which
changed the pristine Sm/Nd ratios in these rocks at some later stage.
Crustal contamination can also give rise to negative eyq values, but this
can be ruled out because trace element and REE composition of the
Nuggihalli rocks do not support crustal contamination (Figs. 3, 6). Re-
cently Dey (2012) has conducted an extensive review of 4’Sm-143Nd
isotopic data from ultramafic-mafic rocks, TTGs and granitoids of the
Eastern and Western Dharwar craton. Though the &y values of the
ultramafic-mafic volcanic rocks from the older greenstone belts of the
Western Dharwar craton indicate a depleted mantle source, the mafic
metavolcanics of the younger Dharwar Supergroup do not show any
evidence of mantle source depletion, from which Dey (2012) surmised

that mantle re-fertilization was a significant process that occurred in
the Western Dharwar craton after formation of the older greenstone
belts.

The Rb-Sr isotope data of the rocks from our study are highly var-
iable and most of them are not considered to be representative of ini-
tial compositions (Table 3b). Nevertheless, the initial 37Sr/®%Sr ratio
(at 3100 Ma) of the gabbros (excluding DHR-10-114), which have
relatively high Sr concentrations and low Rb/Sr ratios that minimize
possible disturbances and errors during calculation of initial composi-
tion, may still be utilized to make inferences about the mantle source.
The range of initial 87Sr/%Sr ratio in the gabbro (0.70097-0.70111)
matches with the 87Sr/%6Sr ratio of 0.7006 for the depleted mantle
at 3100 Ma (Bell et al., 1982). In summary, the Nd and Sr isotope
characteristics of some of the relatively less altered rocks from the
Nuggihalli greenstone belt support the derivation of their parental
magma from a depleted mantle source.

6.2. Magmatic fractionation

In Fig. 2, progressive enrichment is observed in the absolute concen-
trations of major and incompatible trace elements, from komatiites to
komatiitic basalts in the Barberton and Abitibi greenstone belts (Arndt
et al., 2008; Fan and Kerrich, 1997). Jayananda et al. (2008) have
shown the occurrences of both komatiites and komatiitic basalts in
the older greenstone belts of the Western Dharwar craton (e.g., J.C.
Pura and Kalyadi belts), however, the composition of the komatiites
reported by them are far too magnesian (~33-42 wt.%) for a komatiitic
flow (~24-30 wt.%; Arndt et al., 2008); these are expected to represent
olivine adcumulates that occur at the lower portion of thick komatiitic
flows (e.g., Barnes, 2006; Hill et al, 1995). The basaltic komatiites
were considered by Jayananda et al. (2008) to be co-magmatic with
the komatiites from which they were derived by olivine and pyroxene
fractionation. The variations in major and trace element concentrations
of the metavolcanic schists from our study, correspond with such a var-
iation exhibited by the komatiitic suite of the Western Dharwar craton
(Fig. 2). The talc-chlorite schist (DHR-07-37) is observed to plot along-
side the komatiites, while the other schist samples plot at the komatiitic
basalt end in Fig. 2. Differentiation can occur within a thick volcanic
komatiitic flow (Barnes, 2006; Hill et al., 1995), and in the Nuggihalli
belt grain size variation has been observed within the schistose rocks.
The major and trace element patterns of the ultramafic plutonic rocks
and gabbro are also observed to be similar to the above differentiation
trend (Fig. 2).

The REE patterns of the metavolcanic schists (except DHR-07-37)
match with the pattern of Al-depleted komatiites of Jayananda et al.
(2008), and with typical Al-depleted komatiites from the Barberton
greenstone belt (Fig. 3¢). Mukherjee et al. (2010) conducted a detailed
study of unaltered chromites from the massive chromitites and com-
puted their probable parental magma composition from the relation
of Maurel and Maurel (1982), who showed that the Al,O03 (wt.%) in spi-
nel is a function of Al,03 (wt.%) in the melt. Kamenetsky et al. (2001)
showed from melt inclusion data within chromite from volcanic rocks,
that a linear relationship exists between the Al,O5 and TiO, content in
chromite and the melt from which it crystallized. The calculated
Al,0s3, TiO, and FeO/MgO indicated that the parental melt of the
Nuggihalli chromitite was a low-Al komatiitic basalt. The composition
of the calculated parental melt, and the unaltered chromites from
massive chromitite, plotted in the high-Ti arc field in the spinel Al,03
versus TiO, tectonic discrimination diagram of Kamenetsky et al.
(2001) (Fig. 8d of Mukherjee et al., 2010).

To further test whether fractional crystallization was responsible for
generating the plutonic rock sequence observed in the Nuggihalli
greenstone belt, we took the help of the MELTS algorithm of Ghiorso
and Sack (1995). Al-depleted komatiite from the Western Dharwar cra-
ton (Jayananda et al., 2008) was taken to be the parental magma that
was isobarically fractionated at 1638 °C and 2 Kbar pressure with the
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Table 3a

Bulk rock Sm-Nd isotopic data of samples from the Nuggihalli greenstone belt, Western Dharwar craton.

Sample Lithology Sm (ppm) Nd (ppm) '#Sm/'Nd  '#3Nd/'**Nd  +20 (*3Nd/™*Nd); (3100 Ma)  Teyur  Tom DePaolo  eng (3100 Ma)
DHR-07-29 chromitite 0.03 0.11 0.18719 0.511953 0.000044 0.508119 —9.63
DHR-07-29E chromitite 0.04 0.15 0.16495 0.511702 0.000077  0.508324 —5.61
DHR-07-29Y chromitite 0.04 0.16 0.14044 0.511916 0.000065  0.509039 1.95 2.58 8.45
DHR-07-30A serpentinite  0.10 0.55 0.11100 0.512084 0.000055 0.509811 0.98 1.59 23.63
DHR-07-30B serpentinite  0.11 0.53 0.12783 0.511997 0.000080  0.509380 1.42 2.05 15.14
DHR-07-BH-1  serpentinite  0.05 0.16 0.17165 0.512313 0.000016  0.508797 1.97 3.05 3.69
DHR-07-21 serpentinite  0.14 0.66 0.13130 0.511941 0.000018  0.509252 1.62 2.24 12.64
DHR-07-24 serpentinite  0.21 0.95 0.13056 0.512302 0.000023  0.509628 0.77 1.56 20.03
DHR-07-TD-6  serpentinite  0.84 3.45 0.14648 0.511744 0.000020 0.508744 2.70 3.20 2.64
DHR-07-36 serpentinite  0.30 1.36 0.13134 0.511785 0.000030  0.509095 1.98 2.54 9.55
DHR-10-92 peridotite 0.25 0.56 0.27299 0.514299 0.000017  0.508708 3.29 2.96 1.93
DHR-10-95 peridotite 0.55 1.50 0.22246 0.513317 0.000008 0.508761 3.98 2.92 298
DHR-10-99 peridotite 043 1.35 0.19136 0.512701 0.000024  0.508782 3.07 3.39
DHR-10-130 anorthosite 0.28 0.98 0.17336 0.512352 0.000025 0.508801 1.86 3.03 3.77
DHR-07-26 pyroxenite 2.16 9.04 0.14444 0.511653 0.000005 0.508695 2.85 3.31 1.68
DHR-07-35 gabbro 1.84 5.89 0.18873 0.512602 0.000004 0.508736 0.70 3.36 249
DHR-10-43 gabbro 1.19 3.34 0.21503 0.513176 0.000009 0.508771 293 3.19
DHR-10-109 gabbro 0.58 215 0.16257 0.512110 0.000007 0.508781 235 3.11 3.37
DHR-10-114 gabbro 2.38 7.36 0.19599 0.512707 0.000009  0.508693 3.82 1.65
DHR-07-33 schists 2.79 9.01 0.18713 0.512253 0.000005 0.508420 —3.72
DHR-07-34 schists 1.71 5.03 0.20573 0.512849 0.000007 0.508636 3.54 0.52
DHR-07-37 schists 0.16 0.54 0.18052 0.512664 0.000010  0.508967 2.24 7.03
DHR-07-38 schists 6.27 21.66 0.17523 0.512093 0.000005 0.508505 3.83 —2.06

fO5 kept at QFM. The sequence of minerals that fractionated from this
magma was olivine (1618 °C), olivine 4 chrome-spinel (1598 °C),
orthopyroxene + chrome-spinel (1318 °C), pigeonite 4 chrome-spinel
(1238 °C), pigeonite + augite + chrome-spinel (1218 °C), pigeonite +
augite + feldspar + spinel (1197 °C), pigeonite + augite + feldspar +
magnetite (1157 °C), augite + feldspar + magnetite (1078 °C). The
composition of olivine obtained through MELTS is in the range of
Fog45_g5.3, which matches with the range of olivine composition in du-
nites (Fogs_g1) within Archean greenstone belts (Barnes, 2006; Mondal
et al.,, 2006), and with olivine compositions previously reported from
serpentinised peridotites in the Nuggihalli greenstone belt (Fogg_gs;
Bidyananda and Mitra, 2005). The orthopyroxene composition obtained
through MELTS is enstatite (En 84% Fs 13% Wo 3%), and it matches with
the range of orthopyroxene compositions within pyroxenites genetical-
ly linked to high-Mg parental magma (komatiite or boninite) in Archean
greenstone belts. The common examples include orthopyroxene from
the Nuasahi-Sukinda massifs, Singhbhum craton (En 86-92% Fs 7-10%
Wo 0.7-4%; Mondal et al., 2006), and the Inyala chromite mines,

Table 3b

Zimbabwe craton (En 88-89% Fs 11-12% Wo 0.2-0.5%; Rollinson,
1997). The initial composition of augite obtained through MELTS (En
53% Fs 15% Wo 32%), matched with the analysis of clinopyroxenes
reported by Bidyananda and Mitra (2005) from serpentinised perido-
tites in Nuggihalli (En 56% Fs 13% Wo 32%). The initial feldspar compo-
sition varied from An;g5_73 and matched with the range of An content
in anorthosites of Archean greenstone belts (Angg_7o; Ashwal, 1993).
Thus an anorthosite body could be generated from this komatiitic
magma. Continued fractionation changed the feldspar composition to
Angs, where along with augite and accessory magnetite the gabbro
could be formed (condition at 1078 °C).

In summary, the sequence of minerals obtained by the MELTS algo-
rithm matched with the plutonic rock sequence in Nuggihalli where
we have dunites, chromitites, peridotites, and anorthosites which are
followed by gabbros with cumulus magnetite. A similar sequence of
minerals was obtained by experimenting with a typical Al-depleted
komatiite from the Barberton greenstone belt (Arndt et al., 2008), the
only difference being that chrome-spinel was the first mineral to

Bulk rock Rb-Sr data of samples from the Nuggihalli greenstone belt, Western Dharwar craton.

Sample Lithology Rb (ppm) Sr (ppm) 87Rb/50Sr 865r/87sr +20 (35Sr/87sr); (3100 Ma)
DHR-07-29 chromitite 0.05 0.01 10.818 0.71324 0.00009

DHR-07-29E chromitite 0.05 0.14 1.085 0.71120 0.00002

DHR-07-29Y chromitite 0.20 0.04 14.763 0.71318 0.00003

DHR-07-30A serpentinite 0.13 0.12 3.002 0.71095 0.00012

DHR-07-30B serpentinite 1.23 74.70 0.048 0.71600 0.00005 0.71385
DHR-07-BH-1 serpentinite 0.10 0.12 2372 0.71046 0.00003

DHR-07-21 serpentinite 0.29 0.18 4.530 0.72800 0.00007

DHR-07-24 serpentinite 0.03 1.66 0.050 0.70758 0.00005 0.70532
DHR-07-36 serpentinite 0.26 0.08 9.517 0.70589 0.00003

DHR-10-92 peridotite 0.01 0.51 0.073 0.71111 0.00008 0.70781
DHR-10-95 peridotite 0.03 4.25 0.023 0.70577 0.00003 0.70472
DHR-10-99 peridotite 0.01 0.58 0.044 0.70485 0.00002 0.70287
DHR-10-129 anorthosite 0.03 50.26 0.002 0.70202 0.00003 0.70193
DHR-10-130 anorthosite 0.01 24.01 0.002 0.70250 0.00003 0.70243
DHR-07-26 pyroxenite 0.13 7.98 0.046 0.70648 0.00002 0.70442
DHR-07-35 gabbro 0.07 125.95 0.002 0.70104 0.00003 0.70096
DHR-10-43 gabbro 0.02 131.84 0.001 0.70113 0.00001 0.70111
DHR-10-109 gabbro 0.05 92.67 0.001 0.70117 0.00002 0.70111
DHR-10-114 gabbro 0.03 32.98 0.003 0.70298 0.00002 0.70286
DHR-07-33 schists 1.16 69.26 0.049 0.71144 0.00001 0.70926
DHR-07-34 schists 0.67 88.73 0.022 0.71810 0.00003 0.71711
DHR-07-37 schists 0.04 0.53 0.194 0.71313 0.00002 0.70440
DHR-07-38 schists 0.15 58.86 0.008 0.70335 0.00002 0.70301
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Fig. 5. Whole-rock 2°7Pb/2%Pb versus 2°°Pb/2°*Pb isochron of chromitite, serpentinites
and gabbro. The mantle curve was drawn assuming Stacey and Kramers (1975) two-stage
model for Pb evolution.

appear on the liquidus rather than olivine, and the feldspar composition
obtained was far too calcic (Angs3). The An content obtained for the
Barberton komatiite, matched with the An content (Ang;_gs) of anortho-
sites reported by Naqvi and Hussain (1979), from the stratigraphically
equivalent Holenarsipur greenstone belt in the Western Dharwar
craton.

Mungall and Staff (2008) had modeled the petrogenesis of
chromitite bodies, within similar sill-like complexes in the Blackbird
deposit, Superior craton, Canada using MELTS computational program.
In this complex, the chromitite lenses are enclosed within deformed
meta-dunite and meta-harzburgite bodies which are thoroughly altered
to talc and carbonate. Mungall and Staff (2008) inferred that the
chromitites formed from picritic magmas which assimilated water-rich
iron formation. In the case of the Nuggihalli chromitite-bearing
ultramafic-mafic rocks, the required sequence of minerals could not
be modeled by fractionally crystallizing a picritic parental melt using
MELTS. Application of the MELTS program with other parental melts
like Archean boninites and high-Mg siliceous basalt did not produce
the plutonic rock sequences of the Nuggihalli greenstone belt.
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Crustal contamination of the parental komatiitic magma for the
Nuggihalli rocks, can be firmly eliminated based on plots of the most in-
compatible elements versus immobile elements in Fig. 6. The potential
contaminant of the parental komatiitic magma may be the surrounding
TTG rocks, and therefore the average data of TTGs (3.3 Ga) from the
Holenarsipur greenstone belt in the Western Dharwar craton has been
plotted in this figure It is observed that the data of the Nuggihalli
rocks (both plutonic and volcanic suites) plot away from the field of
the TTGs, thus indicating that crustal contamination did not occur in
the parental komatiitic magma. The scatter of samples in Fig. 6 is caused
mainly by hydrothermal alteration and metamorphism. The komatiites
and komatiitic basalts from the Western Dharwar craton (Jayananda et
al., 2008) have been included in this figure for comparison, and they
also do not show any evidence of crustal contamination (Fig. 6).

Though the field relationships between the sill-like ultramafic-
mafic rock suite and the metavolcanics are not clear, the geochronology
and geochemical data could be integrated to imply that the sill-like
ultramafic-mafic rocks may be the plutonic equivalents of the meta-
volcanic schists that have now been tectonically juxtaposed with the
plutonic ultramafic-mafic suite (e.g., Naldrett and Turner, 1977). The
komatiitic protolith of the schists were contemporaneous with the plu-
tonic suite and formed from similar parental magma. Parental magmas
for both the suites experienced parallel fractionational crystallization
from komatiite to a komatiitic basalt.

Jayananda et al. (2008) explained the close-spatial association of the
TTGs and komatiites in the Western Dharwar craton to represent a
plume-arc setting. The trace element patterns of TTGs characterized
by low HREE (especially Y and Yb) and negative HFSE (e.g., Nb, Ta, Ti)
anomalies, requires the melting of garnet and rutile bearing subducting
eclogitic slab at depths in excess of 50-60 km in subduction zones
(Moyen, 2011). Although many workers argue against the role of sub-
duction and insist on TTG genesis by delamination of dense oceanic
crust into the mantle, in which case the anhydrous melts generated
do not represent tonalite composition (e.g., Moyen and Martin, 2012
and references therein). The most popular model for genesis of
komatiites is by mantle plumes arising from the core-mantle boundary
that represents anomalously high mantle temperatures and anhydrous
conditions (Arndt et al., 2008; Campbell et al,, 1989; Fan and Kerrich,
1997; Herzberg, 1995). The plume theory accounts for the high mag-
matic temperatures of komatiites (1650-1700 °C; Green et al., 1975;
Herzberg, 1992), and their concentrated occurrences in the Archean,

Table 3¢
Bulk rock Pb-Pb isotopic data of samples from the Nuggihalli greenstone belt, Western Dharwar craton.

Sample Lithology 206pt, /204ppy +20 207ppy204pp +20 208py, 204ppy +20 I8 I u
DHR-07-29 chromitite 14.546 0.021 14.729 0.022 34.260 0.054 0.978 0.959 7.31
DHR-07-29E chromitite 13.515 0.014 14.480 0.016 33.291 0.040 0.975 0.948 7.55
DHR-07-29Y chromitite 14.427 0.030 14.663 0.031 34.150 0.074 0.991 0.982 7.01
DHR-07-30A serpentinite 13.686 0.020 14.527 0.023 33.455 0.054 0.983 0.962 7.43
DHR-07-30B serpentinite 14.848 0.042 14.807 0.043 34.529 0.100 0.991 0.987 7.45
DHR-07-BH-1 serpentinite 17.721 0.016 15.322 0.016 36.884 0.043 0.909 0.876 8.62
DHR-07-21 serpentinite 22.777 0.020 16.268 0.016 40.167 0.043 0.971 0.942 11.86
DHR-07-24 serpentinite 18.107 0.028 15.422 0.025 38.120 0.064 0.985 0.967 8.98
DHR-07-TD-6 serpentinite 17.461 0.023 15.549 0.022 40.937 0.060 0.967 0.946 9.74
DHR-07-36 serpentinite 15.902 0.027 15.125 0.027 36.501 0.067 0.989 0.978 8.41
DHR-10-92 peridotite 25.573 0.050 16.775 0.034 43.000 0.090 0.970 0.958 13.66
DHR-10-95 peridotite 16.416 0.029 15.047 0.028 35.464 0.068 0.967 0.953 7.75
DHR-10-99 peridotite 24514 0.030 16.699 0.023 49.491 0.071 0.935 0.918 13.42
DHR-10-129 anorthosite 14.645 0.012 14.727 0.014 34.770 0.036 0.961 0.927 717
DHR-10-130 anorthosite 14.528 0.019 14.652 0.020 34.543 0.050 0.978 0.955 6.82
DHR-07-26 pyroxenite 72.660 0.331 24.638 0.113 123.527 0.572 0.994 0.990

DHR-07-35 gabbro 19.747 0.031 15.926 0.026 38.674 0.066 0.981 0.965 10.80
DHR-10-43 gabbro 15.267 0.130 14.788 0.126 34.838 0.299 0.997 0.995 7.00
DHR-10-109 gabbro 17.443 0.034 15.248 0.030 37.081 0.076 0.986 0.974 8.37
DHR-10-114 gabbro 20.584 0.018 15.896 0.016 40.229 0.044 0.938 0.908 10.57
DHR-07-33 schists 16.681 0.013 15.627 0.013 35.182 0.034 0.972 0.931 10.67
DHR-07-34 schists 15.775 0.009 15.505 0.011 33.725 0.027 0.953 0.909 11.04
DHR-07-37 schists 20.256 0.043 16.038 0.035 36.912 0.082 0.981 0.972 11.19
DHR-07-38 schists 30913 0.043 18.821 0.027 50.051 0.076 0.976 0.956
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Table 4
Summary of crustal evolution in the Western Dharwar craton.
Stratigraphic unit Age
Younger Granites Closepet-Chitradurga-Arsikere granites 2.5-2.4 Ga®

Younger Greenstone sequence

Bababudan-Chitradurga-Shimoga greenstone sequences containing metavolcanics and metasediments 3.0-2.5 Ga“
Cumulate ultramafic-mafic suite hosting nickel sulfide and PGE mineralization, chromitite and

2.9-2.8 Ga“

magnetite deposits within Bababudan and Shimoga greenstone belt

Older Greenstone sequence with TTG TTG (Peninsular Gneiss)

Sargur Group metavolcanics and metasediments including sill-like layered ultramafic-mafic plutonic
suite containing chromite and magnetite deposits

3.4-2.9 Ga"

3.4-3.0 Ga*

(31254120 Ma age for the sill
like plutonic suite; this study)

2 Jayananda et al. (2008), Maya et al. (2011).

b jayananda and Peucat (1996);

¢ Devaraju et al. (2009) and references therein.
d Bhaskar Rao et al. (1992), Drury et al. (1983).
€ Meen et al. (1992), Taylor et al. (1988).

with a subsequent decline in their occurence due to secular cooling of
the Earth (Grove and Parman, 2004). However, komatiites are also
thought to be generated by hydrous mantle melting at shallow depths
(=70 km) in subduction zones (e.g., Grove and Parman, 2004 and ref-
erences therein).

Chromites are an effective guide to understand the tectonic setting
and crust-mantle interactions in the Archean Earth (e.g., Stowe, 1994).
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Fig. 6. Plot of (a) Zr versus TiO, and (b) La versus Sm for the Nuggihalli ultramafic-mafic
plutonics and associated metavolcanic schists. The line illustrates the primitive mantle
(McDonough and Sun, 1995) ratio. The values of Holenarsipur TTGs (Naqvi et al., 2009)
have been plotted to show whether crustal contamination has affected the Nuggihalli
rocks.

Study of unaltered chromites from massive chromitite in the Nuasahi-
Sukinda massifs within the Archean greenstone belts (Singhbhum cra-
ton; Mondal et al., 2006), and the Archean Nuggihalli greenstone belt
(Mukherjee et al., 2010) indicated a suprasubduction zone environment
for the chromite deposits. The close spatial relation between the TTGs
and the sill-like ultramafic-mafic, and metavolcanic schistose rocks in
the Nuggihalli greenstone belt may thus be explained by the model
illustrated in Fig. 7. The model shows the probable geodynamic setting
in the Western Dharwar craton, where TTGs formed by melting of the
subducting oceanic crust with simultaneous formation of the komatiite
by hydrous melting of the depleted mantle wedge (Fig. 7). The isotopic
and geochemical data of this study indicate depleted mantle as the
source for the komatiite derived sill-like chromitite-bearing ultramafic-
mafic complex and the metavolcanic schists in the Nuggihalli green-
stone belt, and hence is consistent with the above model.

6.3. High-Mg ultramafic-mafic magmatism in the Archean and
supercontinent cycles

The eng data of the peridotite-anorthosite-pyroxenite-gabbro from
the Nuggihalli greenstone belt have been plotted against their respec-
tive ages in Fig. 8, along with data of globally occurring ultramafic-
mafic rocks from greenstone belts. This figure illustrates that the mantle
source of the ultramafic-mafic rocks in the Archean was depleted, and
that with time the mantle has become more depleted, which is consis-
tent with progressive extraction of the continental crust. The eyq values
of the Nuggihalli belt rocks are very similar to the range shown by the
ultramafic-mafic rocks from the Yilgarn craton (Western Australia),
Ivisaartoq greenstone belt (southwest Greenland), Nuasahi massif
(Singhbhum craton, eastern India), and Tungurcha (Aldan craton).

The extreme range of &yq values, shown by the ultramafic-mafic
rocks from different greenstone belts in Fig. 8, indicates disturbances
in the Sm-Nd system (DeWit and Ashwal, 1995). This is expected as Ar-
chean greenstone belts have a very complex history of deformation,
metamorphism and later low-temperature hydrothermal alteration
which are capable of resetting and modifying the isotope systematics.
Despite the alteration, the relatively less altered peridotites, pyroxenite,
gabbro and anorthosite depict a depleted mantle source for the
Nuggihalli greenstone belt. Their average eng (3100 Ma) value of
+2.7 is slightly higher than the depleted mantle value (+2.0) at that
age (De Paolo, 1981). Jayananda et al. (2008) also obtained a range of
&na (3352 Ma) values (4+0.5 to +6.1) for the Nuggihalli komatiites
that indicated a depleted mantle source for these rocks.

Fig. 8 also shows that there is an increased abundance in the oc-
currence of the ultramafic-mafic rocks within greenstone belts from
the Early Archean till the Late Archean (i.e. from 3500 Ma to
2700 Ma), indicating major high-Mg ultramafic-mafic magmatism
concentrated in the Archean (e.g., DeWit and Ashwal, 1995; Grove
and Parman, 2004); this high-Mg ultramafic-mafic magmatic period
spanned almost 800 Ma and may be the cause for the depleted nature
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of the mantle. Such a specific and concentrated occurrence of
komatiites may be associated with a supercontinent cycle.

Supercontinent cycles refer to repetitive amalgamation and break
up of large blocks of the Earth's continent with a periodicity of ~ 800-
900 Ma (Rogers and Santosh, 2003). In the Archean, there seems to
have been large hypothesized supercratons like Vaalbaara (3.5 Ga;
break up=2.7 Ga), Superia (2.7 Ga; break up=~2.4 Ga) and Slavia
(2.6 Ga; break up~2.2-2.0 Ga) from which the Kaapvaal, Superior
and Slave cratons were derived respectively (Bleeker, 2003). A super-
continent cycle is responsible for the formation of Large Igneous
Provinces (LIPs), that represent emplacement of large volumes of
mafic-ultramafic magmatism in pulses of shorter duration (1-5 Ma,
maximum up to 50 Ma), in every 10-30 million years of the Earth's
history (e.g., Ernst et al., 2008 and references therein). Emplacement
ages of LIPs are found to correlate with periods of supercontinent
break up, with the break up being initiated by mantle plume activity
(Bryan and Ernst, 2008). The komatiite-tholeiite associations in
Archean greenstone belts and their plutonic equivalents are also
considered to be manifestations of large igneous provinces in the
Archean (Bryan and Ernst, 2008).

6.4. Implications for chromite, Ni-sulfide and PGE mineralization in
the Archean

Large-scale komatiitic magmatism that characterizes the Archean is
not only important for the study of the crust-mantle evolution of the
Earth, and the igneous processes operative during that period, but also
because there is an associated boom in metallogeny observed with
this type of magmatism. High-Mg ultramafic magmas such as komatiite
are host to important magmatic ore mineralizations of Ni-sulfide
(e.g., Arndt et al., 2005; Barnes et al.,, 2012; Houlé et al.,, 2012), while
the chromite deposits occur in the plutonic ultramafic-mafic rocks
of komatiitic affinity (e.g., Mondal et al., 2006; Prendergast, 2008;
Rollinson, 1997). Minor PGE mineralization is observed to be associated
with both Ni-sulfide and chromite deposits (e.g., Fiorentini et al,, 2010;
Mondal and Zhou, 2010).

An uneven temporal variation exists with respect to the distribution of
metal deposits in the Earth's geological past (Barley and Groves, 1992).
For example, chromite deposits are predominant in the early to mid
Archean greenstone belts (3500-2900 Ma) namely, the Shurugwi
greenstone belt in the Zimbabwe craton (South Africa; Rollinson, 1997;
Stowe, 1987), the Tomka-Daitari-Gorumahishani-Badampahar-Jamda-
Koira greenstone belts in the Singhbhum craton (eastern India;
Mondal, 2009), the Nuggihalli-Krishnarajpet-Holenarsipur greenstone
belts in the Western Dharwar craton (southern India; Mukherjee et al.,
2010), and the Jamestown igneous complex in the Barberton greenstone

0km oceanic crust oceanic crust
depleted MORB depleted
mantle (DMM) mantle wedge
S e D !
igh degree partial
i1 melting leading to
i komatiitic magmatism
(hydorus melting of
100 km asthenosphere depleted mantle wedge)
150 km

Fig. 7. Model showing the probable geodynamic setting in the Western Dharwar craton.
Model illustrates the close spatial association of the TTG and the komatiitic rocks in the
craton. TTG is generated by melting of the subducting slab in subduction zones while
the komatiite is being generated by high degree melting of the depleted mantle wedge
in a subduction zone environment.

belt (Kaapvaal craton, South Africa; DeWit et al., 1987). Slightly younger
(=~2.7 Ga) chromite deposits within greenstone belt occur in the sill-like
ultramafic complex of the Bird river sill deposit in the Superior craton,
Canada (Ohnenstetter et al., 1986).

The distribution of chromite deposits has been shown to occur over
discrete periods in the Earth's history, which was considered to be a re-
flection of secular changes in the Earth's changing tectonic regimes and
global heat flow (Stowe, 1994). The greenstone belt chromites are char-
acterized by very high Mg-ratios (0.60-0.80) and Cr-ratios (0.68-0.78;
Mondal et al., 2006; Mukherjee et al., 2010; Rollinson, 1997; Stowe,
1994), indicating high degrees of melting and derivation of the parental
melts from a depleted mantle source. Similar contemporaneous early to
mid Archean stratiform chromite deposits occur in high-grade gneissic
terrains like the Fiskenaesset and Akilia anorthositic complexes (West
Greenland; 2973 + 28 Ma; Polat et al,, 2010), and the Sittampundi com-
plex (south India; 2935460 Ma; Bhaskar Rao et al., 1996). These
high-grade terrains are also made up of dismembered ultramafic and
mafic rocks, that have similar high-Mg ultramafic parentage like the ul-
tramafic-mafic bodies within Archean greenstone belts. The initial eng
(2973 Ma) of 4 3.3+ 0.7 for ultramafic-mafic rocks of the Fiskenasset
complex indicates their derivation from a long-term depleted mantle
(Polat et al., 2010). The initial &xg (2935 Ma) of +1.8540.16 for the
Sittampundi complex also indicates the same.

Archean greenstone belts also host major Ni-sulfide deposits. The
Ni-sulfide deposits are concentrated mainly in the Late Archean (~3.0
to 2.7 Ga) period of the Earth's geological history, and are related to
craton-rifting processes at craton margins during regional tectonism
(Begg et al., 2010; Maier and Groves, 2011). The lithosphere is thin at
the margins, which facilitates transfer of melt through numerous
conduits that form along the active translithospheric faults, and varying
degrees of crustal interactions bring about the Ni-PGE mineralization
(Begg et al, 2010). Examples of economically important Ni-sulfide
deposits include the Kambalda deposit of the Yilgarn Block (Western
Australia), the Abitibi greenstone belt (Superior Province, Canada),
and the Bulawayan sequence of the Zimbabwe craton; no deposits
occur in the older greenstone belts (=~3.5 to 3.0 Ga). Barley and
Groves (1992) considered the Kambalda-type komatiite associated Ni
mineralization in late Archean greenstone belts to have formed, owing
to the rapid growth and stabilization of the continental crust combined
with high global heat flow. Progressive accretion of volcanic-arc,
marginal-basin, and related assemblages to the protocratonic nucleii dur-
ing the late Archean, resulted in formation of numerous cratons that was
responsible for bringing about the associated mineralization (Barley and
Groves, 1992). Begg et al. (2010) also discussed that Ni-sulfide deposits
occur during periods of regional compressions, continent collisions and
basin inversions, and that there is a general coincidence of their occur-
rence with supercontinent formations. Magma plumes impinging on
the sub-continental lithospheric mantle (SCLM), was considered re-
sponsible for forming large volumes of ultramafic-mafic magmas that
host the Ni-sulfide deposits (Begg et al. (2010); alternatively many
authors explain the magmatism to be an outcome of melting of
metasomatized mantle lithosphere, by asthenospheric upwelling trig-
gered by lithospheric delamination (Begg et al., 2010 and references
therein).

Platinum group element (PGE) deposits generally occur in associa-
tion with Ni-sulfide and chromite mineralization in Archean greenstone
belts. PGE mineralization has been reported from the mid Archean
(3.2 Ga) Nuasahi ultramafic-mafic complex in the Singhbhum craton
(eastern India), where they are hosted within pegmatitic gabbroic ma-
trix in a breccia zone (Mondal and Zhou, 2010; Mondal et al., 2001); this
is an important PGE mineralized zone. PGE mineralization has also been
reported from the Barberton greenstone belt (3.5 Ga Stolzburg Com-
plex, Kaapvaal craton, South Africa; e.g., DeWit and Tredoux, 1987),
Abitibi greenstone belt (2.7 Ga Alexo deposit, Superior craton, Canada;
e.g., Houlé et al., 2012), Kambalda (2.7 Ga; Norseman-Wiluna green-
stone belt, Yilgarn craton, Said et al., 2011), and also from the 2.7 Ga
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Kranendonk et al. (2010).

Ferguson Lake deposit (Yathkyed greenstone belt, Archean Churchill
Province, Canadian Shield; Campos-Alvarez et al., 2012).

Thus, the observed discrete temporal distribution of different
styles of metal deposits was explained by Barley and Groves (1992)
to be an outcome of plate-tectonic cycles, rather than to progressive
changes in the tectonic processes of the Earth. The preponderance
of ore deposits of chromite from= 3.5 to 2.7 Ga, and Ni-sulfide and
PGE from=3.0 to 2.7 Ga are thus related to large-scale high-Mg
ultramafic-mafic plutonic and volcanic events in the Earth that are
connected to supercontinent cycles. There could possibly have been
two supercontinents at 3.5 Ga and 2.7 Ga, with an overlap between
the break up of the older hypothesized supercontinent, and the forma-
tion of the younger one; such overlaps between break up and assembly
have been reported for Rodinia (Ernst et al., 2008). The suprasubduction
zone setting for the 3.1 Ga chromite deposits of the Nugggihalli green-
stone belt indicate that these deposits were perhaps related to the
amalgamation phase of a supercontinent which culminated at 2.7 Ga.

7. Summary

A whole-rock Sm-Nd age of 3125 4- 120 Ma was obtained for the
first time, for rocks belonging to the plutonic ultramafic-mafic suite

with associated chromite deposits of the Nuggihalli greenstone belt
in the Western Dharwar craton. The average enq (3100 Ma) value of
+2.7 for the ultramafic plutonic rocks, and low 37Sr/%6Sr values
(3100 Ma) of 0.70096-0.70111 for the gabbros, indicate derivation
of the parental magmas from a depleted mantle source. The REE pat-
tern of the metavolcanic schists of the Nuggihalli greenstone belt re-
sembles the pattern of Al-depleted komatiite. The metavolcanic
schists show differentiation from komatiite to komatiitic basalt. Co-
herent patterns of major and trace elements, and layered nature of
the ultramafic-mafic sequence indicate that the plutonic rocks are
also connected by fractional crystallization. The preponderance of
plutonic and volcanic ultramafic-mafic rocks of komatiitic affinity,
from 3.5 Ga to 2.7 Ga in different greenstone belts is related to su-
percontinent cycles. Komatiites and their plutonic equivalents in
the Archean greenstone belts host important metal deposits of
chromite, Ni-sulfide and associated PGE mineralization. The irregu-
lar distribution of the metal deposits is also related to such super-
continent cycles. The 3.1 Ga chromite deposit of the Nugggihalli
greenstone belt is perhaps related to the amalgamation stage of a
supercontinent.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.lith0s.2012.10.001.
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