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SHRIMP dating of magmatic zircons from granitoid gneisses and charnockites of the Trivandrum and Nagercoil
Blocks in the granulite terrane of southernmost India yielded well-defined protolith emplacement ages between
1765 and ca. 2100 Ma and also document variable recrystallization and/or lead-loss during the late
Neoproterozoic Pan-African event at around 540 Ma. Hf-in-zircon and whole rock Nd isotopic data suggest
that the granitoid host rocks were derived from mixed crustal sources, and Hf–Nd model ages vary between
2.2 and 2.8 Ga. A gabbroic dyke, emplaced into a charnockite protolith and deformed together with it, only
containedmetamorphic zirconwhosemean age of 542.3±4.0Ma reflects the peak of granulite–faciesmetamor-
phism during the Pan-African high-grade event. The Sm–Nd whole-rock isotopic system of several granitoid
samples dated in this study was significantly disturbed during granulite–facies metamorphism, most likely due
to a CO2-rich fluid phase. Whole-rock Nd model ages are consistently older than zircon-derived Hf model ages.
The Trivandrum and Nagercoil Blocks are reinterpreted as a single tectono-metamorphic terrane predominantly
consisting of Palaeoproterozoic granitoids interlayered with supracrustal rocks that must be older than ca.
2100 Ma. Ductile deformation, migmatization and anatexis have obliterated the original rock relationships.
These blocks probably have their counterpart in the Highland Complex of neighbouring Sri Lanka and in the
high-grade Palaeoproterozoic terrane of southern Madagascar. We speculate that the southern Indian
khondalites may have their counterparts in the khondalite belt of the North China Craton.

© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Geological relationships of the high-grade rocks in the Trivandrum and Nagercoil Blocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
3. Previous geochronology of high-grade rocks in the Trivandrum and Nagercoil Blocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
4. Petrology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
5. Major and trace element data of dated leucogneiss and charnockite samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
6. Morphological modification of zircon during prograde metamorphism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
7. Zircon geochronology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

7.1. Leucogneiss ages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
7.2. Charnockite ages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

8. Hf–Nd isotopic systematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
8.1. Hf-in-zircon isotopic data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

8.1.1. Leucogneiss samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
8.1.2. Charnockite samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
, University of Mainz, D-55099 Mainz, Germany.

na Research. Published by Elsevier B.V. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gr.2014.07.001&domain=pdf
http://dx.doi.org/10.1016/j.gr.2014.07.001
mailto:kroener@uni-mainz.de
http://dx.doi.org/10.1016/j.gr.2014.07.001
http://www.sciencedirect.com/science/journal/1342937X


2 A. Kröner et al. / Gondwana Research 27 (2015) 1–37
8.1.3. Significance of the observed Hf isotopic heterogeneity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
8.2. Sm–Nd whole-rock isotopic data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

9. Implications for the interpretation of the high-grade terrain of southern India . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
10. Correlations with the Highland Complex of Sri Lanka and other Gondwana terranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
11. Speculations on possible India–North China correlations in the Palaeoproterozoic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
12. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
Appendix A. Sample preparation and analytical procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

A.1. Sample preparation and geochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
A.2. Cathodoluminescence images and SHRIMP II procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
A.3. Hf-in-zircon isotopic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
A.4. Sm–Nd whole-rock isotopic analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

33
33
33
1. Introduction

The Southern Granulite Terrane (SGT) of India occupies a central
position in the latest Neoproterozoic–Cambrian Gondwana superconti-
nent configuration (e.g., Collins et al., 2007; Santosh et al., 2009a;Meert
et al., 2010; Collins et al., 2014; Plavsa et al., in press and references
therein). It is composed of a collage of blocks south of the Archaean
Dharwar craton (Fig. 1) and exposing mid- and lower levels of the con-
tinental crust, dissected by crustal-scale shear zones. Amongst these,
the Palghat-Cauvery Shear Zone (PCSZ) in the north and the Achankovil
Shear Zone (ACSZ) in the south have been interpreted as suture zones
(Sajeev et al., 2009; Santosh et al., 2009a; Rajaram and Anand, 2014),
whereas Collins et al. (2014) argued for a rift. The PCSZ separates the
Archaean Dharwar Craton to the north from the Neoarchaean to
Neoproterozoic Madurai Block to the south (Fig. 1), and high-pressure
(HP) and ultrahigh-temperature (UHT) metamorphic rocks have been
documented from various localities within this zone (e.g., Shimpo
et al., 2006; Tsunogae et al., 2008; Santosh and Kusky, 2009; Shimizu
et al., 2009; Santosh et al., 2010). Plavsa et al. (in press) subdivided
this terrane into a northern and southern block on the basis of isotopic
characteristics of detrital zircons from metasediments. These authors
argued that, collectively, the Madurai Block metasedimentary rocks
record a mixture of reworked Archaean and Palaeoproterozoic material
as well as juvenile Palaeoproterozoic, late Mesoproterozoic, and
Neoproterozoic sources. In contrast, Brandt et al. (2014), using zircon
and monazite ages, recognized two distinct domains in the Madurai
Province and inferred early Palaeoproterozoic accretion of the Madurai
Province onto the Archaean Dharwar Craton.

The southern margin of the Madurai Block is bounded by the ACSZ
(Rajesh and Chetty, 2006), to the south of which occur the Trivandrum
Block (TB) and Nagercoil Block (NB), reported about in this paper
(Fig. 2). The TB consists predominantly of granulite–facies granitoid
leucogneisses and garnetiferous metasediments (collectively referred
to as leptynites and khondalites, respectively, in the literature), in
association with minor charnockites and mafic granulites, whereas the
NB is dominantly composed of charnockites.

The high-grade TB was originally interpreted as a large supracrustal
belt described as the Kerala Khondalite Belt (Chacko et al., 1987; Cenki
et al., 2004; Sreejith and Ravindra Kumar, 2013), and later renamed
as the Trivandrum Block (Santosh, 1996) (Fig. 1). Many authors
(e.g., references above and Chacko et al., 1992; Collins et al., 2007;
Rajesh et al., 2013; Collins et al., 2014) interpreted the granulite–facies
banded quartzo-feldspathic gneisses as a sequence of psammitic,
psammopelitic and pelitic metasedimentary rocks and minor granitoid
gneisses.

By far themost common lithological unit in the TB is a white to light
grey coloured garnet-rich quartzo-feldspathic gneiss (Figs. 3a, 4e, f, 5a),
also containing varying amounts of biotite and, rarely, graphite and
described as garnet granite by Santosh and Yoshida (1986) and
Yoshida and Santosh (1987). Braun et al. (1996) and Braun (2006)
described many of these as granitoid augen-gneisses. However, these
rocks were also named leptynite (Srikantappa et al., 1985; Santosh,
1986; Santosh et al., 2005b), a term first published by Brongniart
(1813) and initially applied to a fine-grained granulite–facies rock
with a planar, gneissose texture, predominantly consisting of alkali feld-
spar, minor quartz, white mica, garnet and tourmaline. However, the
IUGS Subcommission on the Systematics of Metamorphic Rocks does
not recommend the use of this term (Coutinho et al., 2007), and we
therefore use the descriptive term garnetiferous leucogneiss in this
paper. Chacko et al. (1992) concluded that the above gneisses are en-
tirely of sedimentary origin, and many authors have since followed
this interpretation.

The leucogneisses are frequently interlayered with less voluminous
garnet- and sillimanite-bearing metapelitic granulites (Fig. 3b, d),
named khondalite byWalker (1902), with or without cordierite, spinel
and graphite. Collins et al. (2007) considered the mostly well-rounded
zircon grains in these presumed metasediments as detrital in origin
and loosely constrained the depositional age from SHRIMP dating at
between ca. 1900 and 513 Ma.

Prograde incipient (patchy) charnockites are common in both
khondalites and leucogneisses and overprint all but the youngest struc-
tures (Fig. 3c). These rocks have been the subject of several studies (for
review see Raith and Srikantappa, 1993; Santosh and Omori, 2008;
Rajesh and Santosh, 2013) and are not further considered here. Massive
charnockite is aminor constituent of the TB khondalite–leucogneiss ter-
rane and resembles the charnockite–enderbite suite of the Nagercoil
Block farther south.

Garnet-bearing anhydrous charnockite (Fig. 5d) and enderbite are
particularly abundant in the Nagercoil Block at the southern tip of
India (Figs. 1, 2) that is recognized as a separate crustal domain (GSI
and ISRO, 1994) and contains subordinate xenolithic bands or boudins
of calc-silicate rocks (Rajesh et al., 2010) (Fig. 5f). Thin bands, lensoid
bodies or boudins of dark-coloured hbl-rich mafic granulite occur in
the above granulite–facies gneisses (Fig. 5e) and are interpreted as
gabbroic dykes. In low-strain zones these rocks occasionally show
preserved gabbroic textures and cross-cutting relationships with the
gneisses. They are identical in appearance andfield relationships to sim-
ilar rocks in the high-grade terranes of Sri Lanka (Kröner et al., 1991).
Braun and Kriegsman (2003) provided a comprehensive review of the
geology of the Trivandrum Block and its possible correlation with the
Sri Lankan granulites.

Santosh et al. (2009a) interpreted the TB khondalite–leptynite as-
semblage as a sedimentary passive margin sequence with a maximum
depositional age of 700 Ma but did not stipulate on which continental
margin these presumed sediments should have been deposited. In a
speculative plate tectonic model these authors considered the northern
TB rocks to constitute a Pan-African collisional orogen, whereas the
Nagercoil Block was interpreted as part of a continental arc. Rajesh
et al. (2013) proposed a tectonic model in which the so-called
khondalite–leptynite belt constitutes a Neoproterozoic–Cambrian



Fig. 1. Geological framework of southern India (modified after Santosh and Sajeev, 2006; Plavsa et al., 2012; Santosh et al., 2014; Collins et al., 2014) showing the Archaean craton in the
north and the various Proterozoic granulite blocks in the south. Location of Fig. 2 is indicated. NWMB=North-west Madurai Block; NEMB= North-east Madurai Block; SEMB= South-
east Madurai Block; TB = Trivandrum Block.

3A. Kröner et al. / Gondwana Research 27 (2015) 1–37
(Pan-African) accretionary complex sandwiched between continental
arcs of the Madurai and Nagercoil Block.

2. Geological relationships of the high-grade rocks in the
Trivandrum and Nagercoil Blocks

The so-called khondalite–leptynite belt occupies the central and
northern part of the TB (Fig. 2), also defined as the Ponmudi Unit
(Srikantappa et al., 1985; Cenki and Kriegsman, 2005), and consists
of strongly deformed granulite–facies gneisses whose original rela-
tionships are almost everywhere overprinted by intense ductile
deformation and recrystallization. In high strain domains the
khondalites and leucogneisses (leptynites) are interlayered on
centimetre- to metre-scales (Fig. 3b, d) and are often migmatitic in
composition (Fig. 3e). Calc-silicate bands and marble also occur but
are rare (Harley and Santosh, 1995; Satish-Kumar et al., 1995).
In rare low-strain domains the leucogranitic rocks constitute
anostomizing veins within the khondalites (Fig. 3d) or form
stromatic migmatites and occasionally showing intrusive relation-
ships (Fig. 3e, f). This was also noted by Sreejith and Ravindra
Kumar (2013). The petrography and petrology of these rocks were
investigated by Shaji (2004).



Fig. 2. Simplified geological map of the southern part of Kerala and Tamil Nadu (compiled after Geological Survey of India, 1995) showing localities of samples investigated in this study.
See Table 1 for details of the localities.
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Field evidence suggests that at least some of the leucogranites are
derived from melting of khondalitic material (Fig. 4d, our sample
NGL-2 from the Kottaram quarry). In view of the migmatitic character
of many excellent exposures in fresh quarry surfaces, all possible grada-
tions between the two rock types can be observed. The garnet and
biotite contents in the leucogneisses are highly variable, and these
rocks my also contain rare sillimanite, cordierite and graphite, most
likely inherited from the interlayered khondalitic material. This
and the well-layered nature of most garnetiferous leucogneisses
(e.g., Fig. 4b) is probably the main reason why these rocks have
previously been interpreted as metasediments. At several localities the
leucogneiss is biotite-rich and also contains large K-feldspar
porphyroclasts (Fig. 4f) that partly coalesce into strongly flattened
leucocratic aggregates (Fig. 5a). These rocks are clearly derived from
granitoid precursors and resemble the augen-gneisses and granitic
gneisses described by Santosh (1996) and Braun and Kriegsman
(2003). The leucogneisses have been classified into sodic and potassic
types by Chacko et al. (1992), and Braun (1999) concluded from geo-
chemical data that the leucogranites were generated from gneisses
compositionally similar to those into which they were emplaced.

Sreejith and Ravindra Kumar (2013) observed petrological and
geochemical similarities between the leucogneisses (leptynites) of the
TB and porphyritic granites (augen gneisses) described by Braun et al.
(1996) and therefore suggested an igneous origin for the former.
These authors also provided petrological and geochemical data and pro-
posed a melt-restite model for these rocks and attributed their compo-
sitional variation to differences in the ratio of melt to restite produced
during partial melting of the protoliths. Using major and trace element
data of the leucogneisses Sreejith and Ravindra Kumar (2013) sug-
gested a subduction-related origin for these rocks, most probably by
partial melting of older crust in a continental margin arc environment.

At many localities the garnetiferous leucogneisses in the TB exhibit
evidence of incipient melting during Pan-African (latest Neoproterozoic
to Cambrian) high-grade metamorphism (Figs. 3c, 5b), and these
leucosome patches with diffuse boundaries overprint the foliation.
They were interpreted as the result of biotite dehydration (Braun et al.
1996). In areas of high strain these quartzo-feldspathic patches are
frequently drawn out into lensoid bodies or thin layers giving the im-
pression of compositional banding. There are all gradations between
migmatization, local in-situ melting and larger melt aggregates
that have become mobile and intruded into the khondalites and
leucogneisses. All this is part of the prograde metamorphic evolution
and may have occurred close to the peak of the Pan-African event. As
we discuss below, this melting was also associated with the formation
of metamorphic zircon.

The Nagercoil Block (Santosh, 1996) at the southernmost part of the
TB (Fig. 2) consists of well-exposed dark green to greenish–grey to
brownish charnockite hills around the town of Nagercoil (Fig. 5c–e).

image of Fig.�2


Fig. 3. Representative field photographs of the leucogneiss–khondalite relationships in quarries of the Trivandrum Block (a) Typical garnetiferous leucogneiss in quarry at Badammukku
showingweak compositional layering due to variable biotite-content. (b) Interlayering of khondlite (blue–grey) and leucogneiss (whitish to light grey) due to strong ductile deformation
in quarry at Koliakode. (c) In-situ charnockite patch superimposed on foliation in garnetiferous leucogneiss with streaks of earlier in-situ melt patches in quarry at Kottavattom.
(d) Interlayering of khondalite and leucogneiss due to high strain in quarry at Koliakode. (e) Palaeoproterozoic leucogranite veins intruding khondalite in low-strain zone in quarry at
Theppupara, Achankovil shear zone. Scale is compass near uppermargin of photo (f) Intrusive contact (upper part of photo) of garnetiferous leucogneiss and cordierite–garnet–sillimanite
gneiss (khondalite) in quarry at Kodumon.
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These rocks commonly contain large grains of orthopyroxene, and both
garnet-absent and garnet-bearing varieties occur within the massif
(Rajesh et al., 2011).

Although mostly massive in character, the rock often shows a weak
foliation defined by oriented orthopyroxene, garnet and/or biotite,
whereas this orientation is not found in domains showing in-situ
lecosome patches and quartz–feldspar segregations. The foliation
is particularly well pronounced near contacts with metapelite
(khondalite) or calc-silicate enclaves, that occur at various localities
and are well exposed in the Arakakulam and Kottaram quarries
(Fig. 5e, f), where alternating quartz-rich layers and layers richer in
orthopyroxene and garnet occur in the contact zone (Rajesh et al.,
2011). On a regional scale the foliation in the Nagercoil rocks is concor-
dant with that in adjacent rocks of the TB.

Evidence for the hypothesis that the Nagercoil charnockites are
mostly derived from granitoid gneisses during high-grade fluid-
assisted metamorphism is provided in the contact zone of the complex
with adjacent migmatitic quartz–feldspar–biotite ± garnet gneisses,
granitoid augen-gneisses and leucogranitic gneiss. As observed by
Rajesh et al. (2011), these migmatites preserve both large-scale and
small-scale irregular dehydration zones in many localities, revealing
the local transformation of a foliated, light-grey, garnet–biotite gneiss
into a greenish to greenish–brown, coarse-grained orthopyroxene-
bearing dehydration zone, identical to those described frommany local-
ities elsewhere in the Trivandrum Block and in the Highland Complex of
Sri Lanka (e.g., Janardhan et al., 1982;Milisenda et al., 1988; Kröner et al.,
1991; Newton, 1992; Rajesh et al., 2004; Harlov et al., 2006). The contact
between adjacent orthopyroxene-bearing and orthopyroxene-absent
portions is gradational on a centimetre to decimetre scale (Rajesh et al.,
2011).

Rajesh et al. (2011) undertook a detailed petrological study of the
Nagercoil charnockites and showed that orthopyroxene formed during
the Pan-African high-grade metamorphic event by dehydration reac-
tions and is not a member of the original igneous assemblage. These

image of Fig.�3


Fig. 4. Representative field photographs of the khondalite–leucogranite relationships in quarries of the Trivandrum Block (a) Leucogranitic gneiss intruding khondalite in quarry at
Kottavattom. b) Stromatic migmatite resulting in intimately interlayered khondalite (dark) and garnetiferous leucogneiss (light grey) in quarry at Koliakode. (c) Detail of interlayering
in low-strain domain showing veins and stringers of leucogranite intruding khondalite in quarry at Koliakode. (d) Garnet-rich, coarse-grained leucogranite patch resulting frommelting
of khondalite within large strongly foliatedmigmatitic xenolithwithinmassive charnockite in quarry at Kottaram (sample NGL-2). (e)Well-layered garnetiferous leucogneiss in quarry at
Nagaroor (sample TBL-2). (f) Coarse-grained garnet- and biotite-rich porphyritic granite gneiss (sample NGL-1) in small quarry at Marthandam.
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authors also suggested that the charnockite protoliths were crystallized
from high-temperature melts of hydrous basalt.

3. Previous geochronology of high-grade rocks in the Trivandrum
and Nagercoil Blocks

Previous geochronological studies on zircon and monazite from
rocks within the Trivandrum Block and the ACSZ mostly focused on
defining metamorphic and depositional ages as well as source charac-
teristics (e.g., Bartlett et al., 1998; Santosh et al., 2005a; Shabeer et al.,
2005; Collins et al., 2007; Santosh et al., 2009b). Most published ages
from the SGT therefore record a major thermal event in the latest
Neoproterozoic to Cambrian at ca. 500–580 Ma that has been ascribed
to collision of the Gondwana fragments (e.g., Bartlett et al., 1998;
Bindu et al., 1998; Braun et al., 1998; Collins et al., 2007; Santosh et al.,
2009b; Sato et al., 2010; Plavsa et al., in press and references therein).
Several of these studies also noted older components with Palaeo-
to Mesoproterozoic ages within the assumed supracrustal rocks,
particularly those occurring within the Trivandrum Block and the
ACSZ (e.g., Shabeer et al., 2005; Collins et al., 2007; Santosh et al.,
2009b and references therein), and the old zircons were interpreted
as detrital in origin, sourced from older terranes elsewhere (Collins
et al., 2007). Kröner et al. (2012) reported early Mesoproterozoic and
Palaeoproterozpoc emplacement ages for the magmatic protoliths of a
charnockite and a granitic augen-gneiss from the SGT north of
Trivandrum, suggesting that there was more ancient crust involved in
the generation of this granulite terrane than previously thought.

Ghosh et al. (2004) determined a U–Pb age of ca. 2.0 Ga from the
core of a single zircon and 543 ± 33 Ma for its rim in a charnockite
dyke from the Kottaram location (Fig. 2). Santosh et al. (2006b) report-
ed U–Th–Pb EPMA ages of zircon andmonazite from theNagercoil mas-
sif where zircon in both the garnet-bearing and garnet-absent
charnockites showed identical age distributions with ages of 2·0–
1·6 Ga from the cores and younger ages of ca. 560 Ma from the rims.
Older cores (2.8–2·7 Ga) with younger late Neoproterozoic rims
(560 Ma) were also found in zircon grains from the metapelites and

image of Fig.�4


Fig. 5. Field photographs of leucogneiss and charnockite. (a) Streaky coarse-grained garnet- and biotite-rich granite–gneiss with drawn-out quartz–feldspar aggregates due to high strain
in quarry at Kallambalam (sample TBL-1). (b) Foliated garnetiferous leucogneiss showing undeformed irregular in-situmelt aggregates (light grey patches) due to Pan-African high-grade
metamorphism in large qurry at Kottavattom (sample KTV). (c) Large migmatitic xenolith (light reddish–brown) within massive charnockitic gneiss (brown) consisting of interlayered
khondalite and leucogneiss (inclinedwhitish to pink band) in large quarry at Kottaram. (d) Massive charnockite of Nagercoil Complex in quarry at Arakkakulam. (e)Massive charnockitic
gneiss (brown)with foliation-parallelmafic granulite (dark hbl-cpx-opx gneiss), interpreteted as gabbroic dyke in large quarry at Kottaram. (f) Calc-silicate xenolith in charnockitic gneiss
in quarry at Arakkakulam.
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garnet–biotite gneisses. The Th/U ratios of zircon from charnockites are
generally slightly higher in the cores (Th/U ca. 0·2–0·42) in comparison
with the overgrowths (Th/U ca. 0·05–0·08), with the lowest ratios
observed in zircon that yielded the youngest ages. Although caution
must be taken in interpreting the Th/U ratios in terms of metamorphic
vs. magmatic origin (Möller et al., 2003), it is worth noting that in the
case of Nagercoil charnockites, the internal structure of the zircon
(unzoned overgrowths and oscillatory zoned cores) is consistent with
the general corollary that low Th and high U contents in zircons are
commonly considered to be diagnostic of metamorphic overgrowths,
whereas high Th and low U contents are diagnostic of zircons of mag-
matic origin (e.g., Corfu et al., 2003; Hoskin and Schaltegger, 2003).
The timing of the metamorphic overprint is further supported by
monazite grains from the charnockite that lack any Palaeo- or
Mesoproterozoic components and yielded late Neoproterozoic or early
Palaeozoic ages with a maximum at 565 Ma (Santosh et al., 2006a). In
line with these studies, it is considered that the igneous protoliths of
the charnockite were emplaced in the Palaeoproterozoic and were
metamorphosed during the late Neoproterozoic–Cambrian thermal
event, which affected the entire Trivandrum Block.

Rimša et al. (2007), in an unpublished doctoral thesis, dated zircon
domains from granitoid rocks at three locations in the TB, using the
NORDSIM Cameca 12080 ion-microprobe and cathodoluminescence im-
ages. They obtained single population oscillatory-zonedmagmatic zircon
from all samples and thus argued for a magmatic origin for the dated
rocks. Zircon from a homogeneous garnet–biotite gneiss (19 analyses)
and an incipient charnockite (10 analyses) from the well-studied
Kottavattom quarry (Fig. 2) yielded discordant results, well-aligned in
the concordia diagram, with concordia intercept ages of 1877 ± 24 and
571± 15Ma for the gneiss, and 1858± 76 and 568± 68Ma for the in-
cipient charnockite. The Pan-African metamorphic age is supported by
analyses of metamorphic rims yielding two age groups of 566 ± 11
and 512 ± 3 Ma, respectively. Zircon from a homogeneous, massive
charnockite at the Eripara quarry some 30 km N of Trivandrum, yielded
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4 concordant and 14 discordant but well aligned analyses with a com-
bined upper Concordia intercept age of 1865 ± 16Ma and a lower inter-
cept at 524 ± 32 Ma. Zircon from a coarse-grained granitic augen-gneiss
at the ElawattamquarryNNE of Trivandrum (10 analyses)mainly yielded
discordant analyses with intercept ages of 1891 ± 36 and 586 ± 79 Ma,
respectively. Rimša et al. (2007) concluded from this study that many
quartzo-feldspathic rocks previously interpreted as metasediments are
of granitoid origin and were emplaced between ca. 1865 and 1891 Ma.
He also proposed that these rocks are co-genetic with granitoid rocks in
the Highland Complex of Sri Lanka.

Kröner et al. (in press) undertook a comparative U–Pb SHRIMP and
LA-ICP-MS isotopic study of igneous zircon from two charnockite sam-
ples of the Nagercoil Block that are also part of the present investigation
and whose field relationships, petrology and geochronology are report-
ed below. The zircon grains exhibit complicated internal structures
whose mean SHRIMP 207Pb/206Pb magmatic ages of 2076 ± 7 and
2074.9 ± 1.3 Ma are less discordant and more precise than LA-ICP-MS
analyses on grains from the same samples. This is probably due to the
fact that the SHRIMP analyses represent relatively small volumes of
sputtered material from optically identified magmatic domains of
these grains, whereas the LA-ICP-MS analyses consumed a much larger
volume of zircon that was probably isotopically heterogeneous due to
its complex post-crystallization history.

Mineral-whole-rock Sm–Nd and Rb–Sr dating of a charnockite from
the Kottaram quarry yielded ages of 517 ± 26 Ma and 484 ± 15 Ma,
respectively (Warrier et al., 1995). The Sr and Nd initial isotope ratios
for the age range 2.0–1.6 Ga were recalculated by Rajesh et al. (2011) to
values of initial 87Sr/86Sr = 0.70426–0.70635 and initial 143Nd/144Nd =
0.510032–0.510202, suggesting a deeper source region than that
proposed by Warrier et al. (1995) for the Nagercoil charnockite.

In this study we report crystallization ages for magmatic zircons of
eight granitoid leucogneiss samples of the TB that were previously clas-
sified as of sedimentary origin aswell as five charnockites of the NB and
one from the TB, showing that the protoliths of these rocks formed in
the Palaeoproterozoic. This is further evidence for the existence of old
continental crust in southern India. The locations of the dated samples
Table 1
Summary of sample localities, rock types, mineral compositions, and zircon ages for high-grad

Sample GPS location Locality

TBL-1 76° 47′ 33″ E
08° 45′ 26″ N

Quarry at Kallambalam

TBL-2 76° 05′ 11″ E
08° 43′ 49″ N

Quarry at Nagaroor

TBL-3 76° 52′07″ E
08° 53′14″ N

Roadcut in Chadayamangalam

TBL-4 77° 02′ 24″ E
08° 26′ 44″ N

Quarry at Naruvamoodu

TBL-4/2 77° 02′ 24″ E
08° 26′ 44″ N

Quarry at Naruvamoodu

NGL-1 77° 14′ 47″ E
08° 15′ 16″ N

Quarry at Marthandam

NGL-2 77° 30′ 58″ E
08° 07′ 49″ N

Quarry at Kottaram

KTV 76° 52′ 38″ E
09° 00′ 04″ N

Quarry at Kottavattom

NGB-1A 77° 36′ 25″ E
08° 32′ 19″ N

Quarry 1 at Kozhikodupothai

NGB-1B 77° 30′ 06″ E
08° 09′ 17″ N

Quarry 2 at Kozhikodupothai

NGB-2A 77° 30′ 58″ E
08° 07′ 49″ N

Quarry at Kottaram

NGB-2B 77° 30′ 58″ E
08° 07′ 49″ N

Quarry at Kottaram

NGB-3 77° 29′ 28″ E
08° 08′ 03″ N

Quarry at Arakkakulam

TB-1 76° 58′ 44″ E
08° 24′ 03″ N

Rocky exposure at Kovalam

Mineral abbreviations: Qtz—quartz; Kfs—K-feldspar; Pl—plagioclase; Grt—garnet; Bt—biotite;
magnetite; Ilm—ilmenite.
are shown in Fig. 2, and their GPS coordinates are listed in Table 1.
Below we first characterize our samples petrographically and also
provide petrological data for the leucogneisses and charnockites. This
is followed by a summary of the whole-rock chemistry and the isotopic
data.

4. Petrology

The mineral assemblages and petrography of all samples dated in
this study were studied in thin sections. Representative mineral assem-
blages in the charnockites and leugogneisses are shown in Fig. 6, and a
brief description of the petrography and P-T conditions is given below.

The leucogneisses (Table 1) range frommedium- to coarse-grained,
and in some localities also display porphyritic textures. They are domi-
nantly composed of quartz (20–30%), K-feldspar (30–50%), plagioclase
(5–20%), garnet (3–5%) and biotite (b3%), with accessory zircon, mag-
netite/ilmenite and monazite (Fig. 6g, h). Biotite flakes (0.3–0.8 mm in
size) define the foliation in themore gneissic parts, and are also present
in minor, small amounts in the leucosome domains. The garnet
grains range from small euhedral crystals (b1 mm across) to large
porphyroblasts (7 mm in diameter), carrying mineral inclusions of
õbiotite and quartz. Quartz grains are subhedral to anhedral and range
in size from 0.5 to 3 mm. K-feldspar (1.0–3 mm) often shows perthitic
textures, ranging from string to coarse mesoperthite. In some cases,
K-feldspar occurs as porphyritic crystals up to 5 mm to 1 cm in size as
in the case of the leucogneiss from the Chadayamangalam quarry.
Plagioclase is medium-grained (up to 3 mm) or locally occurs as sub-
idioblastic porphyroblasts as in the Kallambalam quarry.

The incipient in-situ charnockite patches overprinting the
leucogneisses at Kottavattom and Nagarur show mineral assemblages
similar to those of the leucogneisses except for the presence of altered
orthopyroxene (3–5%). They show a concomitant decrease in the
modal content of biotite and quartz, and increase in K-feldspar.

Four massive charnockites of the Nagercoil Block and one sample
from the Trivandrum Block (charnockitic gneisses, Table 1) are
medium- to coarse-grained and are dominantly composed of quartz
e rocks of the Trivandrum and Nagercoil Blocks, southern India.

Rock type and petrography Age (Ma)

Leucogneiss
Qtz–Kfs–Pl–Grt–Bt–Mt–Zr–Mz

1765 ± 25

Leucogneiss
Qtz–Kfs–Pl–Grt–Bt–Mt–Zr–Mz

2003.5 ± 2.5

Leucogneiss
Qtz–Kfs–Pl–Grt–Bt–Mt–Zr–Mz

2003 ± 8.5

Leucogneiss
Qtz–Kfs–Pl–Grt–Bt–Mt–Zr–Mz

2103 ± 9
metamorphic age

Leucogneiss
Qtz–Kfs–Pl–Grt–Bt–Zr

2101 ± 6

Leucogneiss
Qtz–Kfs–Pl–Grt–Bt–Mt–Zr

2102 ± 7

Leucogneiss
Qtz–Kfs–Pl–Grt–Bt–Zr–Mz

2106 ± 13

Unfoliated granodiorite
Qtz–Kfs–Pl–Grt–Bt–Zr–Mz

2001 ± 10

Charnockitic gneiss
Qtz–Kfs–Pl–Opx–Ilm–Ap–Zr–Bt ± Grt

2007.6 ± 0.7

Charnockitic gneiss
Qtz–Kfs–Pl–Opx–Ilm–Ap–Zr–Bt ± Grt

2076 ± 7

Charnockitic gneiss
Qtz–Kfs–Pl–Opx–Ilm–Ap–Zr–Bt ± Grt

2070-8 ± 1.1

Mafic granulite (metagabbro dyke)
Pl–Opx + Cpx–Mt–Bt–Zr

Metamorphic age
542.3 ± 4.0

Charnockitic gneiss
Qtz–Kfs–Pl–Opx–Ilm–Ap–Zr–Bt–Grt

2064.7 ± 3.2

Charnockitic gneiss
Qtz–Kfs–Pl–Opx–Ilm–Ap–Zr–Bt ± Grt

2074.9 ± 1.3

Opx—orthopyroxene; Cpx—clinopyroxene; Ap—apatite; Zr—zircon; Mz—monazite; Mt—



Fig. 6. Thin section photomicrographs of mineral assemblages in charnockite and leucogneiss samples from quarries in the TB and NB and analyzed in this study. (a) and (f) in parallel
nicols, all others in crossed nicols. (a) Garnet–orthopyroxene–K feldspar assemblage in a charnockite sample from theKovalam. (b) Coarse orthopyroxene grains in associationwith biotite
in a charnockite sample from Kozhikodupothai. (c) Plagioclase–K-feldspar–quartz–garnet–orthopyroxene assemblage in a charnockite sample from the Kozhikodupothai.
(d) Orthopyroxene–K-feldspar–plagioclase assemblage in a charnockite from Kottaram. (e) Orthopyroxene–clinopyroxene–plagioclase assemblage in noritic gabbro dyke within
charnockite in Kottaram. (f) Coarse-grained orthopyroxene in association with perthitic K-feldspar in charnockite from Arakkakulam. (g) Mineral assemblage in leugogneiss from
Naruvamoodu. (h) Garnet–K-feldspar–quartz–biotite assemblage in leucogneiss from Kottaram. For location details see Table 1 and Fig. 2.
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Fig. 7. Pressure–temperature diagram depicting metamorphic conditions for the
leucogneiss–khondalite suite of rocks from the TB (modified from Morimoto et al., 2004).
The low Zn spinel + quartz, spinel + cordierite and mesoperthites yielded ultrahigh-
temperature metamorphic conditions for these rocks, followed by near-isothermal
decompression and a clock-wise exhumation path.

10 A. Kröner et al. / Gondwana Research 27 (2015) 1–37
(35–45%), K-feldspar (20–35%), plagioclase (25–35%), garnet (2–3%),
orthopyroxene (3–5%) and biotite (1–2%) (Fig. 6a–d, f). Accessory
minerals are Fe–Ti oxides (dominantly ilmenite), apatite, and zircon.
In garnet-bearing charnockites such as those at Kotttavattom,
orthopyroxene occurs in an equilibrium assemblage with garnet and
K-feldspar, with partly consumed biotite laths. In garnet-free samples
such as those at Kozhikodupothai, orthopyroxene occurs in association
with plagioclase, K-feldspar and quartz. The textures in the garnet-
bearing charnockite have been interpreted to indicate orthopyroxene
formation by the breakdown of garnet through the reaction: garnet +
biotite + quartz = orthopyroxene + plagioclase + K-feldspar +
ilmenite + H2O (Santosh et al., 2003; Rajesh et al., 2011). K-feldspar
in the charnockites often shows coarse mesoperthitic, and sometimes
antiperthtic textures. The dated mafic granulite sample from the
Kottaram quarry displays a typical gabbroic assemblage with euhedral
plagioclase, orthopyroxene and clinopyroxene and accessory Fe–Ti
oxides, corresponding to noritic gabbro (Fig. 6c).

Morimoto et al. (2004) carried out petrological studies and P-T
computations of the leptynite–khondalite suite in the TB and reported
high-temperature metamorphism at P-T conditions exceeding
850–900 °C and 6–8 kbar pressure (Fig. 7).

Conventional geothermometry of massive charnockites from the NB
using garnet–orthopyroxene thermometry and garnet–orthopyroxene–
plagioclase–quartz barometry yielded P-T conditions up to 934 °C and
6.3 kbar (Santosh et al., 2003). Similar high temperature conditions
were reported from different parts of the TB and were correlated with
high and ultra-high temperature granulite–facies metamorphism
during the late Neoproterozoic (Morimoto et al., 2004 and references
therein). Here we evaluate the metamorphic P-T conditions of the
stability of the mineral assemblage in a representative charnockite
from the Kottaram quarry within the NB using a P-T pseudosection
calculated with THERMOCALC 3.33 (Powell and Holland, 1988, updated
October 2009) with an updated version of the internally consistent data
set of Holland and Powell (1998; data set tcds55s,file createdNovember
2003; T. Tsunogae andM. Santosh, unpublished data). Calculationswere
undertaken in the system Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–

H2O–TiO2–Fe2O3 (NCKFMASHTO) (White et al., 2003, 2007), whichpro-
vides a realistic approximation to model the examined rocks. Phases
considered in the modelling and the corresponding a-x models used
are garnet, biotite, and melt (White et al., 2007), plagioclase and
K-feldspar (Holland and Powell, 2003), clinopyroxene (Green et al.,
2007), cordierite (Holland and Powell, 1998), spinel and magnetite
(White et al., 2002), and ilmenite–hematite (White et al., 2000). Quartz,
kyanite, and H2O are treated as pure end-member phases. For the anal-
ysis, slabs of relatively homogeneous parts of the investigated
charnockites were used for thin-section preparation, and the counter-
part of the same slabs was used for chemical analysis. The chemical
composition (inwt.%) of the charnockite sample used for pseudosection
calculation from the Kottaram quarry is SiO2 = 66.98, Al2O3 = 15.57,
Fe2O3 = 0.25, FeO = 4.40, MgO = 1.54, MnO = 0.03, CaO = 3.45,
Na2O = 4.14, K2O = 2.02, TiO2 = 0.42 (T. Tsunogae and M. Santosh,
unpublished data).

This charnockite has an assemblage of K-feldspar + quartz +
plagioclase + garnet + ilmenite ± inferred melt, which is interpreted
as the peak metamorphic assemblage. Fig. 8 shows a P-T pseudosection
for the charnockite calculated using a H2O content of 0.2 mol% (T.
Tsunogae and M. Santosh, unpublished data). The stability field of the
peak assemblage has a wide P-T range of 6–13 kbar and 830–1090 °C
(hatched area in Fig. 8). The upper pressure stability limit of the assem-
blage is defined by the absence of clinopyroxene, whereas the lower
limit is set by the presence of garnet. The higher and lower temperature
limits are defined by the absence of one-phase feldspar and biotite,
respectively. The stability field is further constrained by mineral
isopleths based on compositional data of minerals in the rock: An
(anorthite content (%) in plagioclase) = 0.28–0.29, yOpx = Al/2 (pfu,
in orthopyroxene) = 0.07, xOpx: Fe/(Fe + Mg) (in orthopyroxene) =
0.56, xGrt: Fe/(Fe + Mg) (in garnet) = 0.75–0.77. The estimated P-T
condition of the charnockite is 870–910 °C and 9.5–10.5 kbar (marked
as yellow ellipse in Fig. 8). The peak ultra-high temperatures (UHT)
reaching ca. 1000 °C for the charnockite is consistent with the general
UHT conditions reported from several localities in the Southern
Granulite Terrain (Santosh et al., 2009a and references therein). The
cordierite–sillimanite–spinel-bearing khondalite band associated with
the Kottaram charnockite also preserves UHT metamorphic conditions
(Santosh and Tsunogae, unpublished data).

Fluid inclusion studies on the massive charnockites from the NB
have identified the common presence of CO2-rich inclusions (Santosh
et al., 2003). They also contain variable but minor H2O and subsequent
generations dominated by CO2 and trace amounts of CH4 and N2. The
common presence of CO2-rich fluid inclusions in various minerals in
the charnockites and their entrapment close to peak P–T conditions
have been interpreted to suggest that the charnockites equilibrated in
a CO2-rich regime (Santosh et al., 2003). Carbon isotope analyses of
CO2 extracted fromfluid inclusions in charnockite from theKottaram lo-
cation yielded a mean δ13C value of −7.8‰, correlating with juvenile
CO2 from subcontinental mantle-derived sources (D.H. Jackson, cited
in Rajesh et al., 2011). Detailed fluid inclusion and carbon isotopic stud-
ies in gneiss-incipient charnockite localities in the TB have shown that
dehydration controlled by CO2-advection along structural pathways
most likely was the principal mechanism that caused the transforma-
tion of the leucogneisses into orthopyroxene-bearing patches and
veins of incipient charnockite (e.g., Santosh et al., 1990; see Santosh
and Omori, 2008).

5. Major and trace element data of dated leucogneiss and
charnockite samples

The whole-rock chemical data of the dated samples are listed in
Table 2 and plotted in Figs. 9 and 10. In outcrop and hand specimen
the samples show variable proportions of leucosome and residue
material that could not be separated during sampling. The chemical
data presented here for the felsic samples therefore represent mixtures
of magma and restite compositions rather than those of magmas alone.
It is likely that some of our sample data are biassed towards restite
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Fig. 8. P-T diagram showing calculated pseudosection of the mineral assemblage in Nagercoil charnockite in NCKFMASHTO system. Qtz: quartz, Pl: plagioclase, Kfs: K-feldspar, Fs: one-
phase feldspar, Grt: garnet, Opx: orthopyroxene, Cpx: clinopyroxene, Bt: biotite: Crd: cordierite, Ky: kyanite, Mag: magnetite, Ilm: ilmenite, Rt: rutile, Liq: inferred melt. Hatched area
shows the peakmineral assemblage (Grt+Opx+Pl+Kfs+ Ilm+Qtz+ inferredmelt). Themetamorphic condition of the assemblage is constrained by isopleths. An: anorthite content
(%) in plagioclase, yO: Al/2 × 100 in orthopyroxene, xO: Fe/(Fe + Mg) × 100 in orthopyroxene, xG: Fe/(Fe + Mg) × 100 in garnet. The estimated P-T condition of the charnockite of
870–910 °C and 9.5–10.5 kbar is marked as yellow ellipse (after T. Tsunogae and M. Santosh, unpublished data).
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material, making them unsuitable for studying magma compositions.
The calculation of initial εNd values, however, should not be affected
by a biassed whole-rock composition. The leucogneiss samples TBL-1,
NGL-1, and TBL-3 have granodioritic to quartz–monzonitic (Fig. 9a)
andmoderately peraluminous compositions (Fig. 9b). The latter feature
suggests a sedimentary component in their source. K2O/Na2O ratios N2
are a distinct feature of our samples and show that they belong to a
K-rich granitoid series for which geochemical data have earlier been re-
ported by Chacko et al. (1992), Braun (2006), and Sreejith and Ravindra
Kumar (2013).

Two of the above leucogneiss samples (NGL-1 and TBL-3) could be
related by crystal fractionation of a parental granodioritic magma
composition as suggested by covariation of increasing SiO2 and REE
abundances and their subparallel REE patterns (Fig. 10a). The samples
seem to be predominantly related by feldspar fractionation as support-
ed by the increasing negative Eu-anomalies of Eu/Eu* = 0.37 in sample
NGL-1 to as high as Eu/Eu*= 0.23 in sample TBL-3 (Table 2). Increasing
Ce, Th and Zr concentrations with increasing magma differentiation
preclude monazite and zircon removal from the magma.

Granitoid samples TBL-2 (strongly migmatized with a high
leucosome proportion) and TBL-4 are from quarries b3 km apart that
showwidespread in-situ charnockitization. These samples are different
from those described above in that their K2O/Na2O ratios b1 suggest
sodic compositions, and their distinctly lower TiO2, REE, U, and Th con-
centrations indicate melting of different protoliths than for the K-rich
augen-gneisses (Table 2, Fig. 10a). The charnockite samples NGB-1B
and TB-1 (collected from Kottaram near TBL-4) show similar composi-
tions with respect to low TiO2, and also low U, and Th (also typical of
the other charnockite samples, Table 2).Milisenda et al. (1991) reported
evidence for loss of TiO2 in the process of in-situ charnockitization in
granitoid rocks of Sri Lanka and, by inference, TBL-2 and TBL-4may rep-
resent similarly modified charnockite compositions. Anatectic
khondalite sample NGL-2 from a large khondalite-leucogneiss xenolith
in the Kottaram quarry (Fig. 4a, f) has a high Al2O3 concentration of
ca. 21 wt.% at rather low SiO2 of 56 wt.%, suggesting a high proportion
of a pelitic (or restitic garnet component) in this sample. Its high K2O/
Na2O ratio, REE pattern (Fig. 10b), and Nd isotopes (Fig. 21a) are similar
to those in the granite-gneisses suggesting a sedimentary protolith
derived thereof.

In the Q-A-P diagram the charnockite samples from the NB show
compositions overlapping those of the leucogneisses (Fig. 9a). Their
aluminium saturation index indicates less aluminous compositions
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Table 2
Major and trace element data of leucogneiss, migmatitic khondalite, charnockite, andmafic granulite (gabbroic dyke) samples from the Trivandrum and Nagercoil Blocks, southern India.
Concentrations of major elements in wt.%, trace elements in μg/g; sample names according to classification in Fig. 9.

TBL1 Quartz–
monzo-nite

NGL1 Monzo-
granite

TBL3 Quartz–
monzo-nite

NGL 2
Granite

TBL2
Granite

TBL4 Grano-
diorite

NGB 1A
Grano-diorite

NGB1B Grano-
diorite

NGB2A
Grano-diorite

NGB2B Mafic
granulite

NGB3 Grano-
diorite

TB1 Grano-
diorite

SiO2 66.57 67.33 70.51 55.65 71.05 77.11 66.27 75.06 66.23 52.02 68.02 76.39
TiO2 0.76 0.74 0.73 0.74 0.32 0.33 0.61 0.12 0.58 1.40 0.45 0.31
Al2O3 15.60 14.47 13.35 21.45 15.02 10.63 15.77 12.34 15.74 15.09 15.72 10.58
FeO 4.87 4.69 4.11 8.10 2.25 3.83 3.86 0.93 3.39 11.76 2.60 3.65
Fe2O3 0.50 0.21 0.04 0.73 0.14 0.20 0.95 0.99 1.27 1.93 1.76 1.18
MnO 0.07 0.07 0.05 0.09 0.02 0.04 0.12 0.10 0.12 0.23 0.15 0.13
MgO 1.34 0.93 0.67 2.39 0.66 0.34 0.98 0.31 1.24 5.84 1.07 0.51
CaO 2.15 2.17 1.98 0.86 2.40 1.99 3.01 1.65 3.29 7.32 3.63 2.69
Na2O 2.15 2.20 2.13 2.10 4.07 2.28 4.11 2.68 3.73 1.85 4.23 2.61
K2O 4.85 5.21 4.53 4.29 2.84 1.61 3.61 4.70 3.02 0.38 1.99 0.97
P2O5 0.18 0.27 0.19 0.08 0.14 0.07 0.20 0.03 0.25 0.17 0.10 0.03
LOI 0.69 0.41 0.61 2.91 0.64 0.50 0.40 0.36 0.14 0.16 0.29 0.02
Total 99.73 98.70 98.9 99.48 99.54 98.93 99.89 99.27 99.00 98.15 100.01 99.07
La 71.5 79.1 120 69.2 24.7 15.5 25.9 37.6 136 22.0 103 40.5
Ce 153 167 254 137 46.7 29.5 50.7 57.6 249 44.9 194 68.6
Pr 17.3 19.4 27.4 15.3 4.90 3.06 6.58 5.21 25.8 5.45 21.3 7.43
Nd 69.2 77.2 104 60.2 18.9 13.2 26.3 15.5 84.0 21.3 69.5 27.5
Sm 11.5 12.3 15.8 9.65 3.57 2.89 4.90 1.74 8.69 4.46 6.95 5.18
Eu 1.45 1.35 1.09 1.89 0.87 1.39 1.17 1.49 1.79 1.21 1.66 2.12
Gd 9.67 10.1 13.4 8.19 3.28 3.74 4.90 1.15 5.29 5.29 2.99 7.20
Tb 1.48 1.53 2.02 1.23 0.56 0.57 0.68 0.14 0.64 0.81 0.29 1.48
Dy 6.60 7.13 8.87 5.81 2.67 2.86 3.50 0.70 3.02 5.07 0.98 10.7
Ho 1.23 1.40 1.70 1.11 0.43 0.54 0.67 0.13 0.57 1.03 0.15 2.31
Er 3.95 4.62 5.38 3.70 0.99 1.55 1.67 0.35 1.79 3.02 0.49 6.54
Tm 0.44 0.57 0.67 0.44 0.09 0.19 0.23 0.05 0.26 0.48 0.05 0.98
Yb 3.06 4.01 4.53 3.22 0.52 1.23 1.36 0.28 1.85 3.26 0.37 6.37
Lu 0.48 0.58 0.65 0.50 0.08 0.21 0.20 0.05 0.28 0.49 0.06 0.84
Zr 211 368 536 146 186 570 245 132 125 87 367 389
Y 41.9 45.6 55.9 36.0 14.6 17.9 16.9 3.02 14.7 26.5 3.64 54.8
Hf 4.83 8.52 12.6 3.48 4.35 12.4 6.27 3.95 3.50 2.66 9.81 11.2
Nb 15.6 18.0 20.3 13.0 8.63 11.9 10.9 1.22 8.50 6.40 3.91 5.63
Cr – – – – – – 13.9 4.39 22.2 148 14.2 10.8
Ni 21.7 10.7 6.70 134 9.40 6.80 6.03 4.35 10.5 64.3 8.67 5.80
Sc 16.7 18.6 9.55 19.3 1.70 10.5 8.86 1.61 12.1 44.0 6.18 17.5
Ga – – – – – – 20.9 15.1 19.4 20.8 20.8 16.9
Rb 253 280 266 138 141 46.0 79.2 115 52.5 2.78 26.3 17.3
Ba 725 849 726 1173 573 413 577 1727 994 211 504 339
Sr 105 116 91.5 224 320 76.4 186 259 526 208 560 99
Pb – – – – – – 13.6 16.2 13.3 4.64 9.72 2.62
Th 36.7 45.2 82.4 26.8 3.15 0.23 0.29 2.09 9.24 1.14 8.08 1.25
U 1.59 1.50 2.52 2.57 0.55 0.39 0.25 0.27 0.33 0.34 0.43 0.43
Eu/Eu* 0.42 0.37 0.23 0.65 0.78 1.3 0.73 3.2 0.81 0.76 1.1 1.1
(La/Yb)N 16 13 18 14 32 8.5 13 90 49 4.5 188 4.3
(La/Sm)N 3.9 4.0 4.8 4.5 4.3 3.4 3.3 13.6 9.8 3.1 9.3 4.9
(Gd/Yb)N 2.5 2.0 2.4 2.0 5.1 2.4 2.9 3.3 2.3 1.3 6.5 0.9
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(Fig. 9b). It is not clear whether this compositional difference is due to
charnockitization (breakdown of K-rich biotite and hornblende and
plagioclase formation with a decrease in alkali feldspar) or represents
different protoliths. Except for sample NGB-1B with evidence for
accumulated K-feldspar (positive Eu-anomaly in combination with a
very high Ba concentration of 1700 ppm; Fig. 10b and Table 2), the
charnockite samples have highly variable K2O and Na2O concentrations
but their K2O/Na2O ratios b1 suggest sodic compositions with sample
NGB-3 showing a very low K2O/Na2O of b0.5 and a highly fractionated
REE pattern as in tonalites (Fig. 10b). These samples exhibit some simi-
larity to the Na-rich group of garnet–biotite gneisses reported by
Chacko et al. (1992). Highly fractionated REE patterns such as for
NGB-3 can be related to melting of garnet-bearing protoliths and have
been reported for both augen- and leptynitic gneisses (Braun, 1999)
and do not appear to be restricted to a specific lithology.

Due to the fact that charnockitization has obliterated the gneissic
structures of the samples, thereby making it impossible to sample dis-
tinct lithologies, the charnockite compositions may represent mixing
of unrelated lithologies thatwould produce ambiguous geochemical ev-
idence. A single mafic granulite sample (NGB-2B) from the Kottaram
quarry and interpreted as a dyke of gabbroic composition (Fig. 5e), is
compositionally similar to a fractionated basaltic andesite showing a
high La/Nb ratio of ca. 3 and a negative Eu-anomaly, consistent with
shallow-level crustal magma evolution. It is not clear whether the
composition of this sample is primary mantle-derived or was modified
by crustal assimilation.

6. Morphological modification of zircon during
prograde metamorphism

In view of the current controversy in interpreting the origin and
significance of zircon in the high-grade gneisses of the TB, we briefly
review and illustrate the morphological changes of zircon during
prograde metamorphism. A difficult task in high-grade metamorphic
terranes is the correct identification of high-grade gneiss protoliths
(e.g., Passchier et al., 1990), one of the major objectives of this study.
This is particularly challenging where intense ductile deformation has
obliterated all original structures and textures, and a pervasive layering
has resulted from a combination of structural and metamorphic pro-
cesses (Myers, 1978; see Fig. 4b). A fast and effective method to differ-
entiate between ortho- and paragneisses is to look at their heavy
mineral fractions and examine the morphology of zircon and other
phases. Although detrital zircon may become oval to spherical due to
mechanical abrasion during sedimentary transport and thus resemble



Fig. 9. (a) Classification of the dated garnet–biotite quartzo-feldspathic leucogneiss and
charnockite samples from the Trivandrum Block according to their normative feldspar
composition (O'Connor, 1965; only samples with N10% normative quartz are plotted)
and (b) Aluminium Saturation Index (Shand, 1943), A/CNK = [Al2O3/(CaO + Na2O +
K2O)] (mol%). Red circles: Charnockite, blue squares: leucogneiss (not plotted are
migmatic khondalite NGL-2 and mafic granulite NBG-2B).

Fig. 10. (a) Normalized REE patterns of garnet–biotite quartzo-feldspathic leucogneiss and
migmatic khondalite sample NGL-2; (b) charnockite and mafic granulite sample NGB-2B.
Normalizing values from Boynton (1984).
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zircon from high-grade metamorphic terranes, these grains usually
have a pitted surface that can be recognized under high microscopic
magnification, whereas metamorphic recrystallization leads to multi-
faceted grains (e.g. Corfu et al., 2003; see Figs. 11 and 12).Morphological
characterization, in combination with CL and single zircon dating, will
show whether a single, magmatic population is present and the host
rock is therefore of igneous origin, or whether the ages and zircon inter-
nal textures are variable and reflect input from heterogeneous sources
and are thus likely to be detrital (e.g., Nutman et al., 2005).

We document the change in the morphology of magmatic zircon
during progressive metamorphism in a series of high-magnification
electron microscope photographs for grains from high-grade metamor-
phic rocks in Sri Lanka. In low-grade igneous rocks up to about middle
amphibolite–facies the original eudral, prismatic shape of igneous
zircon with its sharp pyramidal terminations is usually preserved
(Fig. 11a), although rounding of these terminations may occur with
increasing metamorphic grade (Fig. 11b) due to resorption by a
zirconium-undersaturated intergranular fluid (Hoskin and Black,
2000). This is also known as metamorphic corrosion (Silver, 1969;
Kröner et al., 1994), and such rounding, if seen under lowmagnification,
may be mistaken for mechanical abrasion and interpretation as detrital
(e.g., Collins et al., 2007). However, under highmagnification the round-
ed terminations can be seen to be composed of numerous facets,
showing the zircon to be recrystallized after resorption (Fig. 11c). This
process of resorption may continue during amphibolite- to granulite–
facies conditions so that the original pyramidal termination becomes
completely round (Fig. 11d). If both ends of the zircon become rounded
the grain attains an oval shape (Fig. 11e) and will easily be interpreted
as detrital if viewed under a normal binocular microscope, but the re-
crystallized surfaces are readily identified when using high magnifica-
tion. The process of resorption and recrystallization may continue to
produce a variety of zircon morphologies, including egg-shaped grains
(Figs. 11f, 12a) that are particularly frequent in high-grade granitoid
gneisses at the amphibolite- to granulite–facies transition and may
lead to misinterpretation of their host rock as a paragneiss. However,
the well-preserved recrystallized surfaces as well as typical oscillatory
zoning seen in CL images still identify such grains as igneous. In extreme
cases such grainsmay become ball-round (Fig. 12b) and can then easily
be mistaken for long-travelled grains or even metamorphic zircon.
Many of the above features are illustrated in Corfu et al. (2003).

Metamorphic zircon can usually be recognized under a binocular
microscope, and distinguished from apatite, by its strong reflectivity,
its “soccer-ball” shape (Vavra et al., 1996; Schaltegger et al., 1999;
Kröner et al., 2000), its multi-faceted surface (Fig. 12c), and its internal
structure as revealed in CL images (Fig. 12d). Hoskin and Schaltegger
(2003) provided a detailed account of the growth and composition of
metamorphic zircon, and we present and discuss such grains from the
leucogranites and charnockites of the TB below.

Zircon in the eight dated leucogneiss samples is ca. 80 to 400 μm in
length, colourless to slightly grey, and predominantly of magmatic ori-
ginwith variable but predominantly long, oval shapes and either simple
or complex internal textures as revealed by cathodoluminenscence (CL)
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Fig. 11. Electron microscope photographs of zircon frommedium- to high-grade metamorphic rocks of Sri Lanka. (a) Grain with well-preserved pyramidal termination from lower am-
phibolite–facies granite–gneiss; (b) grain showing rounding at pyramidal terminations in amphibolite–facies granite–gneiss; (c) grain showing rounded and recrystallized terminations
with well-preserved large facets from granulite–facies granite–gneiss; (d) grain showing very well rounded, recrystallized termination with many small facets from granulite–facies
granite–gneiss; (e) egg-shaped grain due to strong recrystallization with large facets at both terminations in granulite–facies gneiss; (f) magmatic grain showing strong resorption and
recrystallization with numerous facets in granulite–facies gneiss.
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imaging. Colourless, ball-shaped metamorphic zircon also occurs in all
samples and is distinguished from well-rounded magmatic grains by
its high reflectivity andmulti-faceted surface. Representative CL images
are shown in Fig. 13.

Grains with well-rounded terminations are common and are typical
of high-grade rocks as described above. Many grains display highly
luminescent (low-U) structureless rims around magmatic cores due to
metamorphic growth (Corfu et al., 2003), particularly in samples
TBL-2 and TBL-4/2 and as shown in Fig. 13b), but others are devoid of
any overgrowth, which is the case particularly in samples TBL1, TBL3,
NGL-1, and KTV, probably due to lack of a Zr-saturated fluid phase dur-
ing metamorphism. The magmatic nature of virtually all grains or cores
is documented by well developed and predominantly striped zoning
under CL (e.g., Fig. 13a, c, d, g) but oscillatory zoning also occurs. This
is particularly well displayed by the mostly large and long-prismatic
grains in samples NGL-1 and KTV with little-rounded terminations
(Fig. 13d, g) and no metamorphic overgrowth. In contrast, rounding is
common in samples TBL-4 and NGL-2 (Fig. 13e, h) in which magmatic
grains range from long-prismatic to ovoid and almost spherical,
excellently illustrating the “metamorphic corrosion” phenomena de-
scribed above and shown in Fig. 11. Pronounced rounding and meta-
morphic zircon overgrowth is dominant in samples TBL-4 and TGB-4/
2, ranging from narrow rims less than 10 μm wide to broad zones up
to 60–60 μm across.

Leucogneiss samples containing many magmatic grains with meta-
morphic overgrowth also contain the largest proportion of newly-
formed metamorphic zircon, underlining the role of a Zr-rich fluid in
zircon growth and/or recrystallization during high-grade metamor-
phism. The metamorphic grains are almost all near-spherical or ovoid,
but only few consist entirely of newly-crystallized strongly luminescent
(low-U) material with weak and broad concentric or hour-glass zoning
(Fig. 13j). Many grains have tiny to large cores of well-rounded
magmatic zircon (e.g., Fig. 13i), showing that the metamorphic grains
predominantly nucleated around older material.

Zircon in the four charnockite samples from the Nagercoil Block
(NGB-1A, NGB-1B, NGB-1A and NGB-3 is distinctly larger than in most
leucogneisses (ca. 150–300 μm in length), colourless and mostly of
magmatic origin with variable but predominantly long, oval shapes.
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Fig. 12. Electronmicroscope photographs and cathodoluminescence (CL) image of zircon from high-grademetamorphic rocks. (a) Egg-shapedmagmatic grainwithwell-preserved facets
due to recrystallization; (b) Near-spherical magmatic grain after extreme resorption and recrystallization with many facets; (c) Newly-formed metamorphic grain with large facets.
(d) Typical CL image of sectioned metamorphic grain from granulite in Hengshan Complex, China.
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Representative CL images are shown in Fig. 14. As in the leucogneiss
zircon, CL images either show simple magmatic textures (oscillatory
or striped zoning) or complex and irregular patterns with evidence of
recrystallization and overgrowth. The latter have been described and
illustrated in detail by Kröner et al. (in press) and are isotopically het-
erogeneous as shown by SHRIMP and LA-ICP-MS analysis. Many grains
also display highly luminescent rims due to metamorphic growth as in
the leucogneisses (Fig. 14a, c, p and r). Grainswith well-rounded termi-
nations or oval shapes are common and resulted from resorption
as illustrated in Fig. 11. Alteration and recrystallization as shown by
highly irregular zones or patches within grains, often cutting across
magmatic oscillatory zoning (Fig. 14d, r) as well as nebulously zoned
zircons (Fig. 14g) are also common but have been avoided during
analysis. Such features have been described by Corfu et al. (2003)
and are ascribed to fluid-assisted metamorphic modification, and
Pidgeon et al. (1998, 2000) related these to reconstitution of zircon dur-
ing post-crystallization cooling and/or interaction with metamorphic
fluids.

In addition to metamorphic rims in the above samples there also
occur occasional oval-shaped to ball-round, multifaceted metamorphic
grains with no or very broad, faint zonation (Fig. 14m). Some of these
were dated and may reflect the time of near-peak granulite-facies
metamorphism as discussed below. In contrast, the long-prismatic to
stubby zircons in sample NGB-2A showno or little evidence of rounding
at their pyramidal terminations and also display virtually undisturbed
magmatic oscillatory zoning (Fig. 14j, k). As in similar leucogneiss
samples, it is likely that the lack of a fluid phase in this rock inhibited
metamorphic corrosion, recrystallization and the growth of metamor-
phic rims.

Mafic granulite sampleNGB-2B, thatwe interpret as a gabbroic dyke,
only contains oval to ball-round, multi-faceted, clear and highly
reflective zircon of undoubted metamorphic origin (Fig. 14m). This
type often displays sector and fir-tree zoning (Corfu et al., 2003).
These grains likely crystallized near the peak of granulite-facies
metamorphism in rocks of the TB and NB.
7. Zircon geochronology

Zircons from eight samples of leucogneiss and granite–gneiss, five
samples of charnockite and one sample from a gabbroic dyke within
charnockite were analyzed on SHRIMP II of the Beijing SHRIMP Centre,
and Hf-in-zircon analyses were performed by LA-ICP-MS in the Dept.
of Earth Sciences, University of Hong Kong. Nd isotopes were deter-
mined by TIMS on whole-rock splits at the University of Munich,
Germany. The rock types as well as their locations and position within
the Trivandrum and Nagercoil Blocks are shown in Fig. 2 and summa-
rized in Table 1; the analytical data are shown in Tables 3–7, and the
analytical procedures are described in the Appendix A.

7.1. Leucogneiss ages

Sample TBL-1 was collected from a foliated, homogeneous, garnetif-
erous granite–gneiss in the Kallambalam quarry (Table 1, Figs. 2, 5a)
whose igneous origin is recognized from its texture because deforma-
tion is not very strong, and the proportion of melt generated during
high-grade metamorphism is rather low, estimated at about 20% at
most. Many of the small melt patches and K-feldspar porphyroblasts
are deformed into small lenses aligned parallel to the foliation.

The generally long to oval-shaped zircon grains exhibit well
preserved striped, or rarely, oscillatory zoning but no metamorphic
overgrowth (Fig. 13a). Grains with complex CL images are rare and
were not analyzed. Ten crystals were dated on SHRIMP II, and the isoto-
pic rations are variably discordant (Table 3) but are well aligned in the
Concordia diagram (MSWD = 0.15) defining an upper intercept age
of 1765 ± 25 Ma (Fig. 15a). The lower intercept is best explained as
the result of variable lead-loss and/or recrystallization during the latest
Neoproterozoic Pan-African event at about 548 ± 34 Ma (Fig. 15a). Al-
ternatively, the best-fit discordia line reflects mixing between
Palaeoproterozoic zircon components that originated during crystalliza-
tion of the leucogneiss precursor and zircon material froim new
metamorphic growth or recrystallization. Due to the large variation in
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Fig. 13. Representative zircon CL images of zircon from dated leucogneiss samples of this study. Large circular burn marks are from LA-ICP-MS Lu–Hf analyses. (a) Magmatic grain with
well-rounded terminations and striped zoning from sample TBL-1; (b) Magmatic grain with rounded terminations, oscillatory zoning and thin metamorphic overgrowth from sample
TBL-2; (c) Roundedmagmatic grain with simple striped zoning from sample TBL-3; (d)Magmatic grain with irregular shape due to resorption and showing striped zonation from sample
KTV; (e) Oval-shaped grain with striped zonation from sample TBL-4; (f) Long magmatic grain with well-rounded termination and striped zoning from sample TBL-4/2; (g) Long
magmatic grain with well-rounded termination and striped zoning from sample NGL-1; (h) Egg-shaped magmatic grain with oscillatory zoning from sample NGL-2; (i) Metamorphic
grain that has grown around magmatic, xenocrystic core in sample TBL-4; (j) Metamorphic grain with typical widely-spaced concentric zonation from sample NGL-1.
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discordance of the analyseswe favour the second interpretation. In view
of the magmatic origin of all analyzed grains we interpret the age of ca.
1765Ma to reflect the timeof emplacement of the leucogneiss protolith.
The granulite–facies event at ca. 548 Ma, as inferred from the lower
Concordia intercept, has also been documented in many other studies
from this region, referred to in Section 3.
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Sample TBL-2 represents a homogeneous, compositionally banded
and strongly foliated, almost mylonitic, garnetiferous leucogneiss de-
void of leucosome patches and exposed in a large quarry at Nagaroor
(Table 1, Figs. 2, 4e). It is similar in composition to sample TBL-1 Many
incipient charnockite patches overprint abundant earlier garnet-rich
in-situ leusosome aggregates that are aligned parallel to the foliation
andmake up almost 50% of the gneiss in this quarry. Although the igne-
ous character of our sample is still evident, deformation and in-situ
melting are more pronounced than in the Kallambalam quarry of sam-
ple TBL-1.

The zircon population is characterized by well-rounded oblong to
oval-shaped grains that are significantly smaller (ca. 80–200 μm in
length) than those in TBL-1. Oscillatory magmatic zoning and narrow
metamorphic rims are ubiquitous (Fig. 13b). Eight grains were dated
and, as in sample TBL-1, the results are variably discordant but well
aligned in theConcordia diagram(MSWD= 0.27)with one grain defin-
ing a concordant 207Pb/206Pb age of 2006 ± 10 Ma (Table 3, Fig. 15b).
The discordance of data points is explained in the same way as in sam-
ple TBL-1, and the lower Concordia intercept age of 523 ± 42 Ma is
identical, within error, to themetamorphic age of the TBL-1 zircon pop-
ulation. The upper Concordia intercept age of 2002± 17Ma is identical
to, but less precise than, the concordant age of grain 1 (Table 3), andwe
interpret the latter as approximating the time of gneiss protolith
emplacement

Sample TBL-3 was collected from a coarse-grained slightly porphy-
ritic garnetiferous and biotite-bearing granite–gneiss exposed at a
small roadcut in the village of Chadayamangalam (Table 1, Fig. 2). This
rock looks very different from the rather fine- to medium-grained
leucogneisses described above and has a distinct granitic texture with
only a few quartz–feldspar-rich leucosome patches. It was described
and interpreted as granite–gneiss by Braun et al. (1996).

The magmatic zircon population is typical for granitic rocks and
predominantly consists of long-prismatic, large grains (200–400 μm)
with variably rounded terminations and well-developed oscillatory or
striped zoning under CL (Fig. 13c). Metamorphic rims were not ob-
served, and the degree of resorption is much less pronounced than in
the leucogneisses. Ten grains were analyzed, and the data display a sim-
ilar pattern in the Concordia diagram as the leucogneiss data, namely
there is one concordant result at 2003 ± 8.5 Ma, whereas the other
analyses are variably discordant (Table 3) but well well-aligned
(MSWD = 0.27) along a discordia with an upper Concordia intercept
age of 2014 ± 14Ma (Fig. 15c). In view of the undoubted magmatic or-
igin of the zircon population, supporting the field interpretation as a
granitic rock, we interpret the age of just over 2 Ga as defining the
time of emplacement of the gneiss protolith, similar to the age of em-
placement of the TBL-2 leucogneiss protolith. It is therefore likely that
these two samples reflect different compositional variations of the
same granitoid complex as supported by their REE data (see Fig. 10a).
The lower Concordia intercept age, as defined by the discordant zircon
analyses, is 547 ± 11 Ma (Fig. 14c), similar to the age shown by the
previous samples.

Sample KTV is from one of themost northerly occurrences of granit-
oids in the Trivandrum Block, within the Achankovil shear zone, and
represents a homogeneous, light-coloured, garnetiferous biotite-
bearing granite–gneiss, rather similar to sample TBL-3, exposed in a
large quarry at Kottavattom (Table 1, Figs. 2, 5b). There are numerous
small in-situ leucosome patches, most likely resulting from biotite
dehydration-melting and drawn out into lensoid bodies parallel to the
pervasive formation. Occasionally these melts have become mobile
and intruded into the gneisses as dykes. In-situ charnockite patches,
up to tens of centimetres in size, are also abundant and grew over the
foliated gneiss and the leucosome aggregates, clearly demonstrating
that incipient charnockite formation is a very late metamorphic
phenomenon in the Trivandrum Block.

The zircon population in sample KTV is almost identical to that in
TBL-3, namely the grains are long-prismatic, up to ca. 400 μm in length,
havewell-rounded terminations and display excellent striped and occa-
sionally oscillatory zoning under CL (Fig. 13d). No metamorphic over-
growth has been observed. Nine magmatic grains were analyzed, and
the data again show a pattern similar to that seen in the previous
samples, There is one concordant analysis at 2001 ± 10Ma, and the re-
maining variably discordant data points (Table 3) are well aligned
(MSWD= 0.14) and define a regression line with an upper Concordia
intercept age of 2008 ± 11 Ma (Fig. 15d). These data define the mag-
matic emplacement age of the gneiss precursor and are identical to
those of samples TBL-3 and KTV. Clark et al. (2013) interpreted zircon
grains from leucogneiss of the same quarry as inheritance and recorded
discordant U–Pb ages stretching back to 2000 Ma.

One ball-round, multifacetedmetamorphic grain of sample KTVwas
also analyzed and provided a concordant result of 544± 6Ma (Table 3)
that is identical, within error, to the lower intercept age defined by the
magmatic zircon population (Fig. 15d). This is also compatible with
metamorphic ages around 530 Ma reported by Clark et al. (2013).

Sample TBL-4 was collected in the Naruvamoodu quarry south of
Trivandrum (Table 1, Fig. 2) where foliated light grey garnetiferous
leucogneiss of granodioritic composition (interpreted as typical
leptynite) is interlayered with centimetre to tens of centimetre thick
layers of reddish–brown khondalite. The proportion of leucogneiss to
khondalite is about 5:1, and both rock types expose in-situ charnockite
patches. There are also a few gabbroic dykes, oriented parallel to the
steep foliation.

The zircon population in sample TBL-4 is similar to that in the previ-
ously described leucogneisses, i.e. there aremanymagmatic grainswith
well rounded terminations ranging in habitus from long-prismatic to
oval-shaped and even near-spherical (Fig. 13e). Thus, resorption was
pronounced, and many grains also show narrow to broad, highly lumi-
nescent metamorphic rims. Striped zoning is prominent under CL,
whereas oscillatory patterns are rare. Ten grains were analyzed on
SHRIMP II (Table 3) of which three provided concordant or near-
concordant data points defining a mean 207Pb/206Pb age of 2103 ±
9 Ma (Fig. 16a). The remaining slightly or significantly discordant anal-
yses arewell aligned, as in all previously described samples, and define a
best-fit line (MSWD = 0.80) intersecting Concordia at 2110 ± 13 Ma
(Fig. 16a). This age defines the time of emplacement of the leucogneiss
precursor and is about 100Ma older than those for the previous granit-
oids. The lower Concordia intercept age of 547± 18Ma (Fig. 16a) again
reflects Pb-loss and recrystallization during high-grade metamorphism.

There is a surprisingly large metamorphic zircon population in this
sample, represented by mainly ball-round to egg-shaped multifaceted
grains with high reflectivity (Fig. 13f). As revealed in CL images, most
of these have cores of magmatic origin, surrounded by narrow to wide
metamorphic rims, and the proportion between overgrowth and mag-
matic cores varies considerably from about 5:95 to 90:10. Since almost
all grains identified asmetamorphic zircon on account of theirmorphol-
ogy have old cores it was important to select highly luminescent,
homogeneous domains for SHRIMP analysis. Five such ball-round, mul-
tifaceted metamorphic grains and one broad rim on a magmatic zircon
were also analyzed and yielded concordant data points (Table 3) with a
mean 206Pb/238U age of 544± 6Ma (Fig. 16a, inset). This result is iden-
tical to that of the metamorphic grain of sample KTV and also to the
lower intercept age defined by the magmatic zircon population of
previously discussed samples (Fig. 15a–c). Clark et al. (2013) analyzed
zircon from mafic dykes intruding massive charnockite in the
Naruvamoodu quarry and obtained surprisingly young U–Pb ages of
495–507 Ma that post-date the peak metamorphic event in the TB.

Sample TBL-4/2 was also collected at Naruvamoodu, but from a dif-
ferent part of the quarry, and represents a homogeneous, garnetiferous
leucogneiss (Table 1, Fig. 2). The zircon population is similar to that in
sample TBL-4, resorption is pronounced, and many grains also exhibit
narrow to broad, highly luminescent metamorphic rims. However,
there are also well-preserved long-prismatic, magmatic grains with
striped zonation (Fig. 13f). Eight magmatic grains were analyzed on
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SHRIMP II (Table 3) ofwhich three provided concordant results defining
a mean 207Pb/206Pb age of 2101 ± 6 Ma (Fig. 16b). The remaining vari-
ably discordant analyses are well aligned, as in all previously described
samples, and define a best-fit line (MSWD = 0.044) intersecting the
Concordia curve at 2095 ± 14 Ma (Fig. 16b). We take the mean 207Pb/
206Pb age of 2101 ± 6 Ma to best define the time of emplacement of
the leucogneiss precursor, thus confirming the data obtained for sample
TBL-4 from the same quarry. The lower Concordia intercept age of
547 ± 18 Ma (Fig. 16b) again reflects Pb-loss and recrystallization
during high-grade metamorphism.

Sample NGL-1 is a fresh, foliated grey garnet–biotite granite–gneiss
from the Marthandom quarry at the village of Puttetti (Table 1, Fis. 2,
4f) that also exposes many fine-grained leucosome patches, both
overprinted by domains of arrested charnockite. The zircon population
is again typical of granitic compositions and similar to TBL-3 and KTV
in consisting of mostly well-rounded, long-prismatic grains up to
400 μm in lengthwith excellent striped zonation as shown in CL images
(Fig. 13g). Six grains were analyzed (Table 3) of which three yielded
concordant data points with a mean 207Pb/206Pb age of 2102 ± 7 Ma
(Fig. 16c). However, there are also three discordant analyses that, to-
gether with the concordant data, define a discordia line (MSWD =
0.72) with upper and lower Concordia intercepts at 2107 ± 16 and
581 ± 27 Ma, respectively (Fig. 16c). We interpret the concordant
mean age of 2102 ± 7 Ma as approximating the time of igneous em-
placement of the gneiss precursor, whereas the age of 581 ± 27 is
again in the same range as in the previous samples and datedmetamor-
phic grains and reflects the Pan-African event.

Finally, sample NGL-2was collected from a large,well-foliated xeno-
lith within charnockite of the Nagercoil Block (Fig. 4) in the disused
Kottaram quarry (Table 1, Fig. 2) where it can be demonstrated that
the khondalite–leucogneiss assemblage was intruded by a younger
granitoid now converted into charnockite. The sampled material is
very rich in garnet and, from field evidence, represents the residue
from advanced anatexis of the khondalite, leading to a brownish garnet-
iferous leucogneiss (Fig. 5c). The chemical composition of this rock is
different from that of the other dated leucogneisses with low SiO2 and
high Al2O3 (see Table 2) and supports its residual nature.

The zircon population consists of relatively small (100–200 μm) pre-
dominantly oval-shapedmagmatic grainswith striped of broad concen-
tric zonation (Fig. 13h). Metamorphic overgrowth is rare and very thin,
but recrystallization is obvious in CL images. Seven grains yielded
similar data as for the previous samples (Table 3) with one analysis
concordant at 2100 ± 13 Ma, whereas the remaining data are variably
discordant, and one metamorphic overgrowth is concordant at
544 ± 8 Ma (Table 3, Fig. 16d). The good alignment of all analyses
(MSWD = 0.44) defines a mixing line between the igneous and meta-
morphic components in these grains, and the age of ca. 2100 Ma is
interpreted to reflect the time of anatexis and formation of this contam-
inated granite. The result also implies that deposition of the khonadalite
sequence must predate ca. 2100 Ma.

7.2. Charnockite ages

Sample NGB-1A is amassive garnet-bearing charnockite from one of
the Kozhikodupothai quarries (quarry 1 in Table 1) near Kanya Kumari
village (Fig. 2), and the generally large zircon crystals with well
preserved oscillatory zoning were derived from long-prismatic grains,
well rounded through metamorphic corrosion as described above
(Fig. 14a, b, d). Many grains have metamorphic rims (Fig. 14c), but
these as well as grains with complex CL images were avoided during
analysis. Seven grains were analyzed, amongst which two grains are
concordant, three are slightly and two are significantly discordant
(Table 4, Fig. 17a). The five least-discordant analyses have similar
Fig. 14. Representative zircon CL images of zircon from dated charnockite and mafic granuli
(e–h) Charnockite sample NGB-1B; (i–l) Charnockite sample NGB-2A; (m) Gabbro dyke s
207Pb/206Pb ratios corresponding to a mean age of 2077.6 ± 0.7 Ma,
and the alignment of all data suggests variable lead-loss and recrystalli-
zation during the late Neoproterozoic Pan-African event at about 504±
60 Ma (Fig. 16a). In view of the magmatic origin of all grains we inter-
pret the age of ca. 2078 Ma to reflect the time of emplacement of the
charnockite protolith. The lower Concordia intercept most likely indi-
cates Pb-loss and recrystallization during granulite–facies metamor-
phism, similar to what has been shown for the leucogneiss samples.
Clark et al. (2013) analyzed well-preserved magmatic zircon with
oscillatory zoning from a garnet-bearing charnockite of this quarry on
SHRIMP II and obtained somewhat scattered and variably discordant
data suggesting an age of ca. 2040 Ma.

Sample NGB-1B is a massive charnockite from another
Kozhikoduothai quarry (quarry 2 in Table 1), separated a few hundred
metres from that where NGB-1A was collected (Fig. 2), and the zircon
grains are similar in shape and CL image as those in sample NGB-1A
(Fig. 14e–h). Six grains with excellent oscillatory zoning were analyzed
of which three yielded concordant results with a mean 207Pb/206Pb age
of 2076 ± 7 Ma, whereas the remaining three grains are variably but
significantly discordant (Table 4, Fig. 17b). All analyses can be fitted to
a discordia line (MSWD = 0.05) with Concordia intercepts at 2076 ±
19 and 559 ± 66 Ma (Fig. 17b) and, as in the previous sample, these
data suggest Pb-loss during high-grade metamorphism, whereas the
concordant analyses document zircon crystallization during emplace-
ment of the charnockite protolith. Kröner et al. (in press) compared
these SHRIMP data with zircon analyses by LA-ICP-MS where a much
larger sample volume is consumed during analysis. As a result, these re-
sults were significantlymore discordant and isotopically heterogeneous
than the SHRIMP analyses, resulting in an imprecisemagmatic emplace-
ment age of 2078 ± 65 Ma for this charnockite protolith.

Sample NBG-2A is also a massive charnockite, collected in the
Kottaram quarry near Kanya Kumari village (Table 1, Fig. 2). The zircon
population in this sample is well preserved and grains show little or no
rounding at their terminations, exhibit undisturbed oscillatory zoning,
and contain no metamorphic overgrowth (Fig. 14i–l). Four of the eight
analyzed grains (Table 4) provided concordant data points with a
mean 207Pb/206Pb age of 2070.8 ± 1.1 Ma, whereas the remaining four
grains are variably discordant but well aligned (Fig. 17c). We interpret
the concordant analyses to reflect protolith crystallization in the
Palaeoproterozoic, whereas the lower Concordia intercept age of
547 ± 97 Ma (Fig. 17c) indicates a latest Neoproterozoic Pb-loss and
recrystallization event, as in the previous samples.

Sample NGB-2B is a metagabbro dyke (mafic granulite) cutting the
charnockite from which NGB-2A was collected in the Kottaram quarry
(Table 1, Fig. 2). The zircon population is exclusivelymetamorphic in or-
igin as is evident from the morphology, high reflectivity and typical CL
images as described above (Fig. 14m). Five grains were analyzed and
yielded concordant data (Table 4) with a mean 206Pb/238U age of
542.3 ± 4.0 Ma and an identical Concordia age of 541.8 ± 2.6 Ma
(MSWD = 0.30) (Fig. 17d). This age most closely reflects the peak of
granulite–facies metamorphism in the Kottaram quarry and agrees
well with Pb-loss and/or recrystallization seen in the charnockite and
leucogneiss samples of this study and published data for this event in
southernmost India.

Sample NGB-3 is amassive charnockite from the Arakkakulamquar-
ry near Kanya Kumari village (Table 1, Fig. 2). The generally large and
variably rounded zircon grains are again similar to those in samples
NGB-1A and NGB-1B and display well preserved oscillatory zoning
(Fig. 14n–o), so there can be no doubt about their magmatic origin.
Analysis of six grains produced five concordant or slightly reversely
discordant data points and onediscordant point (Table 4). The five anal-
yses with near-identical 207Pb/206Pb isotopic ratios correspond to a
mean age of 2064.7 ± 3.2 Ma (Fig. 17e) that most likely reflects the
te samples of the Nagercoil Complex of this study. (a–d) Charnockite sample NGB-1A;
ample NGB-2B; (n–o) Charnockite sample NGB-3; (p–r) charnockite sample TB-1.



Table 3
SHRIMP II analytical data for spot analyses of single zircon from biotite–garnet quartzo-feldspathic leucogneiss (leptynite) samples of the Trivandrum Block, southern India.

Samle no. U ppm Th ppm 206Pb
204Pb

208Pb
206Pb

207Pb
206Pb

206Pb
238U

207Pb
235U

206/238
age ± 1σ

207/235
age ± 1σ

207/206
age ± 1σ

TBL-1-1 283 166 16,305 0.2205 ± 19 0.0984 ± 8 0.2082 ± 24 2.825 ± 42 1219 ± 13 1362 ± 11 1594 ± 15
TBL-1-2 636 88 15,361 0.0433 ± 10 0.0883 ± 6 0.1551 ± 17 1.889 ± 26 929 ± 10 1077 ± 9 1390 ± 13
TBL-1-3 205 144 14,353 0.2495 ± 32 0.0908 ± 12 0.1669 ± 19 2.089 ± 39 995 ± 11 1145 ± 13 1443 ± 25
TBL-1-4 228 200 9274 0.2564 ± 23 0.1050 ± 9 0.2726 ± 32 3.949 ± 61 1554 ± 16 1624 ± 12 523 ± 20
TBL-1-5 226 80 6241 0.1229 ± 25 0.0993 ± 12 0.2193 ± 25 3.001 ± 53 1278 ± 13 1408 ± 14 1715 ± 16
TBL-1-6 200 139 13,068 0.1850 ± 26 0.1010 ± 11 0.2300 ± 27 3.203 ± 55 1335 ± 14 1458 ± 13 1610 ± 23
TBL-1-7 255 83 13,818 0.1087 ± 17 0.1009 ± 9 0.2326 ± 27 3.235 ± 50 1348 ± 14 1466 ± 12 1643
TBL-1-8 240 90 30,893 0.1329 ± 21 0.0893 ± 10 0.1625 ± 19 2.002 ± 34 971 ± 10 1116 ± 11 1411 ± 21
TBL-1-9 272 247 13,031 0.3069 ± 31 0.0925 ± 11 0.1772 ± 20 2.260 ± 40 1052 ± 11 1200 ± 12 1478 ± 23
TBL-1-10 313 39 13,167 0.0384 ± 13 0.1015 ± 8 0.2381 ± 27 3.334 ± 49 1377 ± 14 1489 ± 12 1653 ± 15
TBL-2-1 287 68 10,857 0.0674 ± 11 0.1234 ± 7 0.3636 ± 42 6.185 ± 83 1999 ± 20 2002 ± 12 2006 ± 10
TBL-2-2 814 193 39,355 0.0741 ± 6 0.1189 ± 4 0.33023 ± 34 4.956 ± 60 1702 ± 17 1812 ± 10 1940 ± 6
TBL-2-3 895 430 7930 0.1318 ± 8 0.1193 ± 4 0.3151 ± 35 5.184 ± 63 1766 ± 17 1850 ± 10 1946 ± 7
TBL-2-4 904 294 26,171 0.1329 ± 8 0.1070 ± 4 0.1983 ± 22 2.925 ± 36 1166 ± 12 1388 ± 9 1749 ± 8
TBL-2-5 414 113 6709 0.0829 ± 15 0.1087 ± 8 0.2111 ± 24 3.163 ± 45 1234 ± 13 1448 ± 11 1778 ± 14
TBL-2-6 271 162 11,019 0.1597 ± 16 0.1230 ± 8 0.3509 ± 41 5.953 ± 83 1939 ± 19 1969 ± 12 2001 ± 11
TBL-2-7 665 142 11,284 0.0776 ± 9 0.1112 ± 6 0.2276 ± 25 3.489 ± 45 1322 ± 13 1525 ± 10 1819 ± 9
TBL-2-8 170 205 1744 0.4097 ± 42 0.1178 ± 16 0.2868 ± 34 4.660 ± 88 1626 ± 17 1760 ± 16 1923 ± 24
TBL-3-1 185 188 3539 0.3108 ± 45 0.0986 ± 17 0.1647 ± 20 2.238 ± 50 983 ± 11 1193 ± 16 1597 ± 32
TBL-3-2 313 175 23,068 0.1521 ± 15 0.1169 ± 8 0.2730 ± 32 4.402 ± 62 1556 ± 16 1713 ± 12 1910 ± 12
TBL-3-3 280 151 23,375 0.1833 ± 18 0.1186 ± 8 0.2929 ± 34 4.791 ± 69 1656 ± 17 1783 ± 12 1935 ± 13
TBL-3-4 263 140 43,365 0.1431 ± 14 0.1156 ± 8 0.2581 ± 30 4.115 ± 58 1480 ± 15 1657 ± 12 1890 ± 12
TBL-3-5 152 170 12,560 0.3390 ± 28 0.1226 ± 10 0.3429 ± 41 5.798 ± 90 1901 ± 20 1946 ± 13 1995 ± 15
TBL-3-6 220 170 32,884 0.2341 ± 22 0.1173 ± 10 0.2717 ± 32 4.394 ± 66 1549 ± 16 1711 ± 12 1915 ± 15
TBL-3-7 370 429 24,462 0.3391 ± 16 0.1232 ± 6 0.3633 ± 42 6.173 ± 80 1998 ± 20 2ßß1 ± 11 2003 ± 9
TBL-3-8 1096 155 51,440 0.0419 ± 6 0.0928 ± 4 0.1438 ± 16 1.849 ± 23 866 ± 9 1060 ± 8 1483 ± 9
TBL-3-9 249 144 24,938 0.1678 ± 17 0.1144 ± 8 0.2412 ± 28 3.804 ± 54 1393 ± 14 1594 ± 11 1870 ± 13
TBL-3-10 212 165 8705 0.2440 ± 22 0.1180 ± 9 0.2815 ± 33 4.577 ± 68 1599 ± 16 1745 ± 12 1925 ± 14
KTV-1 276 104 28,217 0.1097 ± 11 0.1231 ± 6 0.3618 ± 42 6.140 ± 81 1991 ± 20 1996 ± 12 2001 ± 9
KTV-2 211 90 50,787 0.1214 ± 13 0.1222 ± 7 0.3435 ± 40 5.787 ± 80 1903 ± 19 1944 ± 12 1989 ± 10
KTV-3 149 113 21,133 0.2242 ± 25 0.1221 ± 10 0.3358 ± 40 5.653 ± 88 1867 ± 19 1924 ± 13 1987 ± 15
KTV-4 206 80 23,518 0.1147 ± 19 0.1186 ± 9 0.2925 ± 34 4.785 ± 72 1654 ± 17 1782 ± 13 1936 ± 14
KTV-5 189 36 9981 0.0625 ± 37 0.1193 ± 17 0.2957 ± 35 4.863 ± 95 1670 ± 17 1796 ± 17 1945 ± 26
KTV–6 226 70 29,036 0.0587 ± 9 0.1219 ± 8 0.3345 ± 39 5.621 ± 80 1860 ± 19 1919 ± 12 1984 ± 12
KTV–7 216 48 48,757 0.1963 ± 30 0.1216 ± 6 0.3384 ± 32 5.675 ± 64 1879 ± 16 1928 ± 10 1980 ± 8
KTV–8 82 61 14,631 0.0781 ± 17 0.1209 ± 13 0.3281 ± 34 5.469 ± 87 1829 ± 17 1896 ± 14 1970 ± 19
KTV-9 240 65 22,361 0.1416 ± 31 0.1114 ± 9 0.2339 ± 22 3.593 ± 46 1355 ± 12 1548 ± 10 1823 ± 14
KTV-10m 248 115 14,550 0.0746 ± 4 0.0587 ± 12 0.0887 ± 8 0.718 ± 17 548 ± 5 549 ± 10 556 ± 45
TBL-4-1 813 136 67,024 0.0502 ± 4 0.1297 ± 4 0.3367 ± 40 6.377 ± 76 1966 ± 19 2029 ± 10 2094 ± 5
TBL-4-2 274 50 558,659 0.0537 ± 6 0.1302 ± 6 0.3881 ± 45 6.967 ± 91 2114 ± 21 2107 ± 12 2101 ± 8
TBL-4-3 190 101 11,936 0.1456 ± 18 0.1284 ± 10 0.3453 ± 41 6.115 ± 91 1912 ± 20 1992 ± 13 2077 ± 13
TBL-4-4 222 102 30,750 0.1222 ± 16 0.1307 ± 9 0.3885 ± 46 7.003 ± 101 2116 ± 22 2112 ± 13 2108 ± 12
TBL-4-5 638 35 28,612 0.0162 ± 7 0.1116 ± 6 0.2052 ± 23 3.158 ± 42 1203 ± 12 1447 ± 10 1826 ± 10
TBL-4-6 349 111 11,174 0.0824 ± 12 0.1279 ± 7 0.3356 ± 39 5.919 ± 80 1865 ± 19 1964 ± 12 2070 ± 10
TBL-4-7 527 110 14,529 0.0555 ± 14 0.0966 ± 8 0.1458 ± 16 1.942 ± 29 877 ± 9 1096 ± 10 1560 ± 16
TBL-4-8 194 31 14,520 0.0472 ± 15 0.1304 ± 10 0.3766 ± 45 6.769 ± 101 2060 ± 21 2082 ± 13 2103 ± 13
TBL-4-9 601 129 69,686 0.0616 ± 10 0.0959 ± 6 0.1507 ± 17 1.992 ± 27 905 ± 9 1113 ± 9 1545 ± 12
TBL-4-10 162 47 336,700 0.0709 ± 16 0.0900 ± 11 0.1351 ± 13 1.677 ± 28 817 ± 7 1000 ± 11 1426 ± 24
TBL-4-1m 64 31 5222 0.1486 ± 14 0.0578 ± 55 0.0879 ± 10 0.701 ± 68 543 ± 6 539 ± 41 523 ± 210
TBL-4-2m 136 65 58,480 0.1430 ± 34 0.0576 ± 13 0.0876 ± 8 0.696 ± 18 541 ± 5 537 ± 11 516 ± 49
TBL-4-3m 44 40 9824 0.2940 ± 14 0.0602 ± 52 0.0883 ± 11 0.733 ± 65 545 ± 6 558 ± 38 611 ± 188
TBL-4-4m 54 44 25,687 0.2763 ± 78 0.0597 ± 23 0.0882 ± 9 0.727 ± 30 545 ± 5 555 ± 18 594 ± 84
TBL-4-5m 44 23 4385 0.1865 ± 20 0.0602 ± 83 0.0883 ± 12 0.733 ± 102 545 ± 7 558 ± 60 612 ± 300
TBL-4-6m 162 47 336,700 0.0709 ± 16 0.0900 ± 11 0.1351 ± 130. 1.677 ± 28 817 ± 7 1000 ± 11 1426 ± 24
TBL-4/2-1 485 276 70,572 0.1626 ± 9 0.1273 ± 5 0.3448 ± 39 6.055 ± 76 1910 ± 19 1984 ± 11 2062 ± 7
TBL-4/2-2 314 201 35,499 0.1757 ± 15 0.1229 ± 7 0.2886 ± 33 4.891 ± 66 1634 ± 17 1801 ± 11 1999 ± 10
TBL-4/2-3 216 105 40,486 0.1423 ± 12 0.1300 ± 7 0.3933 ± 46 7.049 ± 96 2138 ± 21 2118 ± 12 2098 ± 10
TBL-4/2-4 130 70 53,677 0.1621 ± 21 0.1216 ± 11 0.2745 ± 33 4.602 ± 73 1564 ± 17 1750 ± 13 1979 ± 16
TBL-4/2-5 163 81 245,700 0.1443 ± 15 0.1268 ± 9 0.3365 ± 40 5.882 ± 85 1870 ± 19 1959 ± 13 2053 ± 12
TBL-4/2-6 170 87 77,340 0.1621 ± 21 0.1288 ± 9 0.3647 ± 44 6.477 ± 95 2004 ± 21 2043 ± 13 2982 ± 12
TBL-4/2-7 223 47 51,921 0.1443 ± 15 0.1301 ± 7 0.3841 ± 45 6.892 ± 93 2095 ± 21 2098 ± 12 2100 ± 9
TBL-4/2-8 594 58 48,900 0.1450 ± 17 0.1303 ± 4 0.3926 ± 44 7.056 ± 86 2135 ± 21 2119 ± 11 2103 ± 6
NGL-1-1 402 400 62,814 0.2863 ± 13 0.1304 ± 5 0.3810 ± 43 6.851 ± 86 2081 ± 20 2092 ± 11 2104 ± 7
NGL-1-2 740 124 24,950 0.0484 ± 8 0.0988 ± 5 0.1639 ± 18 2.233 ± 29 979 ± 10 1191 ± 9 1601 ± 10
NGL-1-3 332 222 20,593 0.2032 ± 17 0.1132 ± 8 0.2139 ± 24 3.339 ± 47 1249 ± 13 1490 ± 11 1852 ± 12
NGL-1-4 106 84 9401 0.2231 ± 30 0.1294 ± 14 0.3558 ± 44 6.346 ± 108 1962 ± 21 2025 ± 15 2089 ± 18
NGL-1-5 303 257 31,686 0.2438 ± 14 0.1301 ± 6 0.3868 ± 45 6.939 ± 90 2108 ± 21 2104 ± 12 2100 ± 8
NGL-1-6 402 395 61,387 0.2970 ± 12 0.1305 ± 5 0.3902 ± 44 7.019 ± 87 2124 ± 21 2114 ± 11 2104 ± 7
NGL-2-1 664 116 158,730 0.0556 ± 5 0.1270 ± 4 0.3351 ± 31 5.868 ± 60 1863 ± 15 1957 ± 9 2057 ± 6
NGL-2-2 119 62 43,478 0.1659 ± 28 0.1206 ± 13 0.2564 ± 27 4.264 ± 68 1472 ± 14 1686 ± 13 1965 ± 19
NGL-2-3 1586 56 58,824 0.0101 ± 4 0.0698 ± 4 0.1008 ± 9 0.970 ± 11 619 ± 5 688 ± 5 921 ± 10
NGL-2-4 668 5 400,000 0.0035 ± 2 0.0585 ± 5 0.0879 ± 8 0.708 ± 9 543 ± 5 544 ± 6 547 ± 18
NGL-2-5 754 41 270,270 0.0249 ± 4 0.1169 ± 4 0.2315 ± 22 3.732 ± 39 1342 ± 11 1578 ± 8 1910 ± 7
NGL-2-6 97 44 79,365 0.1405 ± 18 0.1302 ± 10 0.3853 ± 43 6.915 ± 99 2101 ± 20 2101 ± 13 2100 ± 13
NGL-2-7 132 60 227,273 0.1311 ± 19 0.1223 ± 10 0.2820 ± 30 4.756 ± 69 1601 ± 15 1777 ± 12 1990 ± 15

TBL-1-1 is spot on grain 1, TBL-1-2 is spot on grain 2, KTV–10m is spot on metamorphic grain.
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Table 4
SHRIMP II analytical data for spot analyses of single zircon from charnockite samples and a mafic granulite (gabbroic dyke) of the Nagercoil and Trivandrum Blocks, southern India.

Samle No. U ppm Th ppm 206Pb
204Pb

208Pb
206Pb

207Pb
206Pb

206Pb
238U

207Pb
235U

206/238
age ± 1σ

207/235
age ± 1σ

207/206
age ± 1σ

NGB-1A-1 298 34 21,692 0.0363 ± 6 0.1286 ± 5 0.3514 ± 42 6.228 ± 82 1941 ± 20 2008 ± 12 2078 ± 7
NGB-1A-2 346 119 21,322 0.0633 ± 6 0.1285 ± 4 0.3539 ± 43 6.273 ± 81 1953 ± 20 2015 ± 11 2078 ± 6
NGB-1A-3 406 139 89,286 0.0620 ± 5 0.1285 ± 4 0.3855 ± 47 6.831 ± 87 2102 ± 22 2090 ± 11 2078 ± 5
NGB-1A-4 315 112 22,862 0.0579 ± 9 0.1141 ± 6 0.2186 ± 26 3.439 ± 47 1274 ± 14 1513 ± 11 1865 ± 10
NGB-1A-5 341 91 26,853 0.0400 ± 5 0.1285 ± 4 0.3817 ± 46 6.763 ± 88 2084 ± 22 2081 ± 11 2078 ± 6
NGB-1A-6 283 83 19,512 0.0604 ± 10 0.1144 ± 6 0.2215 ± 27 3.494 ± 49 1290 ± 14 1526 ± 11 1871 ± 10
NGB-1A-7 468 134 44,092 0.0581 ± 5 0.1285 ± 4 0.3323 ± 40 5.886 ± 75 1850 ± 19 1959 ± 11 2077 ± 5
NGB-1B-1 1046 249 119,474 0.0712 ± 4 0.1206 ± 3 0.2830 ± 34 4.707 ± 59 1606 ± 17 1768 ± 10 1965 ± 4
NGB-1B-2 524 164 83,056 0.0841 ± 6 0.1121 ± 4 0.2173 ± 26 3.359 ± 43 1268 ± 14 1495 ± 10 1834 ± 6
NGB-1B-3 983 256 78,247 0.0746 ± 4 0.1222 ± 3 0.2925 ± 35 4.928 ± 61 1654 ± 17 1807 ± 11 1989 ± 4
NGB-1B-4 393 129 32,436 0.0955 ± 6 0.1282 ± 4 0.3753 ± 45 6.631 ± 85 2054 ± 21 2064 ± 11 2073 ± 6
NGB-1B-5 553 182 50,327 0.0936 ± 4 0.1285 ± 3 0.3805 ± 46 6.742 ± 85 2079 ± 21 2078 ± 11 2077 ± 4
NGB-1B-6 218 55 133,156 0.0655 ± 8 0.1286 ± 5 0.3848 ± 47 6.822 ± 92 2099 ± 22 2089 ± 12 2079 ± 7
NGB-2A-1 394 94 42,070 0.0512 ± 5 0.1215 ± 4 0.2885 ± 35 4.831 ± 63 1634 ± 17 1790 ± 11 1978 ± 6
NGB-2A-2.1 735 286 236,407 0.1148 ± 4 0.1280 ± 3 0.3807 ± 46 6.721 ± 83 2079 ± 21 2075 ± 11 2071 ± 4
NGB-2A-2.2 134 82 19,849 0.1461 ± 16 0.1232 ± 8 0.3090 ± 38 5.251 ± 77 1736 ± 19 1861 ± 13 2004 ± 12
NGB-2A-3 36 44 749 0.4162 ± 179 0.0598 ± 67 0.0881 ± 13 0.726 ± 83 544 ± 7 554 ± 49 596 ± 243
NGB-2A-4 1217 127 143,472 0.0288 ± 2 0.1212 ± 2 0.2884 ± 34 4.820 ± 59 1633 ± 17 1788 ± 10 1975 ± 3
NGB-2A-5 661 275 18,997 0.1288 ± 5 0.1280 ± 3 0.3830 ± 36 6.757 ± 85 2090 ± 21 2080 ± 11 2070 ± 4
NGB-2A-6 144 51 15,760 0.1417 ± 13 0.1281 ± 7 0.3794 ± 47 6.699 ± 94 2074 ± 22 2073 ± 12 2072 ± 10
NGB-2A-7 906 316 31,817 0.1058 ± 4 0.1253 ± 3 0.3326 ± 40 5.747 ± 71 1851 ± 19 1938 ± 11 2033 ± 4
NGB-2A-8 359 146 59,773 0.1201 ± 7 0.1280 ± 4 0.3814 ± 46 6.734 ± 87 2083 ± 22 2077 ± 11 2071 ± 6
NGB-2A-9 172 59 5390 0.1192 ± 16 0.1188 ± 9 0.2666 ± 33 4.366 ± 65 1523 ± 17 1706 ± 12 1938 ± 13
NGB-2B-1 853 442 65,445 0.1016 ± 8 0.0584 ± 3 0.0876 ± 10 0.706 ± 10 541+ 6 542 ± 6 546 ± 12
NGB-2B-2 723 343 21,070 0.0784 ± 10 0.0582 ± 4 0.0880 ± 10 0.705 ± 10 544 ± 6 542 ± 6 535 ± 16
NGB-2B-3 665 264 19,627 0.1206 ± 12 0.0584 ± 5 0.0880 ± 10 0.709 ± 11 543 ± 6 544 ± 6 546 ± 17
NGB-2B-4 789 459 21,730 0.1805 ± 11 0.0570 ± 4 0.0877 ± 10 0.700 ± 10 542 ± 6 539 ± 6 528 ± 14
NGB-2B-5 624 285 10,357 0.1456 ± 14 0.0578 ± 5 0.0876 ± 10 0.699 ± 11 542 ± 6 538 ± 7 523 ± 20
NGB-3-1 478 192 48,100 0.1102 ± 5 0.1275 ± 4 0.3777 ± 46 6.640 ± 84 2066 ± 21 2065 ± 11 2064 ± 5
NGB-3-2 297 102 15,404 0.0877 ± 8 0.1228 ± 5 0.3063 ± 37 5.188 ± 69 1723 ± 18 1851 ± 11 1998 ± 7
NGB-3-3 332 103 30,193 0.0886 ± 6 0.1279 ± 4 0.3796 ± 36 6.693 ± 87 2074 ± 21 2072 ± 11 2069 ± 6
NGB-3-4 377 106 22,655 0.0808 ± 7 0.1274 ± 4 0.3767 ± 45 6.619 ± 86 2061 ± 21 2062 ± 11 2063 ± 6
NGB-3-5 293 123 51,840 0.1226 ± 7 0.1275 ± 4 0.3949 ± 48 6.944 ± 91 2145 ± 22 2104 ± 12 2064 ± 6
NGB-3-6 233 139 30,618 0.1643 ± 11 0.1275 ± 6 0.3857 ± 47 6.780 ± 91 2103 ± 22 2083 ± 12 2064 ± 8
TB1-1 833 199 83,893 0.0677 ± 3 0.1251 ± 3 0.3268 ± 39 5.635 ± 70 1823 ± 19 1921 ± 11 2030 ± 4
TB1-2 409 325 30,675 0.2238 ± 8 0.1283 ± 4 0.3705 ± 45 6.555 ± 84 2032 ± 21 2053 ± 11 2075 ± 5
TB1-3 310 206 62,461 0.1953 ± 10 0.1247 ± 4 0.3182 ± 38 5.471 ± 72 1781 ± 19 1896 ± 11 2025 ± 7
TB1-4 210 123 42,230 0.1655 ± 11 0.1282 ± 6 0.3773 ± 46 6.670 ± 90 2064 ± 22 2069 ± 12 2073 ± 8
TB1-5 300 156 34,211 0.1467 ± 9 0.1269 ± 5 0.3482 ± 42 6.091 ± 80 1926 ± 20 1989 ± 11 2055 ± 7
TB1-6 296 164 46,948 0.1503 ± 8 0.1284 ± 4 0.3840 ± 47 6.797 ± 89 2095 ± 22 2085 ± 12 2076 ± 6
TB1-7 222 74 32,520 0.0976 ± 9 0.1283 ± 6 0.3769 ± 46 6.668 ± 90 2062 ± 22 2068 ± 12 2075 ± 8
TB1-8 32 46 989 0.4400 ± 190 0.0598 ± 70 0.0910 ± 13 0.750 ± 90 561 ± 8 568 ± 52 595 ± 255

NGB-1A-1 is spot on grain 1, NGB-1A-2 is spot on grain 2, etc.

21A. Kröner et al. / Gondwana Research 27 (2015) 1–37
time of charnockite crystallization, whereas the discordant grain, if
fitted to a discordia line including all analyses, suggests Pb-loss at
494 ± 210 Ma (Fig. 17e), again pointing to the Pan-African high-grade
event. Clark et al. (2013) dated oscillatory-zoned magmatic zircon
from a sample of the same quarry, using LA-ICP-MS, and obtained
concordant as well as discordant results producing a similar pattern as
our sample NGB-3 and yielding a mean age of 2039 ± 20 Ma for a con-
cordant population.

Lastly, sample TB-1 is a massive charnockite collected in the
Kovalam quarry at Kovalam village in the Trivandrum Block (Table 1,
Fig. 2) and thus outside the Nagercoil Block. In its general appearance,
this rock and its zircon population are indistinguishable from the
Nagercoil charnockites. Magmatic zoning is common in the large and
well-rounded zircon crystals (Fig. 14p–r) and so is thin metamorphic
overgrowth on the magmatic grains. Seven grains were analyzed
(Table 4) of which four define a near-concordant array with a mean
207Pb/206Pb age of 2074.9 ± 1.3 Ma (Fig. 17f). The three discordant
analyses are well aligned, and all data define a discordia line
(MSWD = 0.06) with a lower Concordia intercept at 506± 240Ma, in-
dicating Pan-African Pb-loss and or recrystallization as in all previous
samples. The analysis of one metamorphic rim (Table 4) yielded a con-
cordant 206Pb/238U age of 561 ± 8 Ma, more precisely defining zircon
growth near the peak of granulite–facies metamorphism. As for sample
NGB-1B, igneous zircon from this sample was also dated by LA-ICP-MS
and provided a scatter of discordant points in the Concordia diagram
with an imprecise age of 2175 ± 84 Ma, interpreted to reflect isotopic
heterogeneity in the material analyzed (Kröner et al., in press).

Most of our magmatic zircon ages, except for TBL-1, are significantly
older than those obtained by Rimša et al. (2007) using a similar tech-
nique. This is particularly obvious for samples from the Kottavattam
quarry where Rimsa obtained a minimum 207Pb/207Pb age of 1877 ±
24 Ma, whereas our age of 2008 ± 11 Ma includes both discordant
and one concordant analysis. The oldest grain dated by Rimša et al.
(2007) from this sample is near-concordant at 1957± 41Ma and, con-
sidering the error, is close to our value. In addition, the oldest zircon
analyses from an incipient charnockite dated by Rimša et al. (2007) is
1965± 86Ma, close to our ages of around 2000 Ma. There are two pos-
sible explanations for this age difference. The first is that most of Rimša
et al. (2007) data are discordant, and the discordia lines constructed
from these analyses may not be correct although their lower concordia
intercept ages are almost identical to ours. The alternative explanation
is that the granitoids, down to quarry scale, are heterogeneous in age
but are indistinguishable from each other due to intense ductile defor-
mation. We consider the second hypothesis unlikely and suggest that
the complexity of the magmatic grains, as demonstrated in our and
Rimša et al. (2007) CL images, led to significant disturbance of the U–
Pb isotopic system, possibly not only during Pan-African granulite–
facies metamorphism, and thus all discordant analyses may be suspect.



Table 5
Lu–Hf isotopic data for igneous (ig) and metamorphic (m) zircon from leucogneisses of the Trivandrum Block, southern India.

Sample, Spot 176Yb/177Hf ±(1σ) 176Lu/177Hf ±(1σ) 176Hf/177Hf ±(1σ) Age (Ma) (176Hf/177Hf)t εHf(t) ±(1σ) tDM (Ga) ±(1σ) tDM2 (Ga) ±(1σ)

TBL-1 ig-1 0.018743 0.000691 0.000728 0.000025 0.281498 0.000021 1765 0.281473 −6.66 0.72 2.44 0.03 2.69 0.04
TBL-1 ig-2 0.018133 0.000587 0.000717 0.000021 0.281621 0.000023 1765 0.281597 −2.27 0.80 2.27 0.03 2.46 0.04
TBL-1 ig-3 0.010690 0.001320 0.000418 0.000052 0.281516 0.000022 1765 0.281502 −5.63 0.77 2.39 0.03 2.63 0.04
TBL-1 ig-4 0.021472 0.002097 0.000785 0.000081 0.281581 0.000024 1765 0.281555 −3.76 0.85 2.33 0.03 2.54 0.05
TBL-1 ig-5 0.011274 0.000482 0.000428 0.000020 0.281580 0.000030 1765 0.281566 −3.37 1.06 2.31 0.04 2.51 0.06
TBL-1 ig-6 0.008046 0.000801 0.000290 0.000030 0.281602 0.000022 1765 0.281592 −2.45 0.76 2.27 0.03 2.47 0.04
TBL-1 ig-7 0.012567 0.001034 0.000505 0.000041 0.281533 0.000021 1765 0.281516 −5.14 0.74 2.38 0.03 2.61 0.04
TBL-1 ig-8 0.016166 0.000575 0.000625 0.000023 0.281511 0.000033 1765 0.281490 −6.08 1.16 2.41 0.04 2.66 0.06
TBL-1 ig-9 0.032419 0.000424 0.001204 0.000015 0.281458 0.000024 1765 0.281417 −8.65 0.85 2.52 0.03 2.79 0.05
TBL-1 ig-10 0.013317 0.000441 0.000511 0.000016 0.281435 0.000021 1765 0.281417 −8.65 0.72 2.51 0.03 2.79 0.04
TBL-2 ig-1 0.016619 0.000153 0.000679 0.000006 0.281698 0.000018 2004 0.281672 5.85 0.65 2.16 0.03 2.22 0.03
TBL-2 ig-2 0.014482 0.000217 0.000589 0.000009 0.281697 0.000023 2004 0.281675 5.94 0.81 2.16 0.03 2.22 0.04
TBL-2 ig-3 0.013955 0.000192 0.000569 0.000007 0.281696 0.000033 2004 0.281674 5.91 1.17 2.16 0.05 2.22 0.06
TBL-2 ig-4 0.021220 0.000380 0.000834 0.000013 0.281690 0.000031 2004 0.281658 5.34 1.09 2.18 0.04 2.25 0.06
TBL-2 ig-5 0.012207 0.000054 0.000501 0.000003 0.281681 0.000026 2004 0.281661 5.46 0.91 2.18 0.04 2.24 0.05
TBL-2 ig-6 0.022524 0.001229 0.000932 0.000049 0.281659 0.000032 2004 0.281624 4.13 1.12 2.23 0.04 2.31 0.06
TBL-2 ig-7 0.017375 0.000429 0.000661 0.000015 0.281663 0.000026 2004 0.281638 4.64 0.91 2.21 0.04 2.29 0.05
TBL2- ig-8 0.015838 0.000120 0.000648 0.000005 0.281401 0.000025 2004 0.281376 −4.67 0.86 2.56 0.03 2.78 0.05
TBL-2 ig-9 0.020771 0.000336 0.000881 0.000022 0.281532 0.000023 2004 0.281499 −0.32 0.80 2.40 0.03 2.55 0.04
TBL-2 ig-10 0.012341 0.000162 0.000511 0.000006 0.281632 0.000032 2004 0.281613 3.73 1.10 2.24 0.04 2.34 0.06
TBL-3 ig-1 0.019538 0.000187 0.000771 0.000008 0.281489 0.000019 2003 0.281459 −1.75 0.66 2.45 0.03 2.62 0.04
TBL-3 ig-2 0.015970 0.001540 0.000609 0.000057 0.281483 0.000018 2003 0.281460 −1.73 0.64 2.45 0.02 2.62 0.03
TBL-3 ig-3 0.015599 0.000675 0.000600 0.000024 0.281467 0.000022 2003 0.281444 −2.27 0.78 2.47 0.03 2.65 0.04
TBL-3 ig-4 0.017298 0.000148 0.000675 0.000006 0.281463 0.000026 2003 0.281437 −2.52 0.91 2.48 0.04 2.66 0.05
TBL-3 ig-5 0.029713 0.001205 0.001141 0.000045 0.281492 0.000018 2003 0.281449 −2.11 0.64 2.47 0.03 2.64 0.03
TBL-3 ig-6 0.013686 0.000224 0.000553 0.000009 0.281483 0.000021 2003 0.281462 −1.63 0.72 2.45 0.03 2.62 0.04
TBL-3 ig-7 0.030492 0.000863 0.001186 0.000034 0.281468 0.000025 2003 0.281423 −3.04 0.87 2.51 0.03 2.69 0.05
TBL-3 ig-8 0.019553 0.000153 0.000779 0.000006 0.281481 0.000019 2003 0.281451 −2.02 0.68 2.46 0.03 2.64 0.04
TBL-3 ig-9 0.021558 0.000239 0.000910 0.000012 0.281484 0.000021 2003 0.281450 −2.08 0.72 2.47 0.03 2.64 0.04
TBL-3 ig-10 0.014564 0.000527 0.000574 0.000020 0.281464 0.000017 2003 0.281442 −2.36 0.61 2.47 0.02 2.66 0.03
KTV ig-1 0.027729 0.001195 0.001078 0.000045 0.281583 0.000021 2001 0.281542 1.14 0.74 2.34 0.03 2.47 0.04
KTV ig-2 0.024585 0.000418 0.000985 0.000016 0.281543 0.000022 2001 0.281506 −0.13 0.78 2.39 0.03 2.54 0.04
KTV ig-3 0.043902 0.001765 0.001702 0.000066 0.281564 0.000026 2001 0.281499 −0.37 0.90 2.41 0.04 2.55 0.05
KTV ig-4 0.009456 0.001961 0.000341 0.000075 0.281587 0.000022 2001 0.281574 2.29 0.76 2.29 0.03 2.41 0.04
KTV ig-5 0.020095 0.002963 0.000755 0.000115 0.281570 0.000031 2001 0.281541 1.12 1.07 2.34 0.04 2.47 0.06
KTV ig-6 0.035889 0.000373 0.001408 0.000014 0.281540 0.000032 2001 0.281486 −0.83 1.13 2.42 0.04 2.57 0.06
KTV ig-7 0.032215 0.000627 0.001276 0.000024 0.281535 0.000020 2001 0.281487 −0.81 0.69 2.42 0.03 2.57 0.04
KTV ig-8 0.034771 0.000926 0.001332 0.000033 0.281526 0.000019 2001 0.281476 −1.21 0.67 2.44 0.03 2.59 0.04
KTV ig-9 0.032532 0.000784 0.001263 0.000029 0.281572 0.000026 2001 0.281524 0.51 0.92 2.37 0.04 2.50 0.05
KTV ig-10 0.037507 0.000846 0.001468 0.000032 0.281533 0.000018 2001 0.281477 −1.15 0.63 2.44 0.02 2.59 0.03
KTV m-1 0.019784 0.000177 0.000805 0.000006 0.281461 0.000022 2001 0.281431 −2.81 0.75 2.49 0.03 2.68 0.04
KTV m-2 0.031111 0.000308 0.001234 0.000012 0.281468 0.000017 2001 0.281421 −3.15 0.59 2.51 0.02 2.69 0.03
KTV m-3 0.024899 0.000531 0.000991 0.000021 0.281493 0.000017 2001 0.281456 −1.92 0.59 2.46 0.02 2.63 0.03
KTV m-4 0.002913 0.000093 0.000114 0.000004 0.281647 0.000015 2001 0.281643 4.73 0.54 2.20 0.02 2.28 0.03
KTV m-5 0.001672 0.000023 0.000056 0.000001 0.281823 0.000016 2001 0.281821 11.05 0.55 1.96 0.02 1.94 0.03
KTV m-6 0.054735 0.000947 0.002124 0.000033 0.281492 0.000016 2001 0.281411 −3.49 0.57 2.54 0.02 2.71 0.03
KTV m-7 0.032039 0.000319 0.001233 0.000009 0.281486 0.000015 2001 0.281439 −2.51 0.53 2.49 0.02 2.66 0.03
KTV m-8 0.023451 0.000428 0.000938 0.000017 0.281486 0.000019 2001 0.281450 −2.12 0.65 2.47 0.03 2.64 0.03
KTV m-9 0.028096 0.000142 0.001105 0.000005 0.281468 0.000018 2001 0.281426 −2.97 0.63 2.50 0.02 2.69 0.03
KTV m-10 0.026583 0.000254 0.001059 0.000009 0.281475 0.000017 2001 0.281435 −2.65 0.60 2.49 0.02 2.67 0.03
TBL-4 ig-1 0.033288 0.001396 0.001404 0.000052 0.281624 0.000021 2103 0.281567 4.38 0.73 2.31 0.03 2.38 0.04
TBL-4 ig-2 0.022320 0.000245 0.000963 0.000010 0.281620 0.000016 2103 0.281582 4.89 0.56 2.28 0.02 2.35 0.03
TBL-4 ig-3 0.027506 0.000162 0.001138 0.000006 0.281617 0.000023 2103 0.281572 4.54 0.82 2.30 0.03 2.37 0.04
TBL-4 ig-4 0.022750 0.002010 0.000954 0.000083 0.281608 0.000024 2103 0.281570 4.46 0.84 2.30 0.03 2.38 0.05
TBL-4 ig-5 0.003438 0.000370 0.000168 0.000019 0.281596 0.000024 2103 0.281589 5.16 0.84 2.27 0.03 2.34 0.05
TBL-4 ig-6 0.034116 0.000710 0.001424 0.000026 0.281616 0.000021 2103 0.281559 4.09 0.73 2.32 0.03 2.40 0.04
TBL-4 ig-7 0.022593 0.000532 0.000967 0.000023 0.281625 0.000022 2103 0.281587 5.07 0.79 2.28 0.03 2.34 0.04
TBL-4 ig-8 0.025485 0.001650 0.001112 0.000064 0.281621 0.000027 2103 0.281576 4.69 0.95 2.29 0.04 2.36 0.05
TBL-4 ig-9 0.030376 0.001396 0.001286 0.000057 0.281604 0.000027 2103 0.281553 3.86 0.94 2.33 0.04 2.41 0.05
TBL-4 ig-10 0.031873 0.001202 0.001328 0.000047 0.281664 0.000026 2103 0.281611 5.94 0.92 2.25 0.04 2.30 0.05
TBL-4 ig-11 0.000891 0.000014 0.000033 0.000000 0.281726 0.000016 2103 0.281725 9.97 0.56 2.09 0.02 2.08 0.03
TBL-4 ig-12 0.002119 0.000055 0.000062 0.000002 0.281619 0.000027 2103 0.281617 6.15 0.95 2.23 0.04 2.29 0.05
TBL-4/2 ig-1 0.047868 0.000539 0.001957 0.000021 0.281650 0.000021 2101 0.281571 4.48 0.72 2.30 0.03 2.37 0.04
TBL-4/2 ig-2 0.039123 0.000689 0.001591 0.000024 0.281658 0.000020 2101 0.281595 5.31 0.71 2.27 0.03 2.33 0.04
TBL-4/2 ig-3 0.024253 0.000087 0.001110 0.000006 0.281643 0.000019 2101 0.281599 5.45 0.66 2.26 0.03 2.32 0.04
TBL-4/2 ig-4 0.032647 0.001131 0.001361 0.000043 0.281660 0.000019 2101 0.281606 5.71 0.67 2.25 0.03 2.31 0.04
TBL-4/2 ig-5 0.026211 0.000666 0.001101 0.000021 0.281608 0.000018 2101 0.281564 4.21 0.62 2.31 0.02 2.39 0.03
TBL-4/2 ig-6 0.018272 0.001892 0.000763 0.000081 0.281664 0.000020 2101 0.281634 6.70 0.71 2.21 0.03 2.26 0.04
TBL-4/2 ig-7 0.031909 0.000899 0.001326 0.000034 0.281652 0.000026 2101 0.281599 5.47 0.92 2.26 0.04 2.32 0.05
TBL-4/2 ig-8 0.034282 0.000654 0.001497 0.000027 0.281611 0.000029 2101 0.281551 3.76 1.00 2.33 0.04 2.41 0.05
TBL-4/2 ig-9 0.017336 0.001408 0.000735 0.000059 0.281610 0.000027 2101 0.281581 4.82 0.96 2.29 0.04 2.36 0.05
TBL-4/2 ig-10 0.036175 0.000333 0.001493 0.000013 0.281623 0.000027 2101 0.281563 4.19 0.96 2.31 0.04 2.39 0.05
TBL-4/2 ig-11 0.038122 0.000199 0.001521 0.000008 0.281622 0.000024 2101 0.281562 4.13 0.82 2.32 0.03 2.39 0.04
TBL-4/2 ig-12 0.033622 0.000549 0.001389 0.000020 0.281623 0.000018 2101 0.281567 4.34 0.62 2.31 0.02 2.38 0.03
TBL-4/2 ig-13 0.025273 0.000481 0.001086 0.000017 0.281629 0.000023 2101 0.281585 4.98 0.79 2.28 0.03 2.35 0.04
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Table 5 (continued)

Sample, Spot 176Yb/177Hf ±(1σ) 176Lu/177Hf ±(1σ) 176Hf/177Hf ±(1σ) Age (Ma) (176Hf/177Hf)t εHf(t) ±(1σ) tDM (Ga) ±(1σ) tDM2 (Ga) ±(1σ)

TBL-4/2 ig-14 0.023922 0.000395 0.000992 0.000017 0.281634 0.000020 2101 0.281594 5.30 0.71 2.27 0.03 2.33 0.04
TBL-4/2m-1 0.008356 0.000566 0.000327 0.000025 0.281616 0.000024 2101 0.281603 5.62 0.82 2.25 0.03 2.31 0.04
TBL-4/2m-2 0.012508 0.000443 0.000565 0.000021 0.281605 0.000025 2101 0.281583 4.89 0.87 2.28 0.03 2.35 0.05
TBL-4/2m-3 0.023291 0.001684 0.000951 0.000072 0.281607 0.000015 2101 0.281569 4.41 0.52 2.30 0.02 2.38 0.03
TBL-4/2m-4 0.019772 0.001003 0.000836 0.000039 0.281687 0.000021 2101 0.281653 7.39 0.75 2.19 0.03 2.22 0.04
TBL-4/2m-5 0.007455 0.000170 0.000316 0.000008 0.281682 0.000012 2101 0.281669 7.95 0.42 2.16 0.02 2.19 0.02
TBL-4/2m-6 0.004336 0.000199 0.000142 0.000006 0.281926 0.000014 2101 0.281920 16.87 0.51 1.82 0.02 1.72 0.03
NGL-1 ig-1 0.017813 0.000876 0.000691 0.000032 0.281465 0.000023 2102 0.281437 −0.25 0.82 2.48 0.03 2.62 0.04
NGL-1 ig-2 0.008524 0.000349 0.000335 0.000016 0.281460 0.000024 2102 0.281447 0.07 0.84 2.46 0.03 2.61 0.05
NGL-1 ig-3 0.019968 0.000611 0.000770 0.000023 0.281466 0.000015 2102 0.281435 −0.33 0.52 2.48 0.02 2.63 0.03
NGL-1 ig-4 0.015464 0.000157 0.000610 0.000006 0.281466 0.000021 2102 0.281442 −0.11 0.72 2.47 0.03 2.62 0.04
NGL-1 ig-5 0.007275 0.000266 0.000246 0.000010 0.281453 0.000015 2102 0.281443 −0.07 0.51 2.47 0.02 2.61 0.03
NGL-1 ig-6 0.016089 0.000046 0.000634 0.000002 0.281463 0.000027 2102 0.281437 −0.27 0.96 2.48 0.04 2.63 0.05
NGL-1 ig-7 0.005910 0.000611 0.000222 0.000025 0.281468 0.000014 2102 0.281459 0.52 0.50 2.45 0.02 2.58 0.03
NGL-1 ig-8 0.015592 0.000585 0.000608 0.000024 0.281445 0.000017 2102 0.281421 −0.84 0.61 2.50 0.02 2.66 0.03
NGL-1 ig-9 0.019211 0.000564 0.000744 0.000021 0.281461 0.000025 2102 0.281431 −0.48 0.89 2.49 0.03 2.64 0.05
NGL-1 ig-10 0.013495 0.002148 0.000515 0.000084 0.281461 0.000022 2102 0.281440 −0.17 0.79 2.47 0.03 2.62 0.04
NGL-2 ig-1 0.016588 0.001434 0.000689 0.000060 0.281583 0.000020 2106 0.281555 4.01 0.71 2.32 0.03 2.40 0.04
NGL-2 ig-2 0.015867 0.000089 0.000750 0.000003 0.281493 0.000031 2106 0.281463 0.74 1.07 2.45 0.04 2.58 0.06
NGL-2 ig-3 0.020347 0.001326 0.000782 0.000050 0.281539 0.000021 2106 0.281507 2.31 0.74 2.39 0.03 2.49 0.04
NGL-2 ig-4 0.005735 0.000229 0.000205 0.000010 0.281583 0.000016 2106 0.281575 4.72 0.56 2.29 0.02 2.37 0.03
NGL-2 ig-5 0.012855 0.000214 0.000481 0.000008 0.281484 0.000021 2106 0.281465 0.81 0.73 2.44 0.03 2.57 0.04
NGL-2 ig-6 0.005722 0.000554 0.000227 0.000025 0.281499 0.000026 2106 0.281490 1.70 0.91 2.40 0.03 2.53 0.05
NGL-2 ig-7 0.012006 0.000342 0.000460 0.000013 0.281495 0.000024 2106 0.281477 1.23 0.84 2.42 0.03 2.55 0.04
NGL-2 ig-8 0.007357 0.000093 0.000267 0.000003 0.281501 0.000022 2106 0.281491 1.73 0.75 2.40 0.03 2.52 0.04
NGL-2 ig-9 0.011829 0.000089 0.000577 0.000005 0.281600 0.000018 2106 0.281577 4.80 0.64 2.29 0.02 2.36 0.03
NGL-2 ig-10 0.001790 0.000028 0.000061 0.000001 0.281724 0.000028 2106 0.281721 9.93 0.98 2.09 0.04 2.09 0.05

*TBL-1 ig 1 is grain 1 of igneous zircon population of sanpme TBL-1, KTV m 1 is grain 1 of metamorphic zircon population from sample KTV, etc.
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8. Hf–Nd isotopic systematics

8.1. Hf-in-zircon isotopic data

Most of the Lu–Hf isotopic measurements were performed on the
same spots as analyzed for U–Pb, and additional analyses were placed
on well-preserved magmatic domains as identified in CL images. The
analyses for zircon from the leucogneisses are listed in Table 5, and
those for the charnockites are presented in Table 6. The results are
also plotted in the Hf isotopic evolution diagrams of Figs. 18–20 where
the calculated Hf initial ratios at the time of rock formation (εHf(t)), as
determined by the zircon age, are plotted against time. It is not useful
to calculate and plot Hfmodel ages related to a depletedmantle compo-
sition, as for the Sm–Nd isotopic system, because the zircons analyzed
did not form in the mantle but in the crust. Therefore, crustal model
ages for the source rocks from which the Lu–Hf ratio in the zircons
was derived have been calculated in Tables 5 and 6 and are shown in
Figs. 18–20. This is done by forcing a growth curve for a system with a
Lu/Hf isotopic ratio corresponding to the average crust through the zir-
con initial ratio (pink and red broken lines in Figs. 18–20). However,
there is some uncertainty in the calculation of this model age because
the whole-rock 176Lu/177Hf ratio of the protolith is not known and,
therefore, most authors use an assumed value for the continental
crust, varying between 0.009 and 0.015 (see Kröner et al., 2014, in
press for discussion). Whole-rock Lu–Hf isotopic data from a wide vari-
ety of high-grade granitoid gneisses suggest that a ratio of 0.01 appears
to be most suitable (Amelin et al., 2011) and also best matches whole-
rock Nd model ages (Kröner et al., 2013, 2014). Nevertheless, we cau-
tion against taking these values too literally because the real Lu/Hf
protolith ratios are not known, and there is also some uncertainty on
the degree of depletion of the early Precambrian mantle and thus the
validity of the mantle evolution line shown in Figs. 18–20. The errors
in the Hf crustal model ages cited belowmay therefore be considerable,
and we place emphasis on the initial εHf and εNd values. The stippled
pink and red lines in Figs. 18–20 define the upper and lower crustal
model ages, respectively (Hfc), based on an average crustal 176Lu/177Hf
ratio of 0.01 and denote the evolution of the Hf isotopic ratios for the
highest and lowest Hf initial ratios measured in the zircon grains.
8.1.1. Leucogneiss samples
Hf isotopic datawere obtained on ten grains from sample TBL-1, and

the initial ratios calculated for 1765 Ma and expressed in εHf-units, are
between −8.7 and −2.3 (Table 5) and are plotted in Fig. 18a where
the resulting Hfc model ages vary between 2.46 and 2.79 Ga and imply
that the zircons reflect a late Archaean to early Palaeoproterozoic crustal
source. The highly variable negative εHf(t) values for these zircons also
imply mixing from isotopically different sources and that each zircon
has sampled a small melt volume (Flowerdew et al., 2006). The old Hf
model ages will be further discussed below after presentation of the
Sm–Nd whole-rock isotopic data.

The Hf isotopic data for ten grains from sample TBL-2 with a mean
zircon age of 2004 Ma are shown in Fig. 18b, and the εHf(t) values also
vary strongly between −4.7 and +5.9 (Table 5), corresponding to Hfc
model ages of 2.22–2.78 Ga. Most values plot in the positive field, sug-
gesting that part of the protolith material of this leucogneiss had a
short crustal residence time, but two values are much lower and may
imply that the leucogneiss sourcemayhave been amixed crust, possibly
consisting of juvenile Palaeoproterozoic granitoid rocks and Archaean
material.

The data for ten zircons from sample TBL-3 with a mean age of
2003 Ma are plotted in Fig. 18c and yielded a narrow array of negative
εHf(t) values between −3.0 and −1.6 (Table 4) and corresponding Hfc
model ages between 2.62 and 2.69 Ga. These consistent data suggest
an isotopically homogeneous late Archaean crustal protolith such as a
granitoid complex.

Hf isotopic analysis of ten igneous zircons from sample KTV (Table 5)
yielded slightly negative to slightly positive εHf(t) values for an age of
2001 Ma, ranging from −1.2 to +2.3 and corresponding to Hf crustal
model ages between 2.41 and 2.59 Ga (Fig. 18d). The likely early
Palaeoproterozoic to late Archaean source material for this gneiss may
also have been an isotopically relatively homogeneous granitoid.

Tenmetamorphic zircon grains from sample KTVwith a mean U–Pb
age of 544 Ma were also analyzed for their Hf isotopic compositions
(Table 5). If the εHf(t) values are calculated for the metamorphic age of
these grains, implausibly low values of −30 to −40 are obtained that
are obviously not reflecting the isotopic composition of these grains at
the time of metamorphism. If, however, an igneous age of 2001 Ma is



Table 6
Lu–Hf isotopic data for igneous zircon grains from charnockites of the Nagercoil and Trivandrum Blocks, southern India.

Sample, Spot 176Yb/177Hf ±(1σ) 176Lu/177Hf ±(1σ) 176Hf/177Hf ±(1σ) Age (Ma) (176Hf/177Hf)i εHf(t) ±(1σ) tDM (Ga) ±(1σ) tDM2 (Ga) ±(1σ)

NGB-1A-1⁎ 0.003146 0.000123 0.000152 0.000006 0.281794 0.000021 2078 0.281788 11.64 0.74 2.00 0.03 1.98 0.04
NGB-1A-2 0.010534 0.000007 0.000442 0.000000 0.281607 0.000023 2078 0.281589 4.60 0.82 2.27 0.03 2.35 0.04
NGB-1A-3 0.010535 0.000016 0.000439 0.000000 0.281541 0.000021 2078 0.281524 2.27 0.72 2.36 0.03 2.47 0.04
NGB-1A-4 0.008067 0.000047 0.000349 0.000002 0.281607 0.000022 2078 0.281593 4.73 0.78 2.27 0.03 2.34 0.04
NGB-1A-5 0.012644 0.000283 0.000540 0.000012 0.281546 0.000025 2078 0.281525 2.29 0.88 2.36 0.03 2.47 0.05
NGB-1A-6 0.008649 0.000010 0.000384 0.000000 0.281551 0.000023 2078 0.281536 2.70 0.79 2.34 0.03 2.45 0.04
NGB-1A-7 0.013556 0.000098 0.000563 0.000004 0.281538 0.000020 2078 0.281516 1.98 0.71 2.37 0.03 2.49 0.04
NGB-1A-8 0.013832 0.000014 0.000567 0.000000 0.281579 0.000022 2078 0.281557 3.44 0.77 2.32 0.03 2.41 0.04
NGB-1A-9 0.018014 0.000896 0.000727 0.000034 0.281590 0.000024 2078 0.281561 3.59 0.82 2.31 0.03 2.40 0.04
NGB-1A-10 0.009209 0.000030 0.000407 0.000001 0.281577 0.000019 2078 0.281561 3.57 0.67 2.31 0.03 2.40 0.04
NGB-1B-1 0.016333 0.000071 0.000677 0.000003 0.281594 0.000019 2077 0.281568 3.80 0.66 2.30 0.03 2.39 0.04
NGB-1B-2 0.012345 0.000032 0.000516 0.000001 0.281590 0.000027 2077 0.281570 3.88 0.94 2.30 0.04 2.39 0.05
NGB-1B-3 0.024793 0.000425 0.001024 0.000018 0.281541 0.000022 2077 0.281501 1.42 0.77 2.40 0.03 2.52 0.04
NGB-1B-4 0.014736 0.000224 0.000604 0.000007 0.281541 0.000023 2077 0.281518 2.02 0.82 2.37 0.03 2.48 0.04
NGB-1B-5 0.007250 0.000014 0.000314 0.000001 0.281573 0.000019 2077 0.281561 3.55 0.68 2.31 0.03 2.40 0.04
NGB-1B-6 0.019290 0.000035 0.000778 0.000001 0.281538 0.000025 2077 0.281507 1.66 0.86 2.39 0.03 2.50 0.05
NGB-1B-7 0.013452 0.000039 0.000558 0.000001 0.281544 0.000020 2077 0.281522 2.19 0.69 2.36 0.03 2.48 0.04
NGB-1B-8 0.007882 0.000028 0.000349 0.000001 0.281573 0.000027 2077 0.281559 3.51 0.94 2.31 0.04 2.41 0.05
NGB-1B-9 0.012268 0.000153 0.000517 0.000006 0.281579 0.000020 2077 0.281558 3.47 0.69 2.31 0.03 2.41 0.04
NGB-1B-10 0.014280 0.001650 0.000629 0.000072 0.281632 0.000031 2077 0.281607 5.20 1.07 2.25 0.04 2.32 0.06
NGB-2B-1 0.005575 0.000012 0.000248 0.000001 0.282379 0.000022 542 0.282376 −2.07 0.77 1.21 0.03 1.45 0.04
NGB-2B-2 0.006407 0.000011 0.000273 0.000000 0.282311 0.000027 542 0.282309 −4.47 0.95 1.30 0.04 1.57 0.05
NGB-2B-3 0.005389 0.000045 0.000239 0.000002 0.282351 0.000030 542 0.282348 −3.05 1.04 1.25 0.04 1.50 0.06
NGB-2B-4 0.005485 0.000061 0.000240 0.000002 0.282373 0.000024 542 0.282371 −2.27 0.85 1.22 0.03 1.46 0.04
NGB-2B-5 0.006397 0.000055 0.000285 0.000003 0.282372 0.000028 542 0.282369 −2.32 0.99 1.22 0.04 1.46 0.05
NGB-2B-6 0.005471 0.000048 0.000235 0.000002 0.282358 0.000026 542 0.282356 −2.79 0.90 1.24 0.04 1.49 0.05
NGB-2B-7 0.006463 0.000017 0.000270 0.000001 0.282353 0.000024 542 0.282350 −2.98 0.84 1.25 0.03 1.50 0.04
NGB-2B-8 0.006410 0.000008 0.000286 0.000000 0.282373 0.000016 542 0.282370 −2.27 0.54 1.22 0.02 1.46 0.03
NGB-2B-9 0.005118 0.000018 0.000227 0.000001 0.282369 0.000023 542 0.282366 −2.42 0.81 1.22 0.03 1.47 0.04
NGB-2B-10 0.005960 0.000019 0.000265 0.000001 0.282320 0.000025 542 0.282318 −4.15 0.86 1.29 0.03 1.56 0.05
NGB-3-1 0.013182 0.000399 0.000585 0.000018 0.281579 0.000022 2065 0.281556 3.12 0.76 2.32 0.03 2.42 0.04
NGB-3-2 0.012127 0.000045 0.000542 0.000002 0.281478 0.000029 2065 0.281457 −0.41 1.02 2.45 0.04 2.60 0.05
NGB-3-3 0.010617 0.000119 0.000468 0.000005 0.281547 0.000020 2065 0.281529 2.15 0.71 2.35 0.03 2.47 0.04
NGB-3-4 0.007508 0.000022 0.000331 0.000001 0.281533 0.000021 2065 0.281520 1.83 0.73 2.37 0.03 2.48 0.04
NGB-3-6 0.008457 0.000035 0.000362 0.000002 0.281555 0.000027 2065 0.281541 2.56 0.94 2.34 0.04 2.45 0.05
NGB-3-7 0.012065 0.000015 0.000528 0.000001 0.281511 0.000022 2065 0.281491 0.79 0.77 2.41 0.03 2.54 0.04
NGB-3-8 0.011612 0.000034 0.000512 0.000002 0.281497 0.000023 2065 0.281477 0.29 0.82 2.43 0.03 2.57 0.04
NGB-3-9 0.011319 0.000073 0.000502 0.000003 0.281568 0.000025 2065 0.281549 2.85 0.87 2.33 0.03 2.43 0.05
NGB-3-10 0.015053 0.000062 0.000654 0.000003 0.281493 0.000016 2065 0.281468 −0.03 0.56 2.44 0.02 2.58 0.03
TB-1-1 0.031351 0.000260 0.001266 0.000011 0.281522 0.000026 2075 0.281472 0.37 0.90 2.44 0.04 2.57 0.05
TB-1-2 0.023049 0.000409 0.000926 0.000011 0.281563 0.000024 2075 0.281526 2.28 0.83 2.36 0.03 2.47 0.04
TB-1-4 0.025029 0.000506 0.001070 0.000016 0.281600 0.000026 2075 0.281558 3.40 0.92 2.32 0.04 2.41 0.05
TB-1-5 0.022349 0.000573 0.000943 0.000023 0.281547 0.000024 2075 0.281510 1.70 0.85 2.38 0.03 2.50 0.05
TB-1-6 0.031697 0.000790 0.001299 0.000033 0.281632 0.000024 2075 0.281581 4.23 0.83 2.29 0.03 2.37 0.04
TB-1-7 0.023984 0.001690 0.001030 0.000067 0.281579 0.000029 2075 0.281539 2.72 1.01 2.35 0.04 2.45 0.05
TB-1-8 0.034282 0.000783 0.001408 0.000026 0.281547 0.000029 2075 0.281492 1.05 1.01 2.41 0.04 2.53 0.05
TB-1-9 0.049722 0.001320 0.002012 0.000046 0.281587 0.000022 2075 0.281507 1.61 0.78 2.40 0.03 2.50 0.04
TB-1-10 0.012736 0.000012 0.000598 0.000001 0.281656 0.000021 2075 0.281633 6.06 0.72 2.21 0.03 2.27 0.04

⁎ NGB-1A-1 is grain 2 in zircon population of sample NGB-1A, etc.

Table 7
Sm–Nd isotopic data of biotite–garnet quartzo-feldspathic gneiss (leptynite) and charnockite samples from the Trivandrum and Nagercoil Blocks, southern India.

Sample Age Ma Rock type Sm μg/g Nd μg/g 147Sm/144Nd 143Nd/144Nd (m) εNd(t)1 2-stage εNd(t) 2 tDM(Ga)
3 2-stage tDM (Ga) *

TBL-1 1765 Augengneiss 12.14 67.22 0.1092 0.511240 ± 7 −7.5 – 2.63 –

TBL-2 2003 Migmatitic gneiss 3.975 19.72 0.1218 0.511544 ± 6 −2.1 – 2.49 –

TBL-3 2003 Augengneiss 22.03 110.9 0.1201 0.511191 ± 6 −8.6 – 3.04 –

TBL-4 2103 Granite gneiss 3.301 13.94 0.1432 0.511588 ± 6 – 1.6 – 2.23
NGL-1 2102 Augengneiss 14.33 83.80 0.1034 0.511168 ± 8 −3.5 – 2.59 –

NGL-2 2106 Migmatitic khondalite 10.64 60.89 0.1057 0.511212 ± 6 −3.2 – 2.59 –

NGB-1A 2078 Massive charnockite 3.438 19.22 0.1082 0.511280 ± 6 −2.9 – 2.56 –

NGB-1B 2076 Massive charnockite 1.482 14.13 0.06344 0.510926 ± 5 – −6.1 – 2.79
NGB-2A 2071 Massive charnockite 8.252 81.96 0.06087 0.510719 ± 6 – −10.1 – 3.08
NGB-3 2065 Massive charnockite 4.696 50.37 0.05636 0.510738 ± 4 – −9.5 – 3.03
TB-1 2075 Massive charnockite 6.887 37.60 0.1107 0.511363 ± 4 −2.0 – 2.50 –

NGB-2B 542+ Mafic granulite 4.252 19.66 0.1307 0.511734 ± 5 −13.0 – – –

1Initial values calculated with measured ratios. 2Initial εNd values for a 2-stage isotope evolution for samples with apparently modified and low non-magmatic Sm/Nd ratio using
147Sm/144Nd = 0.105 of typical granites (Rudnick and Gao, 2003) for the isotope evolution stage before 0.54 Ga, average age of the high-grade event of Sm/Ndmodification and themea-
sured Sm/Nd ratio until today. 3Model-ages using the depleted-mantle curve of DePaolo (1981). * 2-stagemodel ages using 0.54 Ga as time of Sm/Nd fractionation duringmetamorphism
and the depleted mantle curve of DePaolo (1981). For analytical procedures see also Hegner et al. (2010).

+ Metamorphic age. 143Nd/144Nd normalized to 146Nd/144Nd = 0.7219. The JNdi-1 reference material yielded 143Nd/144Nd = 0.512103 ± 3 (2SD, N = 8) during the course of this study
and 0.512102 ± 4 with the sample turret. Error for 147Sm/144Nd ~0.15% (2SD). m=measured ratio, t = initial ratio. εNd calculated with the parameter of Bouvier et al. (2008).
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Fig. 15. Concordia diagrams showing analytical data for SHRIMP II analyses of zircon from leucogneiss samples of the Trivandrum Block, southern India. Data boxes for each analysis are
defined by standard errors in 207Pb/235U, 206Pb/238U and 207Pb/206Pb. For sample locations see Fig. 2 and Table 1. Representative CL images are shown in Fig. 13.
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assumed, as for the magmatic zircon population in this sample, much
more realistic εHf(t) values are calculated that vary between−3.5 and +
11.1 (Table 5, Fig. 18e). Eight of these values are well grouped, whereas
two data points are highly positive for unknown reasons and are not fur-
ther considered here. These grains may be internally heterogeneous, and
because a relatively large volume of zircon material is consumed during
the LA-ICP-MS analysis relative to the material sputtered during
SHRIMPdating, it is likely that these two values reflect Hf isotopic compo-
nents ofmixed and unknown ages. These values are therefore not consid-
ered further. The remaining data correspond to Hfc model ages of 2.63 to
2.71 Ga that are broadly consistentwith those of the igneous zircons from
this sample (Fig. 18d).

Zeh et al. (2010) and Kröner et al. (in press) reported similar phe-
nomena in metamorphic zircon from high-grade rocks in Antarctica
and northwestern Mongolia, respectively, and interpreted these data
to result from a complex process of fluid-assisted zircon dissolution
and reprecipitation during metamorphism. However, it is also possible
that the metamorphic zircon dated here is entirely recrystallized from
previous igneous grains where the U–Pb isotopic system reflects the
time of recrystallizationwhereas the Lu–Hf system did not becomemo-
bilized and still reflects the igneous composition, except for two grains
whose isotopic rations may be disturbed.

Hf isotopic data were obtained on 12 igneous grains from sample
TBL-4 and yielded variable but positive εHf(t) values between 3.9 and
10.0 for an age of 2103 Ma (Table 5), corresponding to Hf crustal model
ages between 2.1 and 2.4 Ga (Fig. 18f). Eleven of these analyses are well
grouped, whereas one data point plots slightly above the mantle evolu-
tion line and is likely isotopically heterogeneous with an incorrect age
assessment and is not further considered here. The remaining data favour
a Palaeoproterozoic protolith for the host leucogneiss with a short crustal
residence time, i.e. most likely a juvenile igneous source.

The Lu–Hf isotopic data for 14 igneous grains from leucogneiss sam-
ple TBL-4/2 from the same quarry as TBL-4 yielded almost identical
εHf(t) values for an age of 2101 Ma (Table 5), ranging between +3.8
and +6.7 and corresponding to Hfc model ages of 2.26 to 2.41 Ga
(Fig. 19a). Therefore, these data support the interpretation advanced
above and underline the Palaeoproterozoic juvenile nature of the
leucogneiss protolith from Naruvamoodu quarry.

In addition, we analyzed 6 metamorphic zircon grains from this
sample and, as in sample KTV, we calculated the εHf(t) values for a
mean age of 2101 as determined for the igneous zircon of this sample
(Table 5). The resulting values range between 4.4 and 8.0 and corre-
spond to Hfc model ages of 2.19 to 2.36 (Fig. 19b), very similar to
those of the igneous grains (Fig. 19a). One analysis yielded an implausi-
bly high value of 16.9 (Table 5, not plotted in Fig. 19b) and is likely to re-
flect isotopic disturbance and is not further considered here. We
interpret the data for these metamorphic grains in the same manner
as for sample KTV.

Ten zircon grains from sample NGL-1 yielded well grouped εHf(t)
values for an age of 2102 Ma (Table 5), straddling the CHUR-line in
Fig. 19c and varying between −0.8 and +0.5 with a corresponding
narrow range of Hfcmodel ages of 2.58 to 2.66Ga. These data are similar
to those from leucogneiss sample KTV, suggesting a relatively homoge-
neous (igneous?) late Archaean crustal source.

Lastly, ten grainswere analyzed from sample NGL-2, the leucogneiss
derived from anatexis of khondalite in the Kottalam quarry, and yielded
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Fig. 16.Concordia diagrams showing analytical data for SHRIMP II analyses of zircon from leucogneiss samples of the TrivandrumBlock, southern India. Data boxes and sample locations as
in Fig. 15. Representative CL images are shown in Fig. 13.
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exclusively positive εHf(t) values between 0.8 and 9.9 for a zircon age of
2106Ma (Table 5, Fig. 19d). As in sample TBL-4, one analysis plots above
themantle evolution line and is likely isotopically disturbed and should
be ignored. The range of Hf-in-zirconmodel ages for the remaining data
is 2.36–2.58 Ga and suggests an early Palaeoproterozoic to late
Archaean crustal source for the host rock

8.1.2. Charnockite samples
Lu–Hf isotopic data were measured in 10 grains of sample NGB-1A

and yielded variable but positive εHf(t) values between 2.3 and 11.6 for
an age of 2078 Ma (Table 6). The strongly positive analysis of grain 1
(Table 6) is ignored for the same reason as given above for two of the
leucogneiss analyses, and the remaining values correspond to Hfc
model ages of 2.34 to 2.49 Ga (Fig. 20a), suggesting a short-lived early
Palaeoproterozoic crustal source.

Ten igneous grains from sample NGB-1Bwere also analyzed and, for
an age of 2076 Ma, provided similarly variable but positive εHf(t) values
as NGB-1A ranging from 1.4 to 5.2 (Table 6). The corresponding Hfc
model ages vary between 2.32 and 2.52 Ga (Fig. 20b). These results
are similar to those of sample NGB-1A froma nearby quarry and suggest
that these two rocks most probably had similar protoliths.

Hf-in-zircon analyses in sample NGB-2A did not providemeaningful
results because of unusually high Yb-contents in the zircons, interfering
with their 176Hf isotopic composition.

Hf isotopic analysis were performed on ten metamorphic grains of
mafic dyke sample NGB-2B (Table 6), and εHf(t) values were calculated
for an age of 542 Ma on the assumption that these grains formed at
the time of high-grade metamorphism and have nomemory of a previ-
ous magmatic history because no igneous zircon occurs in this mafic
granulite sample. This resulted in a relatively narrow array of negative
εHf(t) values between −4.5 and −2.1 (Table 6, Fig. 20c), suggesting
that these zircons reflect a crustal source. The corresponding Hfc
model ages, calculated for metamorphic zircon formation at 542 Ma,
are between 1.45 and 1.57 Ga (Fig. 20c) and imply that the zircons
crystallized from a fluid contaminated by Palaeoproterozoic crust.
Pretectonic and pre-metamorphic dyke emplacement is indicated
by field observations showing the dyke to have been deformed and
metamorphosed together with the charnockite during the Pan-African
event.

Ten zircon grains from sample NGB-3were analyzed for their Hf iso-
topic compositions and, for an age of 2065 Ma, yielded a variable array
of εHf(t) values ranging from−0.4 to+3.1 (Table 6, Fig. 20d) and corre-
sponding Hfc model ages of 2.42 to 2.60 Ga. The εHf(t) values for these
zircons are somewhat lower than those in the previous charnockites,
suggesting that some older crust was involved in the protolith genera-
tion of this rock, resulting in an isotopically heterogeneous protolith.
Nevertheless, the Hfc model ages are in the same range as discussed be-
fore, suggesting generation of the charnockite precursor from an early
Palaeoproterozoic to latest Archaean source.

Finally, Hf isotopic analysis of 10 grains from charnockite sample
TB-1 from the Kovalamquarry in the TrivandrumBlock yielded strongly
variable but positive εHf(t) values for an age of 2075 Ma, ranging
from +0.4 to +6.1 and corresponding to Hfc model ages of 2.27 to
2.57 Ga (Table 6, Fig. 20e). As in most previous charnockite samples a
short-lived crustal source is indicated, and the Hfc model ages are simi-
lar to those of charnockite sample NBG-3. In terms of age andHf isotopic
systematics, this sample is indistinguishable from those of theNagercoil
Complex.
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Fig. 17. Concordia diagrams showing analytical data for SHRIMP II analyses of zircon from four charnockites and a mafic dyke sample of the Nagercoil Block and one sample from the
Trivandrum Block, southern India. Errors as in Fig. 15. For sample locations see Fig. 2 and Table 1. Representative CL images are shown in Fig. 14.
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8.1.3. Significance of the observed Hf isotopic heterogeneity
Most of our Hf isotopic data for magmatic zircon populations of the

analyzed leucogneisses and charnockites are heterogeneous, except
for samples TBL-3 and NGL-1 (Figs. 18–20, Tables 5 and 6). We have
interpreted this as reflecting source heterogeneity, and in thiswe follow
numerous other cases where such heterogeneity was documented in
granitoid rocks (e.g., Belousova et al., 2006; Flowerdew et al., 2006;
Kemp et al., 2007; Nebel et al., 2007; Kröner et al., 2014, in press) and
was explained to reflect mixing of magmas from different sources. The
relatively small variations in Hf isotopic values in the zircon populations
of samples TBL-2 andNGL-3 probably suggests Hf-isotopic homogeniza-
tion, possibly caused by melt migration (Flowerdew et al., 2006). Tang
et al. (2014) calculated that Hf diffuses only 1 nm over 1 Ma, even
when the temperature is maintained as high as 950 °C and concluded
that the diffusive exchange of Hf between melt and zircon is negligible,
and that the release of zirconHf is solely controlled by zircon dissolution
during partial melting. Thus, maintaining source heterogeneity in mag-
matic zircon is likely, but requires equilibrium melting (Tang et al.,
2014). From this Tang et al. (2014) suggested that Hf isotopic heteroge-
neity observed in granitic rocksmay also be explained bydisequilibrium
melting as an alternative to multi-sourced magma mixing, especially
when there is lack of field evidence of such mixing. The leucogneisses
and charnockites discussed in this paper are strongly deformed and
metamorphosed, and we have no clear evidence of magma mixing.
Therefore, disequilibrium melting may be an alternative explanation
of the observed Hf isotopic heterogeneity in our samples.
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Fig. 18. Hf evolution diagrams showing εHf(t) values and approximate Hf crustal model ages for zircon from leucogneisses of the Trivandrum Block, southern India. Broken Hf evolution
lines are based on 176Lu/177Hf = 0.010. For explanation see text.
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8.2. Sm–Nd whole-rock isotopic data

The Sm–Nd isotopic data are listed in Table 7 and theNd isotope evo-
lution of the samples is shown in Fig. 21. As has been documented for
other high-grade rocks from southern India and Sri Lanka, the Sm–Nd
system may have been strongly modified during metamorphism and
charnockitization of granitoid gneisses so that their Sm/Nd often show
non-magmatic and very low Sm/Nd ratios (e.g., Burton and O'Nions,
1990; Milisenda et al., 1991; Harris et al., 1994; Warrier et al., 1995;
Tomson et al., 2013). The calculation of reliable initial Nd isotopic
compositions for a magmatic age of ca. 2 Ga is further hampered by
the fact that the Sm–Nd system was probably modified much later as
a result of high-grade metamorphism and charnockitization during
the Pan African orogeny from ca. 600 to 500 Ma as has been suggested
in previous studies (e.g., Burton and O'Nions, 1990; Choudhary et al.,
1992; Harris et al., 1994; Milisenda et al., 1994). We therefore screened
the data of this study to identify sampleswith Sm/Nd ratios unlike those
in felsic magmatic rocks. For samples with apparently magmatic Sm/Nd
ratioswe calculated single-stage isotope evolutions but cannot preclude
minor modification of their Sm/Nd ratios. For samples with apparently
modified very low and high Sm/Nd ratios, considered to be related
to Pan-African metamorphism, we calculated a two-stage isotope
evolution in order to obtain some constraints on their sources (see
model calculations in footnote of Table 7).
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Fig. 19.Hf evolution diagrams showing εHf(t) values and approximate Hf crustalmodel ages for zircon from leucogneisses of the TrivandrumBlock, southern India. Explanation as in Fig. 18.

29A. Kröner et al. / Gondwana Research 27 (2015) 1–37
The leucogneiss, charnockite, and anatectic khondalite sampleswith
147Sm/144Nd ratios of ca. 0.10 to 0.12 are typical of those in felsic mag-
matic rocks and sediments derived thereof (Taylor and McLennan,
1985) and yielded initial εNd values of −2 to −9 that suggest melting
of crustal sources comprising material with crustal residence times of
2.5 to 3 Ga (depleted mantle model of De Paolo, 1981; Table 7,
Fig. 21). Samples with presumably modified Sm/Nd ratios for which a
two-stage isotope evolution was calculated produce a similar range
but are considered less reliable. Some charnockite samples showunusu-
ally low 147Sm/144Nd ratios of around 0.06, indicating that the process of
charnockitization with breakdown of hydrous phases in some samples
led to a strong decrease of the Sm/Nd ratio. Detailed studies of thin
rock slabs from the transition zone of incipient charnockitization of
granite gneisses in Sri Lanka have shown possible consequences for
the trace element budgets of charnockite (Burton and O'Nions, 1990;
Milisenda et al., 1991). These authors, for example, document a distinct
decrease of the 147Sm/144Nd ratio in charnockite as low as 0.06, and
Burton and O'Nions (1990) explained this by breakdown of hornblende
hosting the middle and HREE and their removal by small melt incre-
ments. However, as Milisenda et al. (1991) noted, “chemical changes
associated with charnockite formation are different at different
occurrences”, and this is confirmed by two of our massive charnockite
samples showing typical magmatic 147Sm/144Nd of ca. 0.11 for reasons
beyond the scope of this study (Table 7).

The samples treated here as leucogneiss comprise mostly augen-
gneiss and migmatitic varieties with magmatic Sm/Nd ratios, contrast-
ing many of the charnockite data. We suggest that their initial Nd
isotopic ratios derived from whole-rock powders may provide reliable
information on the composition of the Palaeoproterozoic basement.
The leucogneiss samples, except for sample TBL-4 that compositionally
resembles charnockite or a retrograde variety, show initial εNd values
of −2.1 to −8.6, corresponding to Nd depleted mantle model ages of
2.6 to 3.0 Ga. The large range in isotopic data and peraluminous compo-
sition of these samples suggests a variable and in some cases a high pro-
portion of reworked Archaean material. The overall agreement of the
initial εNd values with εHf-in-zircon supports the significance of the Nd
isotopic data, yet there evidence in the Hf isotopes for involvement of
juvenile material as well. The compositionally unusual granite–gneiss
sample TBL-4 yielded two-stage εNd(t) values of +1.6 and 2.2 Ga, and
these valuesmust be consideredunreliable as they are based on simplis-
tic and hard to verify model parameters.

Two of our massive charnockite samples (NGB-1A and TB-1) with
typical magmatic Sm/Nd ratios (Table 7) have initial εNd values
of −2.9 and −2.0 and depleted mantle Nd model ages (De Paolo,
1981) of ca. 2.5–2.6 Ga. The negative εNd(t) values suggest a substantial
amount of older recycled crust in the protolith and contrast the positive
εHf(t) values from zircon in these two samples (see Section 7.1.2 and
Fig. 20a and e), suggesting distinctly juvenile sources. Hf-in-zircon
crustal model ages of 2.3 to 2.5 Ga (NGB-1) and 2.3 to 2.5 Ga (TB-1)
overlap with the whole-rock Nd model ages of 2.5 to 2.6 Ga and also
those of three samples with magmatic Sm/Nd from the Nagercoil
Complex reported in Tomson et al. (2013). The model ages derived
from the Lu–Hf and Sm–Nd isotopic systems both suggest melting of
crustal sources with short residence times. However, it is not clear
why the whole-rock Sm–Nd system produced negative initial εNd
values for our samples and those reported in Tomson et al. (2013; as-
suming an age of 2.1 Ga for their samples), whereas the εHf(t) indicates
contrasting juvenile sources. Consistent negative εHf(t) (−2 to −4.4)
and εNd(t) (−13), albeit at different magnitudes, are shown for the
mafic dyke sample (Fig. 21, Tables 6, 7). It would appear that there is
an offset in the εHf(t)-in-zircon to more positive values than εNd(t) for
whole-rock data. To what extent this difference is due to decoupling
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Fig. 20.Hf evolution diagrams showing εHf(t) values and approximateHf crustalmodel ages for zircos from four charnockites and amafic dyke of theNagercoil Block and one sample of the
Trivandrum Block, southern India. Explanation as in Fig. 18.
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of the Lu–Hf and Sm–Nd isotopic systems or simply alteration of the
Sm–Nd system in the whole-rock needs to be clarified.

9. Implications for the interpretation of the high-grade terrain of
southern India

The results reported in this study convincingly demonstrate that the
so-called khondalite–leptynite belt of the Trivandrum Block is primarily
composed of Palaeoproterozoic rocks, at least someofwhich arederived
from late Archaean sources. The predominant “leptynites” are
interpreted as part of a granitoid suite of somewhat variable composi-
tion, including typical granite–gneisses and augen-gneisses, as already
recognized by Braun et al. (1996). These rocks intrude the khondalite–
calc-silicate metasedimentary assemblage, as do the charnockites of
the Nagercoil Block. This implies that the metasediments are older
than about 2100 Ma. This, however, requires further testing by detailed
zirconmorphology study and geochronology. Our results are consistent
with the data of Kröner et al. (2012) for two granitoid samples of the
northern Trivandrum Block, namely a charnockitic gneiss from the
Eripara quarry north of Trivandrum and an augen-gneiss from near
Punalur town at the southern margin of the Achankovil shear zone.
Theunpublished zircon agedata of Rimša et al. (2007) are also compatible
with our results and confirm the igneous nature and Palaeoproterozoic
ages of the leucogneisses.

The Trivandrum and Nagercoil Blocks contain similar rocks
assemblages, although in different proportions, with the NB
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Fig. 21. Nd isotope evolution diagrams showing εNd(t) values and approximate Ndmodel ages for leucogneisses (a) and charnockites (b) of this study from the Trivandrum and Nagercoil
Blocks. Solid circles denote samples with apparently magmatic Sm/Nd ratios; grey circles, denote altered Sm/Nd ratios. Open circles denote Nagercoil charnockite samples from Tomson
et al. (2013) with apparently magmatic Sm/Nd ratios.
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predominantly exposing massive charnockites. These rocks have
similar Palaeoproterozoic protolith ages and experienced the same
structural and metamorphic evolution during the Pan-African high-
grade event (Clark et al., 2013). Thus, these two Blocks constitute a
Palaeoproterozoic to Neoproterozoic tectono-metamorphic terrane that
is distinct from the adjacent Madurai Block to the north and composed
of rocks of different composition, ages and metamorphic evolution
(Brandt et al., 2014). The granitoids of the TB and NB dated in this study
are predominantly derived from reworking of an early Palaeoproterozoic
to late Archaean crustal source as shown by our Hf-in-zircon and Nd iso-
topic data. This source is remarkably similar, in Hfc and Ndmodel ages, to
the 2.46–2.53 Ga emplacement ages for granitoid plutons in theWestern
Madurai Block (Brandt et al., 2014), andwe cannot exclude the possibility
that the lower crust in the Trivandrum Block consists of similar rocks as
now exposed in the western Madurai Block.

Rajesh et al. (2013) assumed a Neoproterozoic age for the so-called
Kerala khondalite–leptynite belt in the TB and, following previous
authors, interpreted all rocks to be of sedimentary origin. In contrast,
they considered the Nagercoil charnockites to be derived from
Palaeoproterozoic precursors. On this assumption they proposed a tec-
tonic model for the southernmost part of India whereby the TB gneisses
were seen as a Pan-African accretionary wedge, subducted beneath a
continental arc represented by the NB (Rajesh et al., 2013, their Fig. 11).
Our re-interpretation of the leucogneisses as Palaeoproterozoic granitoid
rocks intruding the metapelitic assemblage make the above interpreta-
tion unlikely, the more so since the leucogneiss and charnockite precur-
sors were emplaced during an extended period between ca. 1765 and
2100 Ma. We consider it more likely that the khondalite–calc silicate-
marble association, together with similar sediments in the Highland
Complex of Sri Lanka, constituted part of an extensive shallow-water
sedimentary assemblage as further discussed below.

We refrain from suggesting a Palaeoproterozoic tectonic scenario in
which the leucogneiss and charnockite precursorsmay have formed be-
cause all original field relationshipswere obliterated during Pan-African
ductile deformation. Furthermore, high-grade metamorphism leading
to migmatization, partial anatexis and fluid-induced in-situ or massive
charnockite formation has led to element mobility due to extensive
fluid infiltration. The original chemical signatures of the rock types
dated in this study were modified during these processes (see
Section 3), and we therefore consider these data unsuitable to recon-
struct tectonic settings.

Our zircon ages and often disturbed Sm–Nd isotopic systematics un-
derline the severity of the high-grade Pan-African metamorphic event
in the TB and NB as previously recognized by many authors. We inter-
pret the widespread pattern of discordant data forming discordia lines
with Palaeoproterozoic and latest Neoproterozoic Concordia intercepts
in our data and those presented by Clark et al. (2013) as reflecting
recrystallization and/or Pb-loss of Palaeoproterozoic magmatic grains
in a melt-rich metamorphic environment.
10. Correlations with the Highland Complex of Sri Lanka and other
Gondwana terranes

Correlations of the high-grade rocks of southernmost India with
those in Sri Lanka were considered unlikely by Kröner and Brown
(2005) in view of the apparent lack of Palaeoproterozoic rock units in
the former. However, Braun and Kriegsman (2003) listed several
features that are surprisingly similar in rocks of the TB, NB and theHigh-
land Complex (HC) of Sri Lanka. These include (1) stable isotope (O and
C) compositions, suggesting shallow-water deposition of the TB
khondalite–calc silicate-marble suite and the HC metapelite–marble–
quartzite assemblage; (2) HT to UHT metamorphic conditions in both
units during the Pan-African event; (3) whole-rock Nd model ages
between 2 and 3 Ga in both terranes.

Recognition of Palaeoproterozoic formation ages for the southern
Indian khondalite–leucogneiss suite and charnockite precursors makes
these rocks time-equivalent to almost identical rocks in the HC
(Kröner et al., 1987; Baur et al., 1991; Kröner and Williams, 1993;
Hölzl et al., 1994), and it is likely that the TB, NB andHC evolved as a sin-
gle crustal unit since the Palaeoproterozoic. The widespread occurrence
of thick quartzite und marble sequences within the HC (Kröner et al.,
1991) suggests that this region was closer to a continental margin in
the early Palaeoproterozoic than southern India where metapelitic
rocks are predominant. In view of tectonic boundaries and significantly
different ages between the various crustal terranes in Sri Lanka we do
not speculate on further correlations with India at this stage.

Juxtaposition of the Southern Granulite Terrain of India with the
crystalline basement of southern Madagascar has been inferred from
the predominance of metasedimentary lithologies in both units, the oc-
currence of cordierite gneiss, the distribution of Palaeoproterozoic and
Neoproterozoic ages, and similarities in their P-T evolution (Braun and
Kriegsman, 2003; Tucker et al., 2011, 2014). Our new ages support
such correlations and suggest that at least the Trivandrum–Nagercoil
terrane seems to have its continuation in the Anosyen–Androyan
domain of southern Madagascar (see Fig. 10 of Tucker et al., 2011).
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11. Speculations on possible India–North China correlations in the
Palaeoproterozoic

The khondalite–leucogneiss assemblage of southernmost India is
remarkably similar in lithology to rocks in the so-called khondalite
belt of the North China Craton (NCC). The upper amphibolite- to
granulite-facies khondalite–leptynite assemblage in the northern NCC,
including minor marble and metabasic igneous rocks, was most likely
deposited at around 2.1 Ga ago as indicated by detrital zircon dating
(Wan et al., 2006), and whole-rock Nd model ages are between 2.5
and 2.8 Ga (Wan et al., 2000). This belt also contains garnet-bearing
leucogneisses and granites, locally referred to as leptynites, which are
interpreted as products of anatexis of the associated metasedimentary
rocks.

However, a major age difference between the Chinese and Indian
khondalite–leucogneiss suites is that the Chinese belt experienced its
high-grade metamorphism between 1.85 and 1.92 Ga ago (Santosh
et al., 2006c; Wan et al., 2006; Santosh et al., 2007; Wan et al., 2013),
whereas the Indian belt was metamorphosed around 540 Ma ago. If
the speculative juxtaposition of the NCC with the Indian shield in the
Palaeoproterozoic as proposed by Zhao et al. (2011) in their Columbia
supercontinent configuration is correct, we suggest the possibility that
the North China khondalite belt may have had its continuation in the
khondalite–leucogneiss belt of the Trivandrum Block rather than in
the Central Indian Tectonic Zone. Santosh (2012) also speculated on
the possibility that the North China khondalite belt with its
Palaeoproterozoic UHT metamorphism may link up with the Eastern
Ghats belt of India where Palaeoproterozoic UHT metamorphism has
also been identified. These various opinions require further studies,
and our results may link southernmost India to the Columbia supercon-
tinent hypothesis.

12. Conclusions

1. Magmatic zircons from granitoid gneisses and charnockites of the
Trivandrum and Nagercoil Blocks in the granulite terrane of southern-
most India yielded well-defined protolith emplacement ages between
1765 and 2100Ma and also document variable recrystallization and/or
lead-loss during the late Neoproterozoic Pan-African event at around
540 Ma. Hf-in-zircon isotopic data suggest that the granitoid host
rocks were derived from mixed crustal sources, and Hf crustal model
ages vary between 2.3 and 2.6 Ga. The abundance of magmatic zircon
in the charnockites as well as the Hf–Nd isotopic systematics suggests
a felsic crustal source rather than a mafic source as was previously
suggested.

2. A mafic granulite, collected from a gabbroic dyke emplaced into the
charnockite protolith in the Kotaram quarry and deformed together
with it, only contained metamorphic zircon whose mean age of
542.3 ± 4.0 Ma is interpreted to reflect the peak of granulite–facies
metamorphism in the Nagercoil Block.

3. The Sm–Ndwhole-rock isotopic system of several granitoid samples
dated in this study was significantly disturbed during granulite–
faciesmetamorphism,most likely due to a CO2-richfluid phase,mak-
ing it necessary to calculate two-stage Nd model ages. Consistently,
the initial εNd(t) values in the charnockite samples are considerably
lower than those of zircon-derived εHf(t) values, supporting the
assumption of some degree of isotopic decoupling of the Lu–Hf and
Sm–Nd isotopic systems.

4. The Trivandrum and Nagercoil Blocks constitute a tectono-
metamorphic terrane predominantly consisting of Palaeoproterozoic
granitoid plutons that include enclaves of supracrustal rocks that
must be older than ca. 2100Ma. Ductile deformation, migmatization
and anatexis have concealed the original rock relationships.

5. The Trivandrum and Nagercoil Blocks may have their counterpart in
the Highland Complex of neighbouring Sri Lanka and the high-grade
Palaeoproterozoic terrane of southern Madagascar.
6. Similarities in the Palaeoproterozoic khondalite assemblages of
southernmost India and the North China Craton suggest the possibil-
ity that these two sequences may have been connected within the
supercontinent Columbia.

Finally, we emphasize that thiswas a reconnaissance study, based on
a few samples from selected quarries in the TB and NB. Many more
quarries remain unexplored and may reveal important relationships
that will better elucidate the tectonic evolution of the southern Indian
high-grade terrain. Our work exemplifies the need for a multi-
disciplinary approach in understanding the complex evolution of
lower crustal rocks such as those in southern India. In particular we
see the need for detailed structural mapping of rock relationships in
superbly exposed quarries, combined with mineral dating and other
laboratory work and comparisons with other well-exposed high-grade
terranes such as West Greenland and Sri Lanka (Passchier et al., 1990).
Several important problems addressed in our study require further
work such as the process of zircon recrystallization during high-grade
metamorphism, the behaviour of the Lu–Hf isotopic system during
metamorphic zircon crystallization and unexplained differences in the
Hf–Nd isotopic systems, leading to contrasting petrogenetic interpreta-
tions. Furthermore, we were unable to assess the proportion of
leucogneiss material in the TB derived from anatexis of the khondalite
suite and/or and older granitoid basement. All these uncertainties pre-
clude proposition of a viable tectonic model for the Palaeoproterozoic
evolution of the crust in southernmost India.
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Appendix A. Sample preparation and analytical procedures

A.1. Sample preparation and geochemistry

Heavy minerals were separated from whole-rock samples in the
Beijing SHRIMP Centre by standard procedures using a jaw crusher,
disc mill, panning, and a Franz magnetic separator. Zircons were then
hand-picked andmounted in epoxy resin for SHRIMP II analysis togeth-
er with chips of the standard M257 (Nasdala et al., 2008). Hf-in-zircon
analyses were performed on the same mount, whereas Ti-in-zircon
measurements were done on a separate mount.

Whole-rock chemical analyses were conducted at the National
Research Center of Geoanalysis, Chinese Academy of Geological
Sciences, Beijing. Major and trace elements were determined by XRF
and ICP-MS respectively. Uncertainties depend upon the concentration
in the sample, but generally for XRF and ICP-MS are estimated at ca.
3–5% and ca. 3–8%, respectively.

A.2. Cathodoluminescence images and SHRIMP II procedure

The mount was ground down and polished so that the zircon
cores were exposed, and zircons were photographed under
cathodoluminescence (CL) to enable easy and best location on the
mount during SHRIMP analyses. The mount was then cleaned and
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gold-coated, and CL imaging was performed on a 305 Hitachi SEM
S-3000N equipped with a Gatan ChromaCL detector and a DigiSan II
data306 recorder in the Beijing SHRIMP Centre. Operating conditions
were 9 kV, 99 μA.

Isotopic analyses were performed on the Beijing SHRIMP II instru-
ment whose instrumental characteristics are identical to that installed
in Perth and described by De Laeter and Kennedy (1998). The analytical
procedures are outlined in Compston et al. (1992), Claoué-Long et al.
(1995), Nelson (1997) and Williams (1998). Prior to each analysis, the
surface of the analysis site was cleaned by rastering of the primary
beam for 2.5 min to reduce or eliminate surface common Pb. The
reduced 206Pb/238U ratios were normalized to 0.09101, which is equiv-
alent to the adopted age of 561.3 Ma for M257 (Nasdala et al., 2008).
Pb/U ratios in the unknown samples were corrected using the
ln(Pb/U)/ln(UO/U) relationship as measured in standard M257 and as
outlined in Compston et al. (1984) and Nelson (1997). The 1σ error in
the ratio 206Pb/238U during analysis of all standard zircons during this
studywas between 1.1 and 1.19%. Primary beam intensity was between
3.6 and 5 nA, and a Köhler aperture of 100 μmdiameterwas used, giving
a slightly elliptical spot size of about 30 μm. Peak resolution was about
5000, enabling clear separation of the 208Pb-peak from the HfO peak.
Analyses of samples and standards were alternated to allow assessment
of Pb+/U+ discrimination.

Raw data reduction and error assessment followed the method
described by Nelson (1997). Common Pb corrections have been applied
using the 204Pb-correction method and assuming the isotopic composi-
tion of Broken Hill, because common Pb is thought to be surface-related
(Kinny, 1986). The analytical data are presented in Tables 3 and 4.
Errors given on individual analyses are based on counting statistics
and are at the 1σ level and include the uncertainty of the standard
added in quadrature. Errors for pooled analyses are at 2σ. The ages
and errors of intercepts of the best-fit linewith concordiawere calculated
using the Isoplot program (Ludwig, 2003). MSWD-values are given in the
text and on the concordia diagrams.

A.3. Hf-in-zircon isotopic analysis

Zircon spots previously analyzed on SHRIMP II were selected for Hf
isotopic analyses on a Nu Plasma HR MC-ICP-MS (Nu Instruments,
UK), coupled to a 193 nm excimer laser ablation system (RESOlution
M-50, Resonetics LLC, USA), installed in the Department of Earth
Sciences, The University of Hong Kong. The instrumental settings are
detailed in Xia et al. (2011), and the analytical procedure is summarized
in Kröner et al. (2012). A beam diameter of 55mm and a repetition rate
of 6 Hz were use for the analyses. External corrections were applied to
all unknowns, and standard zircons 91500 and GJ were employed as
external standards and were analyzed twice before and after every 10
analyses. The measured 176Lu/177Hf ratios and a 176Lu decay constant
of 1.865 x 10−11a−1 as reported by Scherer et al. (2001) were used to
calculate initial 176Hf/177Hf ratios. Calculation of εHf values is based on
the chondritic values of 176Hf/177Hf and 176Lu/177Hf as reported by
Blichert-Toft and Albarède (1997). We calculated ‘crustal’ model ages
tc, (Tables 5 and 6), which assume that the parental magma of the
zircons was produced from an average continental crust (176Lu/177Hf =
0.010, for explanation see Kröner et al., 2013) but was ultimately derived
from the depleted mantle. The depleted mantle line in Figs. 18–20 is de-
fined by present-day 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384
(Griffin et al., 2004).

A.4. Sm–Nd whole-rock isotopic analyses

The sample powders were digested in a mixture of 2ml concentrated
HF and ∼100 μl HClO4 over 5 days at ∼130 °C. The detailed chemical and
analytical procedures of the Munich isotope laboratory are reported in
Hegner et al. (2010). Isotopic measurements were carried out in static
data collectionmode on a TRITON thermal ionizationmass spectrometer.
143Nd/144Nd are normalized to 146Nd/144Nd = 0.7219 (exponential
fractionation law), and the JNdi-1 reference material yielded 143Nd/
144Nd = 0.512103 ± 3 (2SD, N = 8) during the course of this study
and 0.512102 ± 4 with the sample turret. The error of the 147Sm/144Nd
ratios is ~0.15% (2SD). The analytical data are presented in Table 7.
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