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Neoarchean migmatized granodioritic gneisses and maBc enclaves from the Madras block of the Southern
Granulite Terrain (SGT) were studied to understand their genetic relationship. The gneisses show calcalkaline trend, more magnesian than tonalites, enrichment of LILE and LREE with HFSE depletion, and
zero to slightly negative eNd values (t=2600 Ma) which indicate their precursors fractionated from
sanukitoid magma generated by partial melting of hybridized mantle sources. Gabbroic magmas representing maBc enclaves with eNd values, –1.68 to +0.45, formed by partial melting of Cuid metasomatised
mantle wedge and hybridized by interaction with granite magma. Underplating of these maBc magmas
provided heat to trigger anatexis of the granodioritic arc-crust in the presence of H2O and formation of
granite melts (leucosomes). The leucosomes with peritectic amphiboles have higher REE with prominent
negative Eu anomaly, while quartzo-feldspathic leucosomes have lower REE, concave upward HREE and
positive Eu anomaly. Fractionation and/or entrainment of amphibole, apatite, allanite, titanite and
zircon controlled REE and other trace element abundances of the leucosomes. Thus, underplating of maBc
magma caused migmatization, magma mixing and differentiation and transformation of the arc crust in
the NE part of the Madras block which represents deeper parts of the eastern Dharwar craton.
Keywords. Southern Granulite terrane; maBc underplating; migmatization; Madras block; Sm–Nd
system; Dharwar Craton.

1. Introduction
Granitoid rocks with maBc enclaves are ubiquitous
components of the continental crust and indicate an
involvement of magmas of contrasting compositions
to provide chemical variability to the crust (Moyen
et al. 2003; Renjith et al. 2014; Shukla and Mohan
2019). Various studies have discussed mixing and
mingling of mantle-derived maBc magma and crustderived felsic magma to form hybrid rocks hosting
maBc microgranular enclaves (MME) (Vernon

1983, 1984, 1990; Vernon et al. 1988; Barbarin and
Didier 1991, 1992; Fourcade and Javoy 1991; Santosh Kumar et al. 2004, 2005, 2010; Jayananda et al.
2009; Gireesh et al. 2012; Schwindinger et al. 2019).
The MMEs studied are generally crystallized at
shallower level magma chambers where the anatectic melt rises after separation from its source
(Clemens et al. 2016 and references therein). Several
of these observations made on the shallower level
process do not generally reveal the melt generation
mechanism, leading to equivocal interpretations on
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temperature of melting, depth of melting, and Cuid
conditions during the melting. Source proximal
granites, on the other hand, are generally preserved
and studied in upper crustal amphibolite facies
migmatites, which Clemens et al. (2020), consider a
poor analogue for understanding the temperature
and Cuid conditions for a large scale melt production
to form granitic batholiths. However, they do concede that these migmatites are useful to understand
the initial conditions of melt generation, segregation
and entrainment of the peritectic minerals, the
aspects which are generally paid more attention in
migmatites.
The magma mixing/mingling and the migmatization, therefore, appear to be mutually exclusive
processes, the former taking place at shallower
level, whereas the latter reCecting source proximal
melt generation. Studying magma mixing/mingling process, proximal to the anatectic source is
challenging as the concomitant partial melting
processes could mask or modify the chemical signatures. A few studies, though, explain the maBc
contents in migmatites either due to inCux of
mantle-derived magma or segregation of maBc
components from the crustal melts (Petford and
Gallagher 2001; Carvalho et al. 2017).
The Dharwar Craton consists of typical Archean
granite-greenstone terrains, exposes rocks formed
at upper to mid-crustal levels from north to south
(Peucat et al. 2013) and along the southern part
grades to granulite facies terranes through a transition zone which is also intersected by several
shear zones. The relationship between greenstonegranite and granulite terranes is complex.
Mesoarchean Tonalite–Trondjhemite–Granodiorite (TTG) gneisses are well exposed in the western
part of the craton truncated by the Moyar shear
zone towards south (Chardon and Jayananda
2008) (Bgure 1a). Whereas, the eastern part of the
Dharwar Craton is dominated by Neoarchean
granodioritic gneisses of sanukitoid aDnity
(Balakrishnan and Rajamani 1987; Krogstad et al.
1989; Balakrishnan et al. 1999; Dey et al. 2012) also
referred as ‘transitional TTGs’, while the typical
TTGs are rare (Jayananda et al. 1995; Dey et al.
2016). The granodioritic gneisses are migmatitic at
places, also contain MMEs (Jayananda et al. 2009)
and towards south–southeast transition to granulitic rocks (Peucat et al. 2013). These granulitic
terranes are cut by several NE–SW trending shear
zone (Chardon and Jayananda 2008). The northeastern part of the high-grade Southern Granulite
Terrain (SGT), known as Madras Block (MB)
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(Bgure 1a) represents deeper level of exposure of
the Archean Dharwar Craton (Pichamuthu 1960;
Shackleton 1976; Peucat et al. 2013; Dash et al.
2013). The MB is characterized by the association
of charnockite massifs and granitic gneisses, mapped as hornblende-biotite gneisses, intruded by
granite plutons (Bgure 1b). The Neoarchean granodioritic gneisses make up a significant part of the
Madras Block. A close and careful examination of
several outcrops of the granodioritic gneisses
reveals evidences of magma interactions, partial
melting and migmatization associated with the
MMEs.
We present detailed Beld and petrographic
observations and elemental and Sr and Nd isotopic
data on these migmatitic granodioritic gneisses,
associated MMEs and the preserved felsic melt
pockets to explain mid- to lower-crustal processes
responsible for geochemical variability of the
resultant crust. We propose that the MMEs represent maBc magma inCux from a metasomatised
mantle which partly mingled/mixed with the melt
derived from a lower-middle granodioritic crust.
We also show the progressive chemical variation
during melt segregation, as revealed by leucosomes
formed at different stages, during Cuid present
partial melting of the crust, concomitant to maBc
magma underplating.

2. Geological framework
The Southern Granulite Terrain (SGT) of India is
made up of three distinct, major terranes that are
referred to as Northern Nilgiri–Madras blocks,
Madurai and Trivandrum blocks (Bgure 1a).
Palghat–Cauvery Shear Zone (PCSZ) occurring
between the Nilgiri–Madras blocks and the Madurai
block is considered as a suture zone with rocks
occurring on either side of it to have had different
metamorphic and evolutionary histories (John et al.
2005) and these disparate blocks were juxtaposed
during Neoproterozoic or early Cambrian (Cenki and
Kreigsman 2005; Chetty and Bhaskar Rao 2006;
Santosh et al. 2009; Yellappa et al. 2010). Whereas,
Meissner et al. (2002) and Brandt et al. (2014) questioned this interpretation of the PCSZ based on their
geochronological and Sm–Nd isotope studies. However, Ghosh et al. (2004) based on geological and
geochronological studies suggested that a Neoproterozoic shear zone passing through Karur–Kambam–Painavu–Trichur (KKPTSZ) could represent
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Figure 1. (a) Generalized geological map showing disposition of the Dharwar Craton and various other crustal blocks and shear
zones of the Southern Granulite Terrain modiBed after Harris et al. (1994). MSZ: Moyar Shear Zone; MeSZ: Mettur Shear Zone;
MBSZ: Moyar Bhavani Shear zone; BSZ: Bhavani Shear Zone; PCSZ: Palghat Cauvery Shear Zone; EDC: Eastern Dharwar
Craton and WDC: Western Dharwar Craton. (b) SimpliBed geological map of the study area which forms the Gingee–
Tiruvannamalai domain of the Madras block (modiBed after the map of Geological Survey of India, 1995). Sample locations are
numbered and marked as Blled circles.

the suture between Madurai block and Nilgiri–
Madras blocks rather than the PCSZ.
The rocks occurring in the Madurai block
are characterized by high-grade gneisses and
charnockite intrusives with zircons of Archean age
found in western domain and eastern domain
characterized by migmatitic gneisses, granitic
intrusives with charnockite patches (Plavsa et al.
2012; Brandt et al. 2014; Sekaran et al. 2015).
Along north–south trajectory, a few sites of ultrahigh temperature metamorphism have been
reported (Sajeev et al. 2004; Sajeev and Santosh
2006; Tsunogae and Santosh 2006; Santosh et al.
2009; Sato et al. 2011; Prakash et al. 2018). The
Madurai and Trivandrum blocks are separated by,
northwest–southeast trending, Achankovil shear
zone (ASZ). Protoliths of charnockites of Trivandrum and Madurai blocks were formed mostly
during Paleoproterozoic and metamorphosed to
granulite facies at around 550 Ma ago and detailed
reviews on the geology and geochronology of rocks
of the SGT, Madurai and Trivandrum blocks are
available (e.g., Mohan and Jayananda 1999; Rajesh
and Santosh 2004; Plavsa et al. 2012; Sekaran et al.
2015).
The Madras block (MB) of the SGT occurs
southeast of the Eastern Dharwar Craton and the
boundary between them is marked by Mettur shear
zone (MeSZ) (Bgure 1a). Protoliths of granitoid
gneisses and granulites in the Madras block are of
Neoarchean age and metamorphosed at ca. 2500
Ma ago (Balasubrahmanyan et al. 1978; Janardhan
et al. 1982; Harris and Jayaram 1982; Raith et al.

1983, 1989, 1990, 1999; Santosh et al. 2003; Clark
et al. 2009; Peucat et al. 2013; Glorie et al. 2014; Li
et al. 2018). Metamorphic and magmatic events of
Pan-African ages have not been reported from the
Northern Nilgiri–Madras blocks, although there
are reports of post-granulite facies metamorphic
event at around 800 Ma (Bhutani et al. 2007a, b)
and intrusion of syenites and carbonatite bodies
along the MeSZ at around 750 Ma ago (Moralev
et al. 1975; Kumar et al. 1998; Miyazaki et al. 2000;
Santosh et al. 2005). Although, earlier workers
suggested that the Madras block of SGT and the
Dharwar Craton represent disparate terranes, later
studies on deformation, metamorphism, geochemistry and geochronology of rocks on either side of
the ‘Fermor line’ reported a gradational increase in
metamorphic grade towards south characterized by
a transition zone between them (Peucat et al. 2013
and references therein).
The present study area occurs in the central part
of the Madras block, bounded by the Mettur shear
zone in the northwest, Palghat–Cauvery shear zone
in the south and the Bay of Bengal in the east
(Bgure 1b). In this domain, foliation planes trend
NE–SW predominantly, parallel to the trend of the
Mettur shear zone and consists of hypersthene
bearing charnockites, hornblende-biotite gneiss,
granites and maBc dyke swarms (Dash et al. 2013
and references therein). The charnockites were
metamorphosed to temperatures *800C at pressures of 7–9 Kbar (Weaver 1980; Condie et al.
1982; Raith et al. 1983; Bhattacharya and Sen
1986; Manglik 2006) and underwent isothermal
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decompression (Mohan and Jayananda 1999; John
et al. 2005). From the north of Cauvery shear zone,
massive charnockite has yielded an Sm–Nd wholerock isochron age of 2490±60 Ma (Bhutani et al.
2007a) and U–Pb zircon ages ranging from 2454 to
2556 Ma (Bhutani et al. 2007b). Santosh et al.
(2003) reported U–Pb chemical ages on zircons
from the Madras block for garnet hornblende gneiss
at 2.63±0.03 Ga and for garnet-bearing charnockite at 2.55 ± 0.04 and 2.49 ± 0.03 Ga and are
indistinct within the reported uncertainty from the
whole-rock Sm–Nd isochron age of 2555±140 Ma
obtained by Bernard-GrifBths et al. (1987). Glorie
et al. (2014) reported zircon U–Pb ages of 2530±10
Ma and 2630–2730 Ma for magmatic and relict
zircons, respectively. Azhar et al. (2019) have
proposed maximum and minimum ages of 2618±13
and 2469±20 Ma, respectively of the zircons from
the gneisses of the Madras block. Also, the granitoid sample around Vettavalam has relatively
younger ages of 2538±16 and 2462±18 Ma. Granites recognized around Gingee, Tiruvannamalai
and Tirukovilur along with migmatitic gneisses
yielded Rb–Sr whole-rock isochron age of 2254±60
Ma (Balasubrahmanyan et al. 1978). Dash et al.
(2013) reported Sm–Nd whole rock-mineral isochron age of 2318±60 Ma for the NW–SE trending
maBc dykes occurring southwest of Gingee. Based
on similar ages and paleomagnetic pole positions of
diabasic dykes occurring around Gingee–Tiruvannamalai areas with that of dykes at Bangalore and
Harohalli areas of eastern Dharwar Craton (Halls
et al. 2007; Pradhan et al. 2008; French and Heaman 2010), it was proposed that Gingee–Tiruvannamalai terrane of the MB is contiguous with
Dharwar craton during emplacement of these
NW–SE trending dykes (Dash et al. 2013).
Thus the granodiorite and migmatitic gneisses
and MMEs around Gingee provide a unique window to study mid to lower crustal processes
including petrological connection between migmatization, granite melt generation and maBc
microgranular enclaves.

3. Field observations
Migmatized granodioritic gneisses, earlier referred
to as hornblende–biotite gneisses, form an important part of the Archean Gingee–Tiruvannamalai
domain in the Madras block of SGT and are well
exposed in numerous stone quarries particularly
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around Gingee (Bgure 1b and table 1). They show
well-developed foliation striking NE–SW and dipping steeply, at the outcrops least aAected by
migmatization or when they are at metatexite
stage (Bgure 2a). Whereas, migmatitic gneisses
that are at diatexite stage lack foliation and are
characterized by segregation of leucosomes
(Bgure 2b–f) and to a lesser extent melanosomes
and maBc minerals (Bgure 2b and c). The migmatized gneisses contain numerous maBc microgranular enclaves of different shapes and size, mostly
tens of cm to a meter long, diagonally (Bgure 2g–j).
The contact between the maBc microgranular
enclaves (MMEs) and the granodioritic gneisses are
either irregular, diffused (Bgure 2g) or sharp
and straight (Bgure 2h and i). The (MMEs) are
occasionally cut by quartzo-feldspathic veins
(Bgure 2h). Some of the maBc enclaves have wispy
tail and Blament-like structure (Bgure 2j).
The leucosomes are medium- to coarse-grained
and three types are recognizable in the Beld:
(i) medium grained, light grey and homogeneous with low abundance of maBc minerals
(Bgure 2b–d), (ii) coarse-grained with megacrystic,
round or elliptical shaped, partially resorbed porphyritic pink feldspar grains (Bgure 2e), and (iii)
coarse to medium-grained with euhedral to subhedral amphibole crystals (Bgure 2f and g). The
Brst two types of leucosomes are essentially
quartzo-feldspathic (Bgure 2b–e) and the other
is with conspicuous peritectic amphibole grains
(Bgure 2f and g).
The peritectic amphibole grains with inclusions
of feldspar are located mostly along the margins of
the leucosomes and are associated with lower melt
fractions, which could not be separated from the
source (Bgure 2f). They are identiBed as ‘in-situ’
leucosomes after Pawley et al. (2015). When the
melt volume increased, it segregated to give rise to
the coarse-grained quartzo-feldspathic leucosomes
free of peritectic amphiboles and both types can be
seen in Bgure 2(f). Where gneissocity is well preserved, the leucosomes are mostly conBned to
foliation planes with sharp margin (Bgure 2a) and
may represent the leucosomes formed relatively
early in the anatectic event and when the extent of
melt increased, host rock loses its structural
coherence and melt pools to form leucosomes of
variable sizes (Bgure 2b–e).
A systematic change in the extent of granite melt
formation and separation is observed in outcrops
along northeast–southwest transect, i.e., from
locations 6–15 (Bgure 1b). The migmatites with
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in-situ leucosomes are common in northeasternmost outcrops which become in-source type at
locations 12, 13 and 14, and massive granite pluton
representing well separated leucosome found at
location 15. About 5 kg of samples representing
gneisses, leucosomes, melanosomes/maBc segregation and maBc enclaves were collected from fresh
outcrops (table 1) and processed for laboratory
studies.
4. Petrography
4.1 MaBc microgranular enclaves
The maBc microgranular enclaves (MMEs) have
inequigranular texture with amphibole (45–55%),
clinopyroxene (8–10%), plagioclase (20–30%), biotite (8–10%), microcline (4–6%) and quartz (*5%)
as the essential minerals. The accessory minerals
include zircon, apatite (both acicular and tabular),
and opaque minerals. Most of the accessory minerals are found as inclusions within amphibole,
K-feldspars, plagioclase and biotite. Amphibole is
twinned and replaces clinopyroxene (Bgure 3a) and
inclusions of biotite and clinopyroxene are common
within amphibole. Randomly oriented acicular
apatite, amphibole and biotite inclusions are common in plagioclase feldspars (Bgure 3b and c). The
MMEs show abundant feldspar ocelli textures in
which the feldspar grains are mantled by Bnegrained biotite and/or amphibole (Bgure 3d). Plagioclase shows resorbed boundary and is sericitized
at places. Amphibole is of two types, both showing
inclined extinction and one showing yellowish to
green pleochroism, while the other showing pale
green to dark bluish-green pleochroism and identiBed respectively, as hornblende and actinolite.
The most hybridized enclave has medium grain
size and has more quartz, plagioclase and K-feldspar with acicular apatite. The MME sample (14EN1) in the southern part of the study area has
more clinopyroxene compared to those in the
northern part (Bgure 3e).

4.2 Granodioritic gneiss
The gneisses consist of quartz (10–18%), plagioclase (45–55%), K-feldspar (15–20%), biotite
(*8%), hornblende (4–6%), and clinopyroxene
(*3%) as essential minerals. The accessory minerals include zircon, titanite, apatite and opaque
minerals. Zircon and apatite are mostly found as
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inclusions in major rock-forming minerals like
feldspars, while titanite is mostly found in association with biotite and opaque mineral segregates.
Biotite is aligned along grain boundaries of
megacrystic K-feldspars and plagioclase feldspars
resulting in crudely banded appearance of the
gneisses (Bgure 3f). Plagioclase with partially
resorbed, rounded quartz inclusion is surrounded
by amphibole grains (Bgure 3g). Plagioclase also
has inclusions of microcline and biotite (Bgure 3h)
and microcline has inclusions of plagioclase, quartz
and biotite (Bgure 3i). The gneisses show abundant
quartz and plagioclase ocelli textures in which the
quartz and plagioclase grains are mantled by Bnegrained biotite (Bgure 3f). Fine-grained, euhedral
to sub-rounded, quartz inclusions are present
within plagioclase feldspars (Bgure 3i) indicating
either the presence of restite or magma mixing/magma mingling (Sekaran et al. 2015). Deformation lamellae in plagioclase suggest ductile
deformation. Amphibole seems to be replacing
clinopyroxene (Bgure 3j) with lath-shaped biotite
inclusion. The granodiorites show graphic, myrmekitic and perthitic textures. Myrmekitic and
exsolution textures indicate slow cooling below the
solidus temperature.

4.3 Leucosomes and maBc segregation/
melanosome
The leucosomes are coarse-grained with quartz
(30–40%), alkali-feldspars (35–40%) and plagioclase (15–18%) and biotite (1–3%) as essential
minerals. The accessory minerals are mostly zircon
and apatite. The amphibole-bearing leucosomes
have quartz, alkali feldspar, biotite, amphibole and
plagioclase as essential minerals. The amphibole in
leucosome is euhedral and exhibits dark bluishgreen to greenish-brown pleochroism. Large
amphibole crystals are poikilitic, with inclusions of
euhedral plagioclase, biotite and quartz (Bgure 3k).
The leucosomes have deformation-induced myrmekites in them. Most of the quartz grains are
recrystallized and plagioclase and feldspar boundaries are serrated. The melanosome/maBc segregation has biotite, amphibole, plagioclase and
microcline as the essential minerals in the
decreasing order of abundance. The maBc segregation is mostly made of biotite, initially entrained
in and segregated from granite melt represented by
the leucosomes (Bgure 3l). Titanite, zircon, apatite
and opaque minerals are present in trace quantities
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in melanosome. Titanite grains are found mostly in
association with biotite and opaque minerals.
5. Analytical methods
About 3 kg of each sample was cleaned and crushed
manually in hardened steel mortar to less than 2
mm in size. After coning and quartering, 300 g of
homogenised sample was taken and pulverised to
less than 75 microns in tungsten carbide pulveriser.
Major element analysis was performed on a WDXRF spectrometer (Bruker S4 Pioneer) at the
National Centre for Earth System Studies
(NCESS), Trivandrum following the procedure
given in Ravindra Kumar and Sreejith (2016).
Trace and Rare Earth Elements (REE) were
analysed using ICP-MS (Thermo-ScientiBc,
X-SERIES 2) at the Department of Earth Sciences,
Pondicherry University. About 0.2 g of rock powder was precisely weighed into a 7 ml PFA (Savillex) vial and double-distilled HF, HNO3, and
HCl in the ratio of 7:3:1 added and kept in TeCon
lined steel pressure vessel (Parr) for digestion for
72 hrs at 150C in an oven. The PFA vials were
removed from the pressure vessel and samples were
dried over a hot plate. Fluoride complexes formed
during digestion of the samples were removed by
repeated addition of concentrated nitric acid and
dried till clear solution obtained. Finally, the
solution was made up to 50 ml by adding ultrapure
water (MilliQ) and an aliquot of it diluted to
5000X was used for trace and REE analysis. USGS
standards AGV-2 and GSP-2 were used for calibration of the ICP-MS with 10 ppb Rh used as
internal standard. The precision for trace element
analysis is better than 5%.
Another aliquot of the solution was dried and
passed through cation exchange columns Blled with
AG-50-WX8 resin for separation of Sr and REEs as a
group. Nd was separated from other REE in cation
exchange columns Blled with TeCon grains coated
with di(2-ethylhexyl) ortho-phosphoric acid
(HDEHP). All the above chemical procedures were

performed in a clean laboratory under laminar airCow workstations and care was taken to minimise
blank levels. Nd and Sr were loaded on Re double and
Ta single Blaments, respectively and their isotopic
ratios were measured using the Thermal Ionisation
Mass Spectrometer (TRITON, Thermo–Finnigan)
at the Department of Earth Sciences, Pondicherry
University. During the course of work, Sr and Nd
isotope standards SRM 987 and AMES were analyzed
repeatedly and their average 87Sr/86Sr is 0.710248 ± 4
(1 sd; n = 12) and 143Nd/144Nd ratios are 0.511963 ± 2
(1 sd; n = 11), which are indistinguishable from the
reported values of 0.710240 (NIST 2007) and
0.511968 (Caro et al. 2006), respectively. Hence, no
correction was applied to the measured Sr and Nd
isotope ratios on samples.

6. Results
6.1 Whole-rock geochemistry
We have analysed a total of 24 samples including
eight granodioritic gneisses, eight quartzo-feldspathic leucosomes, two amphibole bearing leucosomes, Bve maBc enclaves, and a maBc segregation
for major and trace elements and except for three
samples, all others were analyzed for Sr and Nd
isotope concentrations (tables 2 and 3). In TAS
diagram, the gneiss fall in granodiorite and monzonite Beld, the leucosomes fall in granitic Beld
while amphibole bearing leucosomes fall in monzodiorite Beld, the maBc microgranular enclaves
fall in the gabbroic and gabbro-diorite Beld and the
maBc segregation sample falls at the border
between monzogabbro and monzodiorite Belds
(Bgure 4a). In the normative Ab–An–Or diagram of
O’Connor (1965), the gneiss samples fall in tonalite
and granodiorite Belds with one sample falling in
trondhjemite Beld and the quartzo-feldspathic
leucosomes fall in the granite Beld, whereas two
amphibole bearing leucosomes plot in tonalitetrondjhmite Belds (Bgure 4b). The granodiorite
gneiss, amphibole bearing leucosomes, the maBc

b

Figure 2. Field photographs from the Gingee–Tiruvannamalai domain of the Madras block. (a) Migmatitic gneisses classiBed as
metatexites with foliation trending NE–SW, (b and c) migmatitic gneiss with well-deBned veins of quartzo-feldspathic
leucosomes and segregated maBc minerals forming bands, (d) in source leucosome within the granodioritic gneiss, (e) in-situ
leucosome with pink coloured, coarse K-feldspar megacrysts that have rounded faces indicating partial resorption, (f) amphibole
bearing in-situ leucosomes grading to quartzofeldspathic in source leucosomes. (g) MaBc microgranular enclaves surrounded by
leucosomes and intruded by coarse felsic veins that originate from leucosomes, (h) maBc microgranular enclave with sharp
contact and felsic back veining, (i) Cuidal shaped maBc microgranular enclave within the surrounding rock, and (j) maBc
microgranular enclave with wispy tail or Blament-like structure showing convective advection during magma interaction.
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segregation and maBc microgranular enclave
samples are metaluminous while the quartzofeldspathic leucosomes are slightly peraluminous
(Shand 1949) (Bgure 4c). In the Na–K–Ca ternary
plot (after Barker and Arth 1976), the gneisses,
leucosomes, and maBc segregation samples fall
along the calc-alkaline differentiation trend also
shown by the granitoid rocks of the eastern Dharwar Craton (Jayananda et al. 2000) rather than a
typical TTG differentiation trend (Bgure 4d). In
SiO2 vs. Mg# plot, the maBc microgranular
enclaves plot in the mantle melt Beld, the gneisses
fall in the Beld showing mantle melt interaction
with the arc crust and the leucosomes fall in the
Beld for remelting of arc crust (Bgure 4e). In CaO/
(Na2O+K2O) vs. Al2O3/(Fe2ppO3tot.+MgO) plot
after Laurent et al. (2014) (Bgure 4f), the gneisses
and the amphibole-bearing leucosomes fall in the
sanukitoid Beld, and the leucosomes fall in the
biotite granite Beld. In Fe2O3tot./( Fe2O3tot.+MgO)
vs. SiO2 (wt.%) diagram (Frost et al. 2001), all the
granodiorite samples plot in the magnesian Beld
(Bgure not shown). The gneisses have higher K2O/
Na2O ratio and Mg# ((Mg/Mg+Fe)9100) ranging
from 0.36 to 0.59 and 45–64, respectively compared
to typical tonalites. They also have modal abundance of *20% alkali feldspars, plot in the Belds of
granodiorite–monzonite and of sanukitoids and
deBne calc-alkaline trend (Bgure 4). Hence, the
gneisses are classiBed as granodiorites.
The K2O/Na2O ratio and Mg# range from 0.29
to 2.14 and 27 to 57, respectively for quartzofeldspathic leucosomes. The amphibole-bearing
leucosomes have K2O/Na2O ratio ranging from
0.28 to 0.38 and Mg# around 55. The K2O/Na2O
ratio and Mg# range from 0.47 to 0.84 and 59.3 to
70.5, respectively for maBc microgranular enclaves
and the maBc segregation sample has K2O/Na2O
ratio and Mg# of 2.1 and 58, respectively. The
leucosomes have high SiO2 *70–75.4 wt.%,
slightly peraluminous aDnity (A/CNK[1), low
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amounts of ferromagnesian components (Fe2O3tot.
+MgO+MnO+TiO2 \ 4 wt.%) and clearly potassic character, with K2O of 1.2–6 wt.% resulting in
K2O/Na2O ratios of 0.29–2.14. The amphibolebearing leucosomes (amp. leucosomes) have higher
TiO2, CaO, Fe2O3tot., MgO, P2O5 compared to the
quartzo-feldspathic leucosomes. The maBc segregation/melanosome sample has the highest Al2O3,
TiO2 and K2O and lowest CaO of all the maBc
samples. The major element oxides, Fe2O3tot, CaO,
and MgO are negatively correlated against silica
(Bgure 5a–c). Whereas, K2O is positively correlated with SiO2 (Bgure 5d) and other oxides TiO2,
Al2O3, Na2O and P2O5 show complex patterns
(Bgure 5e–h). Positive correlation for maBc and
intermediate SiO2 contents and negative correlation among samples with higher SiO2 contents is
quite obvious for Al2O3 and Na2O and to a lesser
extent for TiO2 (Bgure 5f–e). The sample of maBc
segregation plots away from trends deBned by
other samples in TiO2, Al2O3, CaO and K2O vs.
silica plots. In the Harker’s plot, the maBc microgranular enclaves have higher MgO, Fe2O3tot, and
CaO because of the presence of amphibole,
clinopyroxene, plagioclase and biotite as essential
minerals. The maBc microgranular enclaves have
lowest average Rb abundances (40 ppm) compared
to the granodiorite gneiss (average Rb = 57), the
quartzo-feldspathic leucosomes (average Rb = 93.9
ppm) and the maBc segregation (226 ppm). The
amphibole-bearing leucosomes have the lowest Rb
abundance of 15 and 21 ppm. The gneisses have the
highest Sr abundances (average = 661 ppm) compared to the maBc microgranular enclaves (average
= 378 ppm), quartzo-feldspathic leucosomes (average = 464 ppm) and maBc segregation (383
ppm). The Sr abundance in amphibole-bearing
leucosomes is 448 and 378 ppm. The maBc microgranular enclaves have the lowest Ba abundances
(average = 536 ppm) compared to the gneisses
(average = 918ppm), leucosomes (average = 2564

b

Figure 3. (a–f) Photomicrographs of thin sections studied using a petrological microscope. (a–e) refer to maBc microgranular
enclaves: (a) amphibole replacing clinopyroxene within a maBc microgranular enclave (XL), (b) acicular apatite and amphibole
inclusion within plagioclase feldspar (XL) (c) plagioclase with lath shape inclusions of biotite (XL), (d) alkali-feldspar occelli in
which feldspar is surrounded by Bne grained maBc minerals (XL), (e) shows a maBc microgranular enclave with comparatively
more clinopyroxene. (f–k) granodioritic gneisses, (f) shows deformation-related biotite alignment and segregation (XL). (g)
Amphibole has inclusions of plagioclase with rounded crystal faces and quartz inclusion, (h) shows inclusions of microcline and
biotite within plagioclase (XL), (i) the microcline has inclusions of plagioclase, quartz and biotite, (j) amphibole seems to be
replacing clinopyroxene with lath shaped biotite inclusion (XL), (k) peritectic amphibole within amphibole-bearing leucosome
has inclusion of quartz, calcic plagioclase and biotite, (l) the contact of maBc segregation and granodiorite gneiss shows maBc
minerals, especially biotite wrapping around plagioclase.
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Table 1. Outcrop and sample descriptions along with latitude and longitude data of the sampled locations obtained using a Global
Positioning Satellite (GPS) receiver.
Latitude/longitude
0

00

N1215 05.2
E79320 05.900
Near Konakkampattu village
200 m west of NH66

Sample no.
6G-1
6G-2

6L-1

6EN-1

N12150 14.800
E79270 04.100
Between Uranitangal and
Perumbugai villages

8G-1
8G-2

8L-1

N12250 60.1600
E79470 86.4100
Nearly half a km NW of location 8

8MS-1
9G-1
9G-2

9AL-1
9AL-2

9L-1
9EN-1

9HE-1

N12150 05.4400
E79250 54.800

10EN-1

N12150 09.5400
E79240 37.9500
*500 m before Gingee fort
boundary
N12130 46.4400
E79200 25.8200
*1 km before Nayampadi
village south of NH66

11L-1

12G-1

Outcrop/sample description
Two gneiss samples, one coarse-grained leucosome sample and one
maBc enclaves sample were collected from low-lying outcrop. The
two gneiss samples are medium-grained with pink feldspars,
quartz, plagioclase, biotite and amphibole as major minerals.
Foliation is visible on the weathered surface of gneisses
Leucosome is coarse-grained with light gray coloured feldspars,
quartz and plagioclase as major minerals. Biotite is minor maBc
mineral
The maBc enclave is Bne-grained and darker in colour and in sharp
contact with the gneiss. The maBc enclave has amphibole,
pyroxene, biotite, plagioclase, K-feldspar as major minerals
Two gneiss samples, one maBc segregation sample and one
leucosome with pink K-feldspar were collected from this location.
The two gneiss samples are medium-grained with pink feldspars,
quartz, plagioclase, biotite and amphibole as primary minerals.
8G-2 is a metatexite sample with foliations trending NE–SW
The leucosome sample has pink feldspars and represents the in-situ
leucosome
The maBc segregation is mostly the segregation of biotite
Two gneiss samples, two amphibole-bearing leucosomes, one maBc
enclave, one hybrid enclave were collected at location 9. At some
locations, the maBc rocks are brecciated by felsic back veining. The
gneiss samples have mineralogy similar to that of gneisses of 8-G1
and 8-G2
The amphibole-bearing leucosomes have feldspar inclusions in them.
The amphibole is mostly located along the margins of the
leucosomes and is associated with lower melt fractions, which were
not separated from the source. When there is an increase in the
volume of the leucosome melt, the melt evolved to give rise to the
coarse-grained quartzo-feldspathic leucosomes without amphiboles
The leucosome is medium to coarse-grained and quartzo-feldspathic
in nature
Some of the maBc enclaves have darker and Bne-grained chilled
margins in contact with the host. At some locations, the maBc
rocks are brecciated by felsic back veining. The maBc enclave is
Bne grained and has pyroxene, amphibole, biotite, plagioclase,
K-feldspar as major minerals
The enclave has higher abundance of quartz and feldspar
phenocrysts compared to the other maBc enclaves suggesting more
hybridization
Oval-shaped maBc enclave found from a migmatized hilly outcrop.
The maBc enclave is Bne-grained with pyroxene, amphibole,
biotite, plagioclase, feldspar as the major minerals
Fine-grained leucosome as aplitic vein, trending N40E has intruded
the gneissic outcrop

This is a low-lying outcrop with some maBc rafts within it. Gneiss
sample collected from this low-lying outcrop has quartz,
plagioclase, K-feldspar, biotite, amphibole as major minerals
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Table 1. (Continued.)
Latitude/longitude
0

00

N1208 21.49
E79180 36.200
*1.2 km SW of Gengevaran
village

Sample no.
13G-1

13L-1
13L-2

N12070 01.9200
E791719.3100
*3.4 km SW of location 13

14L-1
14L-2

14EN-1

Outcrop/sample description
One gneiss and two leucosome samples have been collected from this
freshly cut hilly outcrop with higher extents of melt segregation.
Some in-situ leucosomes have peritectic amphiboles. The gneiss
sample has quartz, plagioclase, K-feldspar, biotite, amphibole as
major minerals
The leucosomes are coarse-grained, sometimes pegmatitic in nature,
and granitic in composition. The leucosome samples collected are
in-source leucosomes with samples showing increase in grain size
from granitic to pegmatitic when the extent of fractionation
increases further
This is a low-lying outcrop where we have collected one maBc
enclave sample and two leucosome samples. Both the leucosome
samples are quartzofeldspathic in composition but 14L-2 is
comparatively more coarse-grained in size compared to the 14L-1
The maBc enclave sample is Bne-grained and looks like an older
enclave Intruded and brecciated by granitic veins

ppm) and maBc segregation (1236 ppm). The
amphibole-bearing leucosomes have the average Ba
abundances of 217 ppm. The maBc microgranular
enclaves have the lowest Zr abundances (average =
64 ppm) compared to the gneisses (average=154
ppm), leucosomes (average = 110 ppm) and the
maBc segregation (236 ppm). The amphibolebearing leucosomes have the Zr abundances of
170 ppm.
The granodiorite gneisses have light REE
enriched, fractionated chondrite normalized REE
patterns (LaN/YbN = 20.8–57.6), without significant Eu anomaly (0.8–2.2) except for one sample
(Bgure 6a). However,
P the quartzo-feldspathic leucosomes have low REE abundances (11–128 ppm)
with highly fractionated light REE pattern (La/
Sm)N=6.6–28.7), show prominent positive Eu
anomaly (2.4–27.8) and concave upward heavy REE
patterns (Bgure 6c). Whereas, amphibole-bearing
leucosomes (9-AL1 and 9-AL2) have the highest
total REE abundances (376 ppm) and less fractionated REE patterns ((La/Yb)N=7.7) with significant
negative Eu anomaly
P(0.28) (Bgure 6c). The melanosome sample has REE abundances (216 ppm)
with highly fractionated REE pattern ((La/
Yb)N=34) and shows prominent minor negative Eu
anomaly (0.75) (Bgure 6c). The maBc microgranular
enclaves have variable REE abundances (61–302
ppm), less fractionated REE pattern than the
gneisses (LaN/YbN=8.5-14.7) and are characterized
by slight positive and negative europium anomalies
(Eu/Eu* = 0.64–1.13) (Bgure 6e).

In the primitive mantle (PM) normalized trace
element plots, the granodiorite gneisses (Bgure 6b)
are enriched in Rb, Ba, K and depleted in Nb, Ta,
Ti and P. The quartzo-feldspathic leucosomes show
pronounced enrichments in Ba, K and Rb, and
sharp depletions in Ta, Nb, Ti, and P compared to
the gneiss. The amphibole-bearing leucosomes are
markedly enriched in HFSE and depleted in LILE
compared to the quartzo-feldspathic leucosomes
(Bgure 6d). The maBc segregation/melanosome
sample has higher Rb, Th, U, Nb, Ta, K, Ti compared to the maBc microgranular enclave samples
(Bgure 6d). The maBc microgranular enclave samples show depletion in Nb, Ta, Ti, P, Zr and Hf and
enrichment in Rb, Ba, K and Pb (Bgure 6f).

6.2 Rb–Sr and Sm–Nd isotope systems
The granodiorite gneisses of Madras block formed
2.63–2.55 Ga ago as evident by isotopic and
chemical dating of zircons and whole-rock Sm–Nd
isotope studies (Bernard-GrifBths et al. 1987;
Santosh et al. 2003), U–Pb ID-TIMS zircon ages
(Bhutani et al. 2007b), U–Pb ages determined
using sensitive high mass-resolution ion microprobe (SHRIMP) on zircons (Azhar et al. 2019).
Hence, an age of 2.6 Ga is assumed for calculating
initial Sr and Nd isotopic values.
All the samples studied in Rb–Sr isotope
evolution diagram deBne a positive slope which
corresponds to an age of 2041 ± 100 Ma

6L-1

Major element (wt. %)
71.2
SiO2
TiO2
0.15
Al2O3
15.3
MnO
0.02
Fe2O3
1.39
CaO
2.23
MgO
0.86
Na2O
2.81
K2O
5.59
P2O5
0.087
Total
99.6
Mg#
55
Trace elements (ppm)
Li
7.85
Sc
3.13
Cr
126
Co
5.16
Ni
54.18
Rb
112.9
Sr
529
Y
2.81
Zr
80.9
Nb
1.04
Cs
0.18
Ba
5735
La
17.5
Ce
27.9
Pr
2.97
Nd
10.86
Sm
1.66
Eu
2.38
Gd
1.4
Dy
0.53

Sample no.

Rock type

71.1
0.15
15.3
0.02
0.84
2.25
0.56
3.66
5.22
0.05
99.2
45
n.d
2.16
135
8.42
26.28
85.3
591
0.64
89.4
0.66
0.19
2692
9.7
12.9
1.15
3.28
0.41
1.14
0.71
0.11

16.67
1.67
49
7.14
18.97
52.4
489
0.88
244.8
2.45
0.37
377
27.4
38.2
3.22
8.67
0.83
0.9
0.74
0.15

9L-1

70.4
0.46
15.4
0.03
3.36
3.79
1.41
4.23
1.22
0.036
100.3
57

8L-1

n.d
6.7
170
107.13
6.7
138.4
513
0.15
36
0.53
0.31
2706
4
4
0.31
0.8
0.09
1.06
0.15
0.01

75.8
0.02
14.5
0
0.21
0.99
0.09
2.84
6.09
0.004
100.5
47

13L-1

4.63
0.81
70
30.95
8.82
90.1
464
0.89
100.7
0.13
0.31
1667
17.1
25.8
2.46
8.1
0.91
1.35
0.69
0.14

74.2
0.08
15
0.01
0.85
1.66
0.28
3.67
4.49
0.028
100.3
39.8

13L-2

n.d
3.75
136
1.69
4.19
88.5
302
0.14
10.6
0.78
0.29
1472
5.4
6.3
0.58
1.53
0.18
0.87
0.24
0.02

76.5
0.06
14.7
0.01
0.51
1.42
0.2
3.59
4.67
0.007
101.7
44.5

14L-1

17.59
1.16
61
5.54
16.51
88.6
3221
2.47
128.7
3.93
0.51
782
13.9
19.8
2.19
7.12
1.15
0.84
0.96
0.42

71.1
0.31
15.9
0.02
2.6
2.32
0.95
4.2
3.5
0.102
101.0
42

14L-2

n.d
49.72
179
40.23
67.49
15.3
448
73.62
170
9.63
0.03
221
54.1
138.8
19.54
82.93
19.02
1.78
18.05
14.9

55.6
0.61
16.4
0.17
7.52
7.85
4.63
5.14
1.45
0.25
99.6
55

9AL-1

12.36
46.69
155
n.d
113.6
20.6
378
81.47
171.4
9.99
n.d
214
59.5
140.4
19.53
91.1
24.13
1.77
18.05
14.9

55
0.64
17.4
0.17
7.49
7.95
4.66
4.16
1.56
0.232
99.3
55

9AL-2

Amp. leucosomes

40.4
19.28
445
26.72
219.28
225.8
440
13.34
236.1
19.15
1.72
1236
51.4
95.9
10.42
39.26
6.74
1.44
5.06
2.76

48.8
1.37
15.4
0.16
11.99
4.33
8.38
2.43
4.97
0.22
98.1
58.1

8MS-1

MaBc segregation
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7.3
0.78
58
25.92
15.96
94.8
504
3.5
187.9
0.44
0.29
2677
34.9
57
5.93
22.05
3.04
2.19
1.52
0.55

71.3
0.21
14.7
0.02
2.7
1.64
0.51
3.24
5.2
0.125
99.6
27

11L-1

Q–F Leucosomes

Table 2. Major, trace and REE data of leucosomes, maBc segregation, gneisses and maBc microgranular enclaves.
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Major element (wt. %)
SiO2
63.6
TiO2
0.45
Al2O3
16.6
MnO
0.06
Fe2O3
4.3
CaO
5.64
MgO
2.35
Na2O
4.42
K2O
1.63
P2O5
0.214
Total
99.2
Mg#
51.6
Trace elements(ppm)
Li
11.53
Sc
8.13
Cr
85
Co
18.63
Ni
31.7
Rb
46.4
Sr
573
Y
8.25

Sample no.

6G-1

0.11
0.26
0.04
0.21
0.04
1.98
0.07
16.9
0.83
0.14

Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U

Rock type

6L-1

Sample no.

Rock type

Table 2. (Continued.)

61
0.56
18.6
0.04
3.99
5.13
1.97
5.19
2.01
0.251
98.8
49.4
18.61
3.03
157
10.88
71.81
49.2
950
7.56

12.43
5.41
93
17.46
23.08
73.8
705
4.49

8G-1

0.02
0.09
0.01
0.1
0.02
2.3
0.04
18
0.66
0.27

9L-1

66.4
0.36
16.1
0.05
3.17
4.49
1.91
4
2.29
0.148
98.9
54.4

6G-2

0.03
0.09
0.02
0.14
0.04
6.49
0.12
9.8
5.93
0.46

8L-1

14.92
6.85
99
11.51
35.4
55.6
554
10.69

67.1
0.44
15.7
0.05
3.75
4.33
2
4.12
2.35
0.164
100.0
51.4

8G-2

n.d
18.46
168
15.54
25.93
36.8
663
14.18

61.5
0.57
15.7
0.09
4.83
5.86
3.99
4.92
1.96
0.24
99.6
62.1

9G-1

Gneisses

0.12
0.32
0.05
0.35
0.07
4.48
0.27
18.8
13.8
0.43

11L-1
b.d.l
0.02
b.d.l
0.09
0.03
1.65
0.56
25
0.64
0.36

13L-1

Q–F Leucosomes

n.d
15.06
175
15.88
43.04
59.1
654
12.02

61.8
0.55
15.9
0.07
4.19
5.17
3.83
4.6
2.71
0.21
99.1
64.4

9G-2

0.03
0.09
0.02
0.11
0.03
3.14
0.76
20.9
9.36
0.66

20.68
9.41
121
24.31
40.55
67.7
749
10.18

64.1
0.52
15.6
0.06
4.08
4.69
2.35
4.42
1.98
0.192
97.9
53.3

12G-1

13L-2

20.26
6.43
108
23.31
31.27
66.7
444
10.32

66.7
0.48
14.7
0.05
4.75
3.56
1.97
4.34
2.06
0.151
98.8
45

13G-1

b.d.l.
0.01
b.d.l
0.03
0.01
0.32
0.05
22.1
0.71
0.1

14L-1

9.94
36.54
580
42.48
119.5
35.4
455
38.23

50.3
0.91
12.5
0.24
12.09
8.85
10.16
2.59
1.47
0.294
99.4
62.5

6EN-1

0.08
0.21
0.03
0.18
0.03
3.33
0.16
15
3.12
0.72

14L-2
2.79
7.04
0.95
5.01
0.68
4.22
0.37
10.8
4.52
0.29

9AL-2
0.51
1.16
0.17
1.02
0.16
5.51
1.95
13.1
19.21
1.22

n.d
37.49
372
37.52
45.72
42.1
615
26.2

50
0.43
9.9
0.23
10.7
11.18
12.94
1.81
1.52
0.14
98.8
60.4

n.d
43.04
965
63.84
115.57
21
295
14.04

51.6
0.61
13.9
0.23
10.56
8.91
8.05
2.9
1.99
0.33
99.1
70.5

9EN-1

26.64
41.78
965
57.71
189.77
49
284
18.57

48.7
0.56
11.8
0.2
11.68
9.13
11.02
2.52
1.6
0.375
97.5
65.2

10EN-1

7.78
20.18
211
47.71
182.22
55
240
12.62

53.6
0.84
13.4
0.14
11.43
7.58
6.86
3.66
1.72
0.064
99.3
54.3

14EN-1

8MS-1

MaBc segregation

MaBc microgranular enclave
9HE-1

2.79
7.04
0.95
5.01
0.68
4.83
0.47
13.1
3.3
0.52

9AL-1

Amp. leucosomes
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6G-1

121.1
3.71
0.18
968
33.1
63.6
7.24
28.14
4.47
1.48
3.14
1.52
0.27
0.71
0.1
0.62
0.1
3
0.57
9.6
1.87
0.31

Sample no.

Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U

Rock type

Table 2. (Continued.)

297.2
4.53
0.34
994
29.8
51.6
5.67
21.5
3.48
1.37
2.61
1.36
0.27
0.65
0.09
0.56
0.08
6
0.12
12.6
1.37
0.3

8G-1
129.7
4.16
0.2
1213
30.5
51
6.22
24.57
4.4
1.35
3.41
1.96
0.37
0.89
0.12
0.71
0.1
3.07
0.1
12.7
1.16
0.18

8G-2
136.7
5.89
0.2
350
51
93.9
10.6
40.71
6.97
1.69
5.64
2.59
0.49
1.33
0.17
1.08
0.16
3.51
0.17
12.7
5.11
0.33

9G-1
171.5
4.94
0.22
781
30.6
65.7
7.91
29.39
5.23
1.47
4.74
2.32
0.43
1.18
0.14
1
0.15
4.45
0.16
11.7
2.44
0.26

9G-2
135.6
4.21
0.63
625
34.7
61.8
6.75
26.75
4.48
1.17
3.32
2.14
0.39
0.97
0.12
0.72
0.1
3.28
0.54
13.3
5.32
0.43

12G-1
130.8
6.12
0.59
520
23.5
43.4
5.27
21.52
4.05
1.09
2.82
1.9
0.36
0.95
0.14
0.74
0.12
3.29
0.5
12.3
4.39
0.37

13G-1
129.6
10.39
0.11
738
50.7
129
15.51
66.28
12.89
2.67
9.44
6.77
1.33
3.45
0.5
3.15
0.5
3.26
0.49
8.6
2.37
0.41

6EN-1
24.5
5.06
0.14
678
41.5
95.8
12.35
50.72
10.28
2.02
9.03
5.39
1.01
2.71
0.34
1.92
0.29
0.93
0.1
17.3
0.85
0.14

9HE-1
44.6
2.29
0.06
486
20
38.6
4.4
16.14
3.44
1.1
3.48
2.5
0.52
1.46
0.23
1.38
0.22
1.22
0.11
10.1
2.62
0.26

9EN-1

65.9
5.95
0.31
554
21.7
44.4
5.38
22.97
4.77
1.18
3.71
3.19
0.69
1.75
0.28
1.63
0.27
1.79
0.41
7
3.63
0.78

10EN-1

MaBc microgranular enclave

52.1
3.77
0.3
227
13
24.7
2.77
9.88
2.11
0.79
2.16
2.27
0.46
1.18
0.19
1.04
0.17
1.54
0.33
11.5
3.38
0.66

14EN-1
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105.8
2.14
0.2
1893
26.8
44.9
4.91
15.92
2.42
1.51
1.8
0.91
0.16
0.41
0.05
0.32
0.06
2.61
0.27
12.5
2.07
0.27

6G-2

Gneisses
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6EN-1
9EN-1
9HE-1
10EN-1
14EN-1
6G-1
6G-2
8G-1
8G-2
9G-1
12G-1
13G-1
6L-1
8L-1
11L-1
13L-1
13L-2
14L-1
14L-2
9AL-1
8MS-1

MME

Amp. Leucosome
MaBc segregation

QF Leucosomes

Gneisses

Sample
no.

Rock
type
Rb/ Sr

86

0.2247
0.2228
0.1981
0.4989
0.6648
0.2345
0.3029
0.1499
0.2903
0.1607
0.2618
0.4349
0.6185
0.3099
0.545
0.7825
0.563
0.8509
0.7794
0.0987
1.4909

87

Sr/ Sr

86

0.710316
0.709290
0.709487
0.718335
0.723719
0.710270
0.712553
0.707872
0.710553
0.708230
0.711411
0.716886
0.720378
0.711824
0.717775
0.723487
0.719469
0.727800
0.727086
0.707598
0.748639

87

8
9
10
8
8
9
10
9
10
9
8
8
9
10
10
9
5
9
10
10
9

2 r910

6

0.70187
0.70091
0.70204
0.69957
0.69872
0.70145
0.70116
0.70223
0.69964
0.70219
0.70157
0.70053
0.69712
0.70017
0.69728
0.69406
0.69829
0.6958
0.69777
0.70389
0.69257

87

Sr/86Sr
(2.6 Ga)
Sm/
Nd

0.1175
0.1276
0.1225
0.1255
0.1291
0.0961
0.0919
0.0978
0.1082
0.1035
0.1017
0.1136
0.0924
0.0578
0.0833
0.068
0.0679
0.0703
0.0976
0.1386
0.1037

144

147

Nd/
Nd

0.511300
0.511368
0.511359
0.511431
0.511501
0.510917
0.510807
0.510957
0.511100
0.511049
0.511072
0.511251
0.510817
0.510291
0.510620
0.510485
0.510415
0.510487
0.510921
0.511654
0.510926

144

143

Table 3. Rb–Sr and Sm–Nd isotope data of maBc microgranular enclaves, gneisses, leucosomes and maBc segregation.

4
3
4
3
5
3
5
4
3
3
4
5
4
4
4
7
4
9
5
3
4

2 r9106
2.91
3.13
2.97
2.95
2.95
2.88
2.91
2.87
2.94
2.89
2.81
2.87
2.91
2.78
2.94
2.77
2.84
2.81
2.91
3.02
3.06

T DM
(Ga)

0.4
–1.68
–0.13
0.28
0.45
0.09
–0.65
0.29
–0.41
0.19
1.25
0.74
–0.65
0.68
–1.42
1.07
–0.27
0.31
–0.35
0.23
–2.31

eNd t
(2.6 Ga)

–0.403
–0.351
–0.377
–0.362
–0.344
–0.512
–0.533
–0.503
–0.45
–0.474
–0.483
–0.422
–0.53
–0.706
–0.577
–0.654
–0.655
–0.642
–0.504
–0.295
–0.473

fSm/Nd
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Figure 4. (a) Total alkali–silica (TAS) classiBcation diagram using normative mineralogy after Le Mairte (1989). MaBc enclave
samples fall in gabbro and gabbro-diorite Beld, the gneisses fall in granodiorite to monzonite Beld and leucosomes essentially fall
in the granite Beld except one sample. The amphibole-bearing leucosome and maBc segregation sample fall in monzodiorite Beld.
(b) In the Albite–Anorthite–Orthoclase (Ab–An–Or) diagram after O’Conner (1965), the gneisses plot in the tonalite and
granodiorite Beld, the quartzofeldspathic leucosomes plot in granitic Beld and two amphibole-bearing leucosomes plot in tonalite
and trondjhmite Beld. (c) Alumina saturation index (ASI) diagram after Shand (1949), the maBc segregation, gneisses,
amphibole-bearing leucosomes and maBc enclaves are metaluminous, while the leucosomes are peraluminous. (d) Ca–K–Na plot
after Barker and Arth (1976), where all the gneisses, leucosomes and maBc enclave samples show a calc-alkaline trend. (e) SiO2
vs. Mg# plot after Heilimo et al. (2010), where the maBc enclaves fall in the Beld which represent the mantle melts, the gneisses
fall in the Beld which represents the interaction of mantle melts with the arc crust and the leucosomes represent the melts formed
by melting of arc crust. (f) CaO/(Na2O+K2O) vs. Al2O3/(FeOtot.+MgO) plot after Laurent et al. (2014). Field demarcation
using data from Martin et al. (2009), Moyen (2011) and Moyen and Martin (2012). Index is given at the centre of the Bgure.

(87Sr/86Sri = 0.70325 ± 0.00085; MSWD = 794)
with a large scatter. These ages, deBned by errorchrons, within the associated uncertainties are
similar to the Rb–Sr whole-rock isochron age of
2254 ± 60 Ma reported by Balasubrahmanyan

et al. (1978) for the Gingee granites. It is to be
noted that some of the samples have initial
87
Sr/86Sr ratios (0.6926–0.7039) close to or less
than the initial value of the Basaltic Achondrite
Best Initial (BABI = 0.69897; Papanastassiou and
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Figure 5. Major element oxides are plotted against silica for maBc enclaves, gneisses, maBc segregation and leucosomes. Index is
as given in Bgure 4.

Wasserburg 1969). The rocks studied have been
subjected to upper amphibolite to granulite facies
metamorphism and suffered migmatization, hence
the above Rb–Sr isochron ages and the Sr isotopic
initial ratios have little geological significance.
To test the eAect of interaction between maBc
magmas represented by MMEs and the granodiorite crust, 87Sr/86Sr was plotted against 1/Sr. The
maBc magma end member is expected to have
lower 87Sr/86Sr and Sr (higher 1/Sr) than the other
end member, granodiorite gneisses. Variable
interaction between them would result in a negative correlation in a plot of 1/Sr vs. 87Sr/86Sr.
Whereas, the MMEs deBne a positive correlation
(Bgure 7a) except for one sample, and the slope is
subparallel to the one deBned by the granodiorite
gneisses and leucosomes. The observed correlation
could be attributed to gain of Rb (or Sr loss) in
MMEs with higher radiogenic Sr and loss of Rb (or
Sr gain) in samples with least radiogenic Sr during
metamorphism.
The rare earth elements are least mobile even
during granulite facies metamorphism (Haskin

et al. 1966; Green et al. 1969) and Sm–Nd isotope
system is found to be robust in recording initial
143
Nd/144Nd ratios and under favourable conditions yield reliable isochron ages (e.g., BernardGrifBths et al. 1987; Balakrishnan et al. 1990;
Anand and Balakrishnan 2010; Dash et al. 2013).
The samples studied deBne a linear array in the
Sm–Nd isotope evolution diagram corresponding to
an age of 2569 ± 150 Ma (143Nd/144Ndi = 0.50928
± 0.000099, MSWD = 3.2) (considering 2r% error
of 0.1% and 0.01% for 147Sm/144Nd and
143
Nd/144Nd, respectively) (Bgure 7b). After
removing three points which plot below but parallel to the isochron (i.e., 8-MS, 9-EN1and 11-L1)
slope corresponds to an age of 2591 ± 80 Ma
(143Nd/144Ndi = 0.50928 ± 0.000054, MSWD = 1.2)
(Bgure 7c). The isochron age, though not as precise
as U–Pb zircon ages determined using SHRIMP
(Azhar et al. 2019), agrees well with them.
The initial 143Nd/144Nd ratios are expressed as
eNd values which were calculated for an age of 2600
Ma using the formula of DePaola and Wasserburg
(1976):

Page 18 of 34

161

J. Earth Syst. Sci. (2021)130:161

Figure 6. (a, c, e) represent chondrite normalized rare earth element (REE) pattern (normalized using the values given in
McDonough and Sun 1995) and (b, d, f) represent spider diagram normalized to primordial mantle (Sun and Mc Donough 1989)
of gneisses, leucosomes including the maBc segregation sample and maBc microgranular enclaves, respectively.

eNd ¼
 

143

Nd=

144


Nd



143

sample


Nd=144 Nd

the samples have negative fSm/Nd values [(147Sm/
 
Nd)sample/(147Sm/144Nd)CHUR – 1] which range
1 between –0.29 and –0.71 (table 3).
144

CHUR

4

 10 ;
eNd (t=2600 Ma) values of maBc microgranular
enclaves range from –1.68 to + 0.45, while for
granodiorite gneisses range from –0.65 to +1.25
both having average values –0.13 and –0.25,
respectively. The quartzo-feldspathic leucosomes
also fall within this range (–1.42 to 1.07), but with
a slightly negative average value of –0.05. All

7. Petrogenesis
The study area consists of granodioritic gneisses,
migmatitic gneisses with two different types of
leucosomes and maBc microgranular enclaves.
Establishing their origin and petrogenetic link are
essential to develop working model on evolution of
Neoarchean continental crust and deep crustal
processes.

J. Earth Syst. Sci. (2021)130:161

Figure 7. (a) Plot to test mixing involving 87Sr/86Sr and 1/Sr.
(b) Sm–Nd isochron plot for all the samples, (c) Sm–Nd
isochron excluding three samples, as mentioned in the text
under Results.

7.1 Petrogenesis of granodiorite gneisses
The granodiorite gneisses are characterized by
inclusions of plagioclase within amphibole
(Bgure 3g), microcline within the plagioclase
(Bgure 3h), plagioclase, quartz and biotite within
microcline (Bgure 3i), biotite and amphibole within
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the plagioclase feldspars. Fine-grained, euhedral to
sub-rounded quartz inclusions are common in
plagioclase feldspars. These features suggest meltresidue interaction and incomplete separation of
melt from the source (Clemens and Droop 1998;
Clemens et al. 2020 and references therein). In
addition to this, amphibole replacing clinopyroxene (Bgure 3j) and the presence of myrmekite and
exsolution textures indicate Cuid present melting
at pressures [0.5 GPa.
The negative correlation of MgO, Fe2O3, TiO2,
MnO, against SiO2 (wt.%) in Harker’s binary plots
for gneisses and leucosomes can be explained by
removal of hornblende, clinopyroxene and Fe–Ti
oxides, whereas, the variation in CaO, Al2O3 and
P2O5 (wt.%) can be attributed to plagioclase and/
or apatite fractionation during magmatic crystallization. Alternatively, different extents of partial
melting and equilibration of the melt with
clinopyroxene, plagioclase and/or apatite can also
explain the observed trends. However, as the major
element oxides total to 100, caution needs to be
exercised and preclude drawing more deBnitive
inferences about the magmatic processes.
The granodiorite gneisses are I-type as they
have relatively low molecular A/CNK values
(0.75–0.94) and are metaluminous, calc-alkaline in
nature which points to subduction component in
their origin. The gneisses have well fractionated,
LREE enriched, (La/Sm)N = 3.6–6.9 and (Gd/
Yb)N = 3.1–4.6 and variably depleted HREE pattern (average YbN = 4.5). In the primitive mantle
(PM) normalized trace element, the gneisses are
enriched in LILE (K, Rb, Sr, Ba, Pb) and depleted
in HFSE (Nb, Ta, Ti, P, Y), which also indicates
subduction component in the source. The positive
Sr–Ba anomalies preclude the presence of any significant amount of plagioclase in the residue, while
negative Nb–Ta anomalies indicate that the
magma equilibrated with residual ilmenite, rutile
or titanite. Slab-derived Cuids generally transport
water-soluble components, whereas hydrous melts
transport both water soluble and melt soluble
components (Jiang et al. 2017; Li et al. 2018). High
Ba/La and Sr/La ratios in the gneisses indicate the
dominance of slab-derived Cuid components in the
generation of granodioritic magma.
The relatively low Y and Ti contents and high
Sr/Y ratios provide evidence for retention of
residual garnet, titanite and/or ilmenite in the
source region (e.g., Barker and Arth 1976; Sheraton and Black 1983). In the Sr/Y vs. Y and (La/
Yb)N vs. (Yb)N plots, the gneisses fall in the
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Archean TTG Beld (Bgure 8a and b). Such geochemical characteristics coupled with low HREE
content suggest the formation of these magmas by
partial melting of maBc sources at greater depths
(Martin 1986). The gneisses have Nb/Ta and Zr/
Sm ratios ranging from 5.7 to 39.7 and 22.6 to 85.4,
respectively. Nb/Ta ratios have been used to
determine the depth of melting as these ratios are
essentially controlled by the presence or absence of
residual rutile. The melts generated in equilibration with the rutile bearing residue are found to
have higher Nb/Ta ratios than the melts equilibrated with rutile-free residue (Foley et al. 2002).
Whereas, Moyen (2011) argued that this ratio
cannot be used as a depth indicator as the Archean
TTG rocks have diverse Nb/Ta ratios irrespective
of the mineralogy. In the present study, the
gneisses are found to have wide range of Nb/Ta
ratios (5.7–39.7) and hence these ratios have not
been used for determining the depth of melting.
The Nb/Ta ratios in the studied samples could
have been modiBed by magmatic processes such as,
fractional crystallization of amphibole, titanite or
ilmenite and migmatization and melt segregation
process; hence, it is difBcult to infer about the
depth of melting on the basis of this ratio.
The relatively high Ni, Cr, Co, and Mg# in the
gneisses can be explained by the interaction of the
melt with metasomatised mantle peridotite (Sarvothaman 2001). Although, the gneisses fall in the
Archean TTG Beld in (La/Yb)N vs. (Yb)N and Sr/
Y vs. Y(ppm) plot, they have higher ferromagnesian components (MgO+MnO+FeOtot+TiO2 =
5.5–9.5 wt.%), LILE (Ba = 350–1893 ppm and Sr =
444–950 ppm) and lower SiO2 (61.7–67.5 wt.%)
than the typical TTG. Higher LILE (Ba and Sr) in
the gneisses can be explained either by crustal
assimilation or mantle wedge metasomatism in
relation to carbonatite melts or CO2 Cuids that are
highly enriched in incompatible elements like Ba
and Sr (Halla et al. 2009). Such LILE enrichment
has been reported for late Archean granitoids
(Halla et al. 2017, 2018). The granodiorite gneisses
have Mg# ranging from 45 to 64, which cannot be
explained by partial melting of maBc crust alone as
the melts formed by partial melting of maBc crust
would not have Mg# higher than 45 (Rapp and
Watson 1995; Rapp et al. 1999). Based on the petrographic features, major and trace element abundances, it is suggested that magmas representing
protoliths to the granodioritic gneisses were formed
by partial melting of hybrid sources consisting of
Cuid metasomatised peridotite and tonalite.
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Figure 8. (a) (La/Yb)N vs. (Yb)N in which the gneisses and
quartzo-feldspathic leucosomes plot in the Archean TTG Beld
(after Drummond and Defant 1990). The quartzo-feldspathic
leucosomes plot at the higher extreme of (La/Yb)N ratio. The
maBc microgranular enclaves plot in the normal island arc
Beld. (b) Sr/Y vs. Y plot, the gneisses and quartzo-feldspathic
leucosomes plot in the Archean TTG Beld. The maBc
microgranular enclave samples mostly plot in the island arc
Beld with some samples plotting outside the demarcated Belds.
The amphibole-bearing leucosome samples plot way outside
the marked Beld on the X-axis. (c) Dy/Yb vs. Dy/Dy* plot, in
which the quartzo-feldspathic leucosomes plot along the trend
resulting from amphibole fractionation from the peritectic
amphibole-bearing leucosomes.

To test this possibility modelling of REE and
Sm–Nd, isotope systematics was carried out with
the following assumptions. Initially, partial melting
of basaltic rocks (oceanic slab or oceanic plateau)
below garnet stability Beld resulted in tonalite
magmas with fractionated REE pattern with high
(La/Yb)N and Sr/Y ratios (Martin and Sigmarsson
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2005; Laurent et al. 2014; Halla 2020) ca. 3.4 Ga
ago. Most of these tonalitic magmas would have
formed dominant part of the Paleo- to Mesoarchean TTG type crust and a small part of the tonalite
magmas solidiBed in the mantle wedge or lithospheric mantle. If these LREE-enriched tonalitic
melts stagnate and solidify in the mantle wedge or
lithospheric mantle for a sufBcient period of time
(*800 Ma), the hybrid source will evolve to have
less radiogenic Nd isotope ratios than the depleted
mantle. Partial melting of such a metasomatised
hybrid mantle wedge (2–5% tonalite melt and 95%
of the slightly depleted mantle) would give rise to
primary magmas with high Mg#, Ba and Sr of
sanukitoid aDnity (Halla et al. 2017, 2018). Magmatic differentiation of the sanukitoids could give
rise to granodiorite magmas. We have tested this
by calculating REE abundances in the melts
formed by 5–15% partial melting of this source
leaving olivine (42%), orthopyroxene (28%),
clinopyroxene (28%) and garnet (2%) as residue.
The resultant REE patterns match with that of the
granodiorite gneisses (Bgure 9). We also calculated
the eNd value of the mantle source at 2.6 Ga
assuming that hybridization of the mantle wedge
occurred 3.4 Ga ago and had fSm/Nd ratio of –0.15
to –0.20 which evolved to eNd value ranging from
+0.5 to –0.5 (Bgure 11). Both the REE abundances
and eNd values of the granodiorite gneiss agree well
with this model. Therefore, it is suggested that
partial melting of mantle source hybridized with
tonalite melts resulted in the formation of parent
magmas for the granodiorite gneisses. Subsequent
magmatic processes such as fractional crystallization could have caused the limited variations
observed in trace element abundances.
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Qz–Ab (+Or)–An ternary plot after Lee and Cho
(2013), the quartzo-feldspathic leucosomes plot
near the cotectic curve of 5 kbar and \750C. The
amphibole-bearing leucosome plots almost on
Ab–An join as they have inherited peritectic
amphiboles during partial melting of the granodiorite gneisses.
Water-present incongruent melting reactions
form peritectic minerals, most commonly amphibole (Busch et al. 1974; Conrad et al. 1988; Mogk
1992; Escuder-Viruete 1999; Gardien et al. 2000),
but also alumino-silicates (Clemens 1984; Icenhower and London 1995; Thompson and Tracy
1979), garnet and/or cordierite (Yardley and Barber 1991; Patino Douce and Harris 1998; Otamendi
and Patino Douce 2001), pyroxenes (Clemens 1984;
Gardien et al. 2000) depending on the source
composition.
The presence of peritectic amphibole in leucosomes suggests that the melting must have occurred in the presence of aqueous Cuid (Lappin and
Hollister 1980; Mogk 1992). Gardien et al. (2000) in
their experimental studies suggested that the
crystallization and growth of hornblende during
tonalite melting requires at least 3–4 wt.% H2O in
the melt. Dall’ Agnol et al. (1999) also suggested
that calcic amphibole is stable only at temperatures lower than 850C in aqueous melts with
4–8 wt.% H2O. At temperatures above *850C,

7.2 Migmatization and the origin of leucosomes
Dehydration melting and water-saturated melting
are generally proposed for generating felsic melt
from a lower-mid crustal source (Reichardt and
Weinberg 2012; Weinberg and Hasalov
a 2015).
Dehydration melting can involve biotite, amphibole or muscovite and all the water for melting
reactions derived from breakdown of hydrous
minerals and the melt produced is water undersaturated (Clemens et al. 2020). By contrast,
water-saturated melting which is limited by rate of
Cuid inCux may produce water rich or even watersaturated melts. Water present melting reactions
are either congruent, generally, at lower temperature or incongruent at higher temperatures. In

Figure 9. REE modelling. A hybridized mantle source formed
by mixing of 5% tonalite melt and 95% of slightly depleted
mantle. REE abundances in melts formed by 5–10% of the
partial melting of the hybrid source leaving olivine (42%),
orthopyroxene (28%), clinopyroxene (28%) and garnet (2%) as
residue were calculated and plotted. The calculated REE
patterns for 5% and 10% partial melting match with that of
the granodiorite gneisses, shown in grey. Partitioning coefBcient values were taken from Kessel et al. (2005) for olivine
and orthopyroxene and from Shaw (2006) for clinopyroxene
and garnet.
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hornblende breaks down to form anhydrous minerals such as garnet and pyroxene (e.g., Storkey
et al. 2005). The granitic leucosomes may be related to the inCux of H2O close to, or just above the
solidus temperatures (*750C) which enabled
melting. Melting reactions which form amphibole
as peritectic mineral suggested by Weinberg and
Hasalov
a (2015) are:
Bt þ Pl þ Qtz þ H2 O-rich fluid ¼ Hbl þ melt
or
Bt þ Pl þ Qtz þ H2 O-rich fluid
¼ Hbl þ Kfs þ melt:
Euhedral hornblende growing into the interstitial
K-feldspar, melt Blms along grain boundaries
(Bgure 3i), inherited cores and the development of
overgrowth rims in zircon observed in the leucosomes indicate that they represent melts produced
by anatexis at middle to lower crustal depths
(Sawyer 2010).
Various processes of melt modiBcation may
occur during melt migration, ascent, and
emplacement and change the composition of melt
from initial values (Solar and Brown 2001; Clemens
2012; MorBn et al. 2013) and can be seen from the
compositional variations of leucosomes. These
processes mainly include fractional crystallization,
accessory mineral dissolution, and peritectic mineral entrainment (Bea 1996; Zeng et al. 2005; Clemens 2012; Brown et al. 2016). At the initial stages
of melt production, the peritectic amphibole is
entrained in the melt, while with increasing melt
fraction, the melt gets separated to form quartzofeldspathic leucosomes and as recorded in the
outcrop (Bgure 2f). Also, when the extent of melt
increases, the leucosomes show more abundances of
feldspars and depletion of amphibole. The peritectic amphiboles are mostly associated with
in-situ leucosomes where the melt fraction is
low, whereas they are absent in leucosomes that
represent higher melt volume.
The amphibole-bearing leucosomes and the
quartzo-feldspathic leucosomes have complementary REE patterns with the former having negative
Eu anomaly but overall high REE while the latter
having prominent positive Eu anomalies and
overall low REE abundances (Bgure 6c). Positive
Eu anomaly in leucosomes of migmatites from
different regions was attributed to plagioclase
accumulation by several authors (Marchildon and
Brown 2001; Bhadra et al. 2007; Cruciani et al.

J. Earth Syst. Sci. (2021)130:161
2008; Nehring et al. 2009; Brown 2013). However,
in the present study, mass balance calculations
suggest that accumulated plagioclase should have
contributed to higher Sr and CaO and lower SiO2
concentrations in the leucosomes than the gneisses.
Whereas, the quartzo-feldspathic leucosomes have
lower CaO and similar or lower Sr abundances than
the granodiorite gneisses. Further, in the leucosomes, Eu anomaly is not correlated with
Sr (Bgure 10a) and negatively correlated with
Na2O+CaO (wt.%), as proxy for plagioclase
accumulation (Bgure 10b). Hence, plagioclase
accumulation can be ruled out as the cause of the
positive Eu anomalies.
The positive Eu anomaly in the quartzo-feldspathic
leucosomes correlates negatively with
P
REE, P2O5, Y, TiO2, (CaO + MgO) and Nb
(Bgure 10c–h). The P2O5 (wt.%), and (CaO +
MgO) (wt.%) are positively correlated with total
REE (Bgure 10i and j). The peritectic amphiboleP
bearing leucosomes have high abundance of REE
except Eu, Y, Nb, TiO2 and (CaO + MgO) and
their fractionation would deplete these elements
from the residual granite melt. In the Dy/Yb vs.
Dy/Dy* plot (Bgure 8c), the fractionated quartzofeldspathic leucosomes show evidences of amphibole fractionation (Davidson et al. 2007, 2013).
Garnet has not been observed either in the Beld or
in the thin sections which suggest that it played no
role in the formation of leucosome. Thus, fractional
crystallization of amphibole and accessory minerals
(apatite, zircon and allanite) from melts or less
dissolution of these accessory minerals into the
melt during melting because of Cuid present conditions and low melting temperatures would
explain the REE patterns and major and trace
element abundances in quartzo-feldspathic leucosomes (Zeng et al. 2005; Brown 2013 and references
therein). Alternatively, the low Zr, Y, REE, P, and
(CaO + MgO) (wt.%) also suggest that the
entrainment of peritectic amphibole along with
other accessory minerals like zircon, apatite,
allanite in the initial fraction of melt, represented
by amphibole-bearing leucosomes, might have
caused the low concentrations of these elements
and the low REE contents in the quartzo-feldspathic leucosomes. The geochemistry suggests that
the melt was not completely separated from the
residue.
During migmatization of the gneisses, maBc
minerals segregate to form maBc schlieren which
has a different chemical composition than the maBc
microgranular enclaves. The maBc segregation is
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enriched in K2O, TiO2, Fe2O3, MgO, Zr, Hf, Nb,
Ta, Ba, REE, Rb, Y and Ba elements which are
compatible with biotite and amphibole. Enrichment in LILE maybe because of elemental diffusion
along the maBc host contact or alkali metasomatism supported by petrographic observation of
biotite replacing amphibole. The maBc segregations have biotite anastomosing the plagioclase
feldspars. Zircons and titanite are hosted by biotite
which has resulted in high Zr and TiO2 abundances
in the maBc segregation sample.
7.3 Origin of maBc micro-granular enclaves
MaBc microgranular enclaves are found in migmatitic gneisses with different extents of interaction with the water-saturated granite magma
components. Commonly observed features of contact relationship between them are: (1) with sharp
margin, (2) surrounded by a rim of quatzo-feldspathic material, (3) back veining of quartzo-feldspathic material and (4) biotite schlerin around the
margin. Biotite schlerin could have formed
because of the diffusion of alkali elements from the
host rock followed by rapid cooling of the maBc
magma. Presence of numerous quartzo-feldspathic
veins in maBc microgranular enclaves attests to
injection of low-viscosity maBc magma into more
viscous, crystal-rich felsic magmas and interaction
between them as both solidify. The above features
indicate that the temperature of maBc magma was
higher than that of leucosomes as expected, but
the temperature difference could have been
variable.
As MMEs are the most common types of
enclaves in granitoids (Vernon 1983, 1984, 1991;
Vernon et al. 1988; Fourcade and Javoy 1991;
Barbarian and Didier 1992), the study of MMEs is
fundamental for understanding the granitoid petrogenesis (Didier and Barbarin 1991). Several
hypotheses have been proposed for the genesis and
evolution of MMEs, but only three remain well
accepted. They are: (1) Refractory and residual
materials of the source rocks carried to shallow
crustal levels (Barbarin and Didier 1991; Chappell
and White 1992), (2) Cumulate/cognate model
(Barbarin and Didier 1991; Zhang and Zhao 2017),
and (3) The incomplete mixing of maBc magmas
and felsic melts (Yang et al. 2007; Clemens et al.
2017). Which one of these models best explains
Beld and petrographic observations and geochemical data, including Nd isotope systematics, is
evaluated below.
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MaBc microgranular enclaves of the present
study cannot represent restites formed after some
partial melt has been extracted from granodiorite
at relevant pressure and temperatures as they lack
anhydrous mineralogy and metamorphic textures
(Eichelberger 1980; Vernon 1984). The cognate
origin model for the formation of the MMEs from a
coeval magma that gave rise to the host granitoids
accounts for similar mineral assemblage and similarities in chemical and isotopic compositions
between microgranular enclaves and their hosts
(e.g., Fershtater and Borodina 1977; Dodge and
Kistler 1990; Pin et al. 1990; Dahlquist 2002;
Donaire et al. 2005; Ilbeyli and Pearce 2005; Chen
et al. 2007; Shellnutt et al. 2010; Esna-Ashari et al.
2011; Flood and Shaw 2014). The similarity in eNd
(t = 2600 Ma) values between the microgranular
enclaves and the host rocks of our study area may
support cognate/autolith model. Petrographically
and geochemically, the maBc microgranular
enclaves if formed by cognate model should show
cumulate texture and positive europium anomaly
as plagioclase is an early cumulating phase. In the
absence of these features, we preclude cognate
model for origin of these maBc microgranular
enclaves. Also, the maBc microgranular enclave
samples have higher CaO and lower K2O (Bgure 5b
and d) and higher alumina saturation index (ASI)
than the maBc segregation sample (Bgure 4c) which
again indicate non-cumulate origin for these
microgranular enclaves.

7.3.1 Magma mixing and mingling
The ocellar xenocrysts of quartz and alkali feldspar
in maBc microgranular enclaves indicate the
disequilibrium conditions and mechanical transfer
of quartz and alkali feldspar from the host to the
maBc microgranular enclaves (Hibbard 1981, 1991;
Barbarin 1990; Sadiq et al. 2018). These ocellar
xenocrysts were formed by dissolution of these preexisting crystals when they were incorporated into
the high-temperature maBc magma. This also
suggests that quartz, plagioclase and K-feldspar
already crystallized in the felsic magma at the time
of felsic–maBc interactions. The presence of
quartz/feldspar ocellar texture is also because of
maBc and felsic magma mixing and undercooling of
the maBc magma (Bgure 3d). The MMEs are distinguished by the presence of two kinds of apatite,
i.e., stubby and acicular. Stubby apatite is common
in granitoids, formed by slow crystallization of
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Figure 10. (a) Eu anomaly and Sr abudance show no correlation in the leucosome samples. (b) A negative correlation between
P
Eu anomaly and CaO+Na2O (wt.%) is seen for the leucosomes. (c–h) show the negative correlation
Pof Eu anomaly with REE,
P2O5, Y, TiO2, (CaO + MgO) (wt.%), and Nb, respectively. (i and j) shows positive correlation of REE with P2O5 (wt.%), and
(CaO + MgO) (wt.%), respectively.
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felsic magma resulting in growth of relatively large
and hexagonal crystal. In contrast, acicular apatite
crystals form when rapid crystallization of MME
magma takes place in contact with cooler felsic
magma (Reid et al. 1983; Didier 1987). The presence of acicular apatite in plagioclase (Bgure 3b)
and biotite and amphibole inclusions within the
plagioclase (Bgure 3b and c), Bne grain size of
microgranular enclaves and the presence of feldspar phenocrysts (Bgure 3d) in maBc microgranular
enclaves suggest mingling between maBc and felsic
magmas.
The magma mixing and mingling model of
mantle- and crust-derived magmas accounts for the
igneous textural features, Bner grain size, and
chilled margins of the microgranular enclaves and
isotopic differences between microgranular
enclaves and their host granitoids (e.g., Holden
et al. 1987, 1991; Eberz and Nicholls 1990; Elburg
and Nicholls 1995; Metcalf et al. 1995; Maas et al.
1997; Altherr et al. 1999; Yang et al. 2004, 2007;
Chen et al. 2009; Shaw and Flood 2009; Shin et al.
2009; Rajaieh et al. 2010; Qin et al. 2010; Zhao
et al. 2010; Cheng et al. 2012; Jiang et al. 2013; Liu
et al. 2013). The igneous textural features like the
presence of acicular apatite within the feldspars,
Bner grain size, and poikilitic textures of the
microgranular enclaves support magma mixing/
mingling model. The presence of coexisting mixed
apatite morphologies (viz., stubby, tubular and
acicular apatite) suggests magma mixing. Acicular
apatite crystals occur as a result of quenching of
maBc magma and typical of magma mixing and
stubby apatite enclosed in K-feldspar in MMEs
suggest its mechanical transfer from the source of
the felsic magma as in mingling (Hibbard 1981).
The REE patterns of the microgranular enclaves
P
are less fractionated with higher HREE and REE
(Bgure 6c) content than the granodiorite gneisses
(Bgure 6a), probably due to mechanical transfer of
accessory phases and chemical exchange from the
host rocks.
In the case of magma mixing and mingling, the
maBc magmas and the gneisses might have had
different eNd values. The similar eNd values (t =
2.60 Ga) of the microgranular enclave samples and
the gneisses suggest that magmas representing
these rocks were derived from sources that had
similar range in initial Nd isotope ratios at the time
of partial melting. If granodiorite and maBc magmas are extracted by partial melting of a source
such as, metasomatised mantle within a short span
of time (\100 Ma), then both will have overlapping
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range of eNd values. Partial isotopic equilibration in
such settings was proposed by earlier workers (e.g.,
Campbell and Turner 1986; Sparks and Marshall
1986; Holden et al. 1987, 1991; Eberz and Nicholls
1990; Allen 1991; Metcalf et al. 1995; Perugini and
Poli 2000; Waight et al. 2000, 2001; Pankhurst
et al. 2011) and even for the zircon Hf isotopes
(e.g., Yang et al. 2004, 2007; Shaw and Flood
2009). Alternatively, the magma mixing and mingling can also make bulk rock isotope ratios in the
MMEs and their host granitoids fall in the same
range, even though they had distinct values prior
to mixing (e.g., Barbarin and Didier 1992; Barbarin 2005; Kaygusuz and Aydıncßakır 2009;
Turnbull et al. 2010). In the present study also, this
possibility cannot be excluded particularly, as the
difference between the end member eNd values is
small.

7.4 A uniBed model for the origin of MME
bearing migmatized arc crust
The rocks exposed at the surface in the study area
represent mid- to lower-crustal levels and they are
predominantly made of granodioritic and monzonitic gneisses. These rocks were migmatized
resulting in the formation of granite-leucosomes
and maBc schlieren and they host maBc microgranular enclaves. Based on petrographic studies
and major and trace element considerations, it is
suggested that magmas representing granodioritic
and monzonitic gneisses were formed by partial
melting of metasomatised mantle sources, hybridized with tonalite melts which was part of mantle
wedge or lithospheric mantle (Smithies and
Champion 1999). These gneisses have a limited
spread in eNd values (–0.65 to +1.25) and show
evidences for either magma contamination or
source metasomatism with old continental crustal
component. The western Dharwar craton has a
record of [3.3 Ga old continental crust (Peucat
et al. 1993; Bidyananda et al. 2011) whose position
in the eNd vs. fSm/Nd plot at 2.6 Ga is marked as CC
(Bgure 11). Limited spread of gneisses towards, but
not reaching the old continental crust Beld rules
out crustal assimilation by the magmas as the
cause of the spread. However, the spread can be
explained if the magmas were derived by partial
melting of sources that had limited but variable
older crustal component. If the TTG melt or rocks
which formed by partial melting of basaltic crust
during Mesoarchean (*3.4 Ga) hybridized the
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mantle wedge or lithospheric mantle, then by late
Neoarchean (2.6 Ga), the eNd values of the hybridized sources would have lowered to the extent
observed in the granodioritic gneisses. Thus the
magmas formed by partial melting of such a
metasomatised hybridized mantle sources (*5%
tonalite melt +*95% peridotite mantle) could
have inherited the lowered eNd values (–0.65 to
+1.25). These magmas on magmatic differentiation gave rise to the protoliths of the granodiorite
gneisses (Bgure 13a and b).
There are ample evidences for the presence of
[3.3 Ga old TTG in the western Dharwar craton
(Jayananda et al. 2015) which could have provided

Figure 11. eNd vs. fSm/Nd plot with limited spread in ratios.
Field for 3.3 Ga old continental crust at 2.6 Ga is marked (CC)
for reference. Assuming that mantle was hybridized with 1–5%
tonalite melt at 3.4 Ga ago, the calculated eNd values and
position of the hybridized sources at 2.6 Ga are indicated.
Partial melting of this source from 1 to 10% will result in
LREE-enriched magmas with lower fSm/Nd values whose
positions are also indicated. The magmas representing granodiorites have both eNd and fSm/Nd values matching with that
of the calculated melts.
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detrital sediments to adjacent oceanic crust. Magmas generated by partial melting of subducted
oceanic crust with sediments derived from the
TTGs could also have caused the spread in the eNd
values as observed for the gneisses. However, Glorie et al. (2014) reported inherited zircon age of
2.63–2.73 Ga from the Gingee area which suggests
that the granodiorite magmas had interacted only
with Neoarchean crust. The leucosome samples
have eNd values falling in the same range as that of
the gneisses which support the suggestion that
their magmas were derived by partial melting of
granodiorite gneisses.
Subsequent to the early phase of generation of
granodiorite (arc crust), the progression of subduction zone leads to refertilisation and melting of
the mantle wedge and formation of magmas representing maBc microgranular enclaves. And the
process of formation of arc crust and the maBc
underplating and migmatization took place in a
shorter span of time as maBc microgranular
enclaves, gneisses and leucosomes are falling on the
same Sm–Nd isochron line that yield an age of 2591
± 80 Ma (Bgure 7b and c). The maBc microgranular enclaves also show limited spread in the eNd
values (–1.68 to +0.5) which suggest their source
was either variably enriched in light REE for long
duration to give heterogeneous initial 143Nd/144Nd
ratios (eNd values) or incorporated old continental
crustal component to different extents. In La/Sm
vs. Ba/Th (Kingson et al. 2017), the MME samples
show a large spread in Ba/Th while limited spread
in La/Sm (Bgure 12a), thus Cuid Cuxing was a
dominant process than addition of melts generated
at low degrees of partial melting in metasomatism
of the mantle sources. U could be mobilized in
oxidizing Cuids while Th could be mobilized only

Figure 12. (a) La/Sm vs. Ba/Th, the maBc enclave samples show a large spread in Ba/Th while limited spread in La/Sm.
(b) Th/U ratios in maBc microgranular enclave samples deBne a negative correlation with eNd (t=2.6 Ga).

J. Earth Syst. Sci. (2021)130:161

Figure 13. The process of formation of arc crust and maBc
magma emplacement and migmatization process. (a) Formation of tonalitic melts at 3.4 Ga by partial melting of maBc
crust, (b) formation of hybridized/metasomatized mantle by
interaction of mantle wedge and stagnated tonalitic melts and
the subsequent melting of hybridised mantle to form granodiorite magmas. (c) Refertilisation of mantle wedge and
formation of maBc magma and its emplacement below and
into the arc crust resulting in magma mixing/mingling, partial
melting, migmatization and formation of granite magmas. The
granite magmas form in-situ and in source leucosomes within
the migmatitic gneisses and also occur as plutons at shallow
crustal levels.

through partial melting from subducting slab. Th/
U ratios in maBc microgranular enclave samples
deBne a negative correlation with eNd values
(Bgure 12b) which indicates mobilization of Th and
Nd (with –ve eNd values) from old continent crust
derived sediments through partial melting. Such
melts could have interacted with the mantle wedge
causing heterogeneity in the eNd values. Thus
metasomatism of the mantle source of maBc magmas representing the microgranular enclaves
occurred due to addition of both Cuids and melts
derived from the subducted slab. The maBc
microgranular enclave samples have higher La/Nb
(3.45–8.73), Th/Nb (0.168–1.14) and U/Nb
(0.027–0.175), which indicates subduction-related
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magmatism. The LILE enriched and HFSE depleted nature of these maBc microgranular enclaves
along with some of the samples having negative eNd
values suggest interaction and hybridization
of these maBc magmas with the arc crust as also
inferred from the Beld and petrographic
observations.
We suggest that maBc magma underplating,
aided by H2O-dominated Cuid inCux caused
partial melting in the arc crust and resulted in
migmatization and crustal differentiation of the
Madras block during the late Neoarchean.
Amphibole is believed to constitute a substantial
reservoir of water in the deeper parts of arc
crust (Davidson et al. 2007) and the breakdown
of amphibole in subsequent metamorphism
(thermal event) could have released required
amount of H2O that enhanced the fertility of
crust at higher levels and formation of migmatites (Bgure 13c).
Based on petrographic, geochemical and Sm–Nd
isotope data, we suggest a causal relationship
between the emplacement of maBc microgranular
enclaves and migmatization of granodiorite gneisses. MaBc magma inCux, probably from a metasomatised lithospheric mantle, heated the arc crust
and in the presence of H2O caused the partial
melting and resulted in maBc and felsic segregation. Halla (2020) explained the formation of TTG
type melts by partial melting of amphibolite in
deeper parts of thick maBc crust and suggested
that intracrustal differentiation through migmatization of thickened maBc crust in Arctic
Fennoscandia terrane. In the present study also, we
explain the partial melting of granodioritic arc
crust and formation of felsic and maBc segregation
by the process of maBc underplating. During
crustal anatexis, the underplated maBc magma
intruded, got fragmented as maBc microgranular
enclaves into the supra-solidus crust as depicted in
Bgure 13(c). Thus the transformation of arc crust
to differentiated continental crust was accomplished through crustal anatexis and migmatization with heat provided by maBc magma
underplating. Quartz monzodiorite–granodiorite
rocks form significant part of the Neoarchean
continental crust in the eastern Dharwar craton
(Balakrishnan and Rajamani 1987; Balakrishnan
et al. 1999; Chadwick et al. 2000; Peucat et al.
2013). The Gingee area forming northeastern part
of the Madras Block with similar lithology and
time of formation possibly represents deeper level
of the eastern Dharwar crust.
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8. Conclusions
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• Granodiorite gneisses of Madras block around
Gingee are characterized by presence of poikilitic textures in plagioclase and microcline
where the minerals have hosted inclusions of
biotite, amphibole and quartz. Geochemically,
they are magnesian, calc-alkaline with depletion of Nb and other HFSE and enrichment in
LREE. These features suggest that their protolith represent magmas generated about 2.6
Ga ago by partial melting of mantle wedge
hybridized with tonalite melts during
Mesoarchean. Petrogenesis and age of these
granodiorite gneisses are similar to the dominant granitoid gneisses found in the eastern
Dharwar craton.
• The amphibole-bearing leucosomes have less
fractionated REE pattern with prominent negative Eu anomaly which is complementary to
the highly fractionated REE pattern in quartzofeldspathic leucosomes with positive Eu anomaly and concave upward REE pattern. The
quartzo-feldspathic leucosome with
P positive Eu
anomalies are depleted in P, Ti, REE, Zr, Y,
(CaO + MgO), Zr and Nb, which suggests
entrainment of these elements by peritectic
amphibole along with accessory minerals like
allanite, zircon, apatite, and titanite. Granodiorite gneisses and leucosomes eNd (t=2600 Ma)
values range from (–0.65 to +1.25) and (–1.42
to 1.07), respectively, conBrming their sourcemelt relationship.
• Various Beld and petrographic observations
suggest mechanical transfer of some of the
minerals from the host to the MMEs during
magma mingling. The LREE and LILE enrichment and HFSE depleted nature of the maBc
microgranular enclaves along with range of eNd
values (–1.68 to +0.45) suggest that magmas
representing them were formed from Cuid and
melt metasomatised mantle wedge. A large
volume of the maBc magma underplated the
arc crust while a part of it interacted with the
pre-existed granodiorite crust and granite magmas generated during concomitant migmatization. MaBc magma underplating of the
Neoarchean granodioritic arc crust caused crustal scale anataxis, migmatization and granite
magma generation, thus resulting in crustal
differentiation of the Madras block by 2.5 Ga
ago.
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