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Welcome to the Granulites and Granulites 2013 fieldtrip
to the Kerala Khondalite Belt (KKB) the rocks that form
the southern tip of Peninsular India. The KKB is a key
location in the story of an amalgamating Gondwana and
exhibits some of the most outstanding field examples of
the progressive development of charnockites from the
alteration of sediments in the Trivandrum area to fullblown charnockite massifs in the Nagercoil Block to the
south. On this trip we will visit localities that highlight
the range of all of rock types that form the tip of India.
We will kick off the trip with a visit to what could be
considered the type area of the khondalites (aluminous
metapelites) that give their name to this belt and form
the bulk of the outcrop in the Trivandrum Block. We
will follow this up with a stop to look at a volumetrically
small but potentially geochemically important calcsilicate body that has previously been suggested to provide
the CO2 that drives the formation of in situ charnockites. Our third stop visits the second main sedimentary
protolith, the leptynites, these rocks are less aluminous
and tend not to contain sillimanite and cordierite and
are dominated by garnet-biotite-perthite assemblages.
At this locality we will begin to see the first development
of the characteristic greasy-green “incipient charnockites”. The final stop of the first day will be a visit to what
is probably the best-known outcrop in the KKB – the
incipient charnockites at the Kottavattom Quarry. This
locality has been the focus of a number of geochemical,
petrological and isotopic studies that have created the
“charnockite controversy”. At this locality we hope to
continue this debate by providing some additional data
that we can discuss in the context of the source of the fluids - be they melts or CO2 rich, derived from the mantle
or crystallising granites – that are involved in the progressive change from leptynite to charnockite in what
can be seen as unambiguously structurally controlled
regime.
On the second day, after and early morning visit to one
of the most famous Ganesh temples in India, we enter
the northern boundary zone to the KKB, the Achankovil
zone. This structure is defined primarily by its geophysical character but as we will see the rocks contained in
this zone are significantly different to the rocks of the
Trivandrum Block. The two outcrops we visit today contain spectacular examples of cordierite-rich gneisses that
have been highly deformed and have interesting field relationships with charnockites and other intrusives. The
new geochronological and petrological data for these
outcrops suggest that they have strong affinities with the
rocks of the southern Madurai Block to the north. It has
also been suggested that the rocks of this zone record
the suturing of the Madurai Block to the Trivandrum
Block during the final amalgamation of Gondwana. After these locations we will return to spend the evening in
Trivandrum stopping on the way to visit an example of a
massive charnockite at Erripara, where recent geochronological and Hf isotopic data will give us an interesting

insight into the crustal evolution of these rocks and how
they link to the surrounding Gondwanan terranes.
Day 3 sees us heading south towards the Nagercoil
Block. En-route we will stop at a quarry just to the south
of Trivandrum where there is an interesting relationship
between a suite of mafic rocks and the massive charnockites, these mafics are suggested have formed in a supra-subduction environment, lending support to the notion that there is a Gondwanan suture in the area. After
a bit of a drive south we will enter the Nagercoil Block,
a region dominated by massive charnockites. The first
location is a quarry on the main highway heading south
where a massive charnockite contains a large enclave of
a foliated calcsilicate and is cross-cut by garnet bearing
leucogranites. The protolith ages to this and the other
charnockites have yielded somewhat surprising ages and
their relationship to the rest of India can be discussed at
some length during the visits to these outcrops. The final location on day three takes us to another charnockite
locality, this one has an interesting relationship with a
large alumionous metapelitic raft. After this we head to
the town of Kanyakumari where people can take a walk
down to the southernmost tip of India otherwise known
as the “Gondwana Junction”.
The final day of the field trip sees us visit one final charnockite locality where the massive charnockites are cross
cut by a number of different generations of garnet-bearing leucogranites all of which are dissected by a knife
straight basaltic dyke that is related to the destruction of
Gondwana, a fitting point to end the geological aspect
of the trip. We will then head back along the coast to
Kovalam Beach, a great place for a relaxing afternoon
frolicking in the waves and eating some high-quality locally caught seafood before people head off back to their
homes from the nearby Trivandrum airport.
We hope you enjoy the field trip!
Chris Clark (Curtin)
M. Santosh (CUG)
Rich Taylor (Curtin)
Ian Fitzsimons (Curtin)
V. Nandakumar (CESS)
E. Shaji (University of Kerala)

Part 1 - Introduction to the geology of the et al., 2006). In these reconstructions, southern India and adjacent regions of Madagascar, Sri Lanka
Southern Granulite Terrane, India
1. Geological overview of the Southern Granulite
Terrane
The Neoproterozoic era was a tectonically dynamic time as the supercontinent Rodinia broke apart
and its successor, Gondwana, began to amalgamate
(Boger and Miller, 2004; Collins and Pisarevsky,
2005; Meert, 2003). The Neoproterozoic was also
a world of extreme climatic variation (Hoffman et
al., 1998), where life proliferated and diversified
(Grey et al., 2003; Knauth and Kennedy, 2009),
and of variable oceanic chemistry (Melezhik et al.,
2001). To understand the causes of these phenomena, an accurate knowledge of the distribution and
interactions of continents is needed (Halverson et
al., 2010). For example, global climate models are
sensitive to the latitudinal distribution of the continents (e.g. Donnadieu et al., 2003); an appreciation of evolving continental-scale palaeogeography is necessary to understand the distribution of
the palaeoenvironments that housed, and isolated,
early life (e.g. Meert and Lieberman, 2004); and,
knowledge of the timing and location of continental collisions is needed to address the impact on
ocean-water chemistry of orogenesis. In addition to
being essential in unravelling palaeogeography and
its role on the Earth system, the Gondwana-forming orogens form one of the most extensive orogenic systems on the planet (Kröner, 1984; Trompette,
1997). Vast parts of the Gondwana continents consist of rocks highly metamorphosed during these
orogenies. The extent and preserved metamorphic
facies suggest that these collisional zones formed
the largest interlinked mountain belt of the last billion years. Their preservation today gives us invaluable windows into the deep crust of a supergiant
orogen (sensu Beaumont et al., 2006).
The Ediacaran (~635-541 Ma, Gradstein et al., 2012)
to Cambrian assembly of Gondwana occurred by
the collision and amalgamation of numerous continental blocks along a number of disparate orogenic
belts (see Collins and Pisarevsky, 2005; Pisarevsky
et al., 2008). In recent Neoproterozoic palaeogeographic reconstructions, India did not amalgamate
with the other Gondwanan continents until latest
Neoproterozoic or Cambrian times (Boger and
Miller, 2004; Collins and Pisarevsky, 2005; Meert,
2003; Pisarevsky et al., 2008; Powell and Pisarevsky,
2002; Scotese, 2009; Torsvik et al., 2001; Trindade
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and Antarctica are located at the meeting point of
a number of separate orogenic belts that formed
as the India, Australia, Azania, Kalahari and Antarctica terranes collided to form Gondwana.
Southern India has been divided into a series of tectonic units with distinct protolith origins and tectonothermal histories. From north to south these
are: the Salem Block (sometimes called the Northern Granulite Terrane); the Palghat-Cauvery shear
system (PCSS); the Madurai Block; the Trivandrum
Block (also known as the Kerala Khondalite Belt);
and the Nagercoil Block (Fig. 1) (e.g. Santosh et
al., 2009a). The aim of this review is to assess the
known structural, thermobarometric and geochronological data currently available for these
tectonic units and place it within a tectonic and
palaeogeographic framework. 		
2. Tectonic Units of Southern India
2.1 Salem Block

The Salem Block (Fig. 1) is dominated by orthogneisses and their charnockitic equivalents,
with some minor mafic granulite and high-grade
metasedimentary rocks. Large charnockitic massifs
dominate the north of the Salem Block, these generally occupy elevated terrains. At lower elevations,
they are surrounded by granitic orthogneisses and
paragneisses that have experienced amphibolite to
granulite grade metamorphism (Anderson et al.,
2012; Clark et al., 2009b; Ghosh et al., 2004; Janardhan et al., 1982; Sato et al., 2011a). It is probable that
these northern granulites are the metamorphosed
equivalent of the Dharwar Craton as the boundary
between the two is progressive with no distinct lithological or tectonic contact (Fermor, 1936; Harlov,
2007; Janardhan et al., 1982; Mojzsis et al., 2003).
These observations are consistent with isotopic studies of the Salem Block protoliths that show
Mesoarchaean to Neoarchaean rocks stretching as
far south as the PCSS (Bartlett et al., 1998; Bhaskar
Rao et al., 2003; Friend and Nutman, 1992; Ghosh
et al., 2004). Neodymium model age data from
charnockites north of Salem yield TDM ages ranging
from 3.5-3.2 Ga (Fig. 2) (Tomson et al., in press).
Whereas TDM ages extending as young as ~2.5 Ga
have been obtained from rocks in the Nilgiri Hills
and in the southern part of the Salem Block (Bartlett et al., 1998; Tomson et al., in press; Tomson et

Figure 1: Map of southern India modified from Geological Survey of India (1994) and Plavsa et al. (submitted). NMB =
Northern Madurai Block, SMB = Southern Madurai Block, PCSS = Palghat Cauvery Shear System, SZ = shear zone, NH =
Nilgiri Hills, SH = Shevaroy Hills

al., 2006), between the towns of Salem and Namakkal. These stretch back to older ages than have been
obtained from south of the PCSS (Figs. 1 & 2). Cryogenian alkali plutons cut the northeast Madurai
Block and have been dated by Rb-Sr whole rock
isochrons at ~755 Ma (Miyazaki et al., 2000), the
low MSWD of the isochrons suggests that the Rb-Sr
system has remained closed since intrusion (Fig. 2).
The Salem Block was metamorphosed to granulite-facies in the latest Archaean to earliest Proterozoic (Fig. 2) (Anderson et al., 2012; Clark et al.,
2009b; Peucat et al., 1993; Sato et al., 2011a) and
was subsequently deformed along discrete km-scale
shear zones e.g. the Salem-Attur shear zone (Chetty,
1996; Chetty and Bhaskar Rao, 1998). Anderson et
al. (2012) reported some of the oldest high pressure
metamorphic conditions from the Salem Block, of
14–16 kbar and ~820–860 °C at ~2490 Ma at Kanjamalai, near Salem (Fig. 1). The Sittampundi layered
ultramafic complex (Subramaniam, 1956) lies with-

in the southern Salem Block and dates back to the
Mesoarchaean. It also experienced the ~2.5 Ga metamorphism (Bhaskar Rao et al., 1996), comparable
with that of Kanjamalai (Anderson et al., 2012),
and contains extremely rare omphacite inclusions
in garnet that have been ascribed to extreme metamorphic conditions of ~20 kbar and 1020˚C (Sajeev et al., 2009). The Nilgiri Hills (Fig. 1), in the
west, preserve a palaeopressure gradient from ~6-7
kbar in the central Nilgiri Hills to pressures up to 10
kbars in the north and along the Moyar shear zone
(Fig. 1)(Eckert and Newton, 1993; Raith et al., 1990).
Further south still, near Namakkal (Fig. 1) midway
between Salem and Karur, Neoarchaean mafic/ultramafic complexes (Yellappa et al., 2012) have yielded Sm-Nd mineral ages of ~880 Ma (Bhutani et al.,
2007) and ~730 Ma (Bhaskar Rao et al., 1996) suggesting that there was relatively high pressure (<14
kbar) metamorphism during the early Neoproterozoic. Additionally this area experienced high-grade
metamorphism in the Ediacaran-Cambrian (Fig. 2)
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(Bhutani et al., 2007; Ghosh et al., 2004), but the ex- lapsed marginal basin (Drury and Holt, 1980) and
(5) a zone of Palaeoproterozoic and Neoproterozoic
tent and P-T evolution is poorly constrained.
re-working of Archaean crust (Bhaskar Rao et al.,
1996; Chetty et al., 2003; Ghosh et al., 2004; Har2.2. Palghat-Cauvery Shear Zone System
ris et al., 1994; Santosh and Collins, 2003; Tomson
The PCSS is an ~70 km by 400 km E-W zone char- et al., 2006). This notion that the PCSS represents
acterised by an anastomosing network of mainly the Archaean-Proterozoic or Archaean-Neoprotedextral shear zones, typically 1-10km wide, lo- rozoic terrane boundary has been contested, based
cated on the southern margin of the Salem Block on U-Pb zircon age data and Sm-Nd model ages
(Fig. 1)(Chetty et al., 2003; Tomson et al., 2006). for charnockitic and migmatitic gneisses (Bhaskar
Deformation within the PCSS is well characterised Rao et al., 2003; Ghosh et al., 2004). These studies
as a constrictional transpressive flower structure suggest that the Archaean crust extends south of
(Chetty and Bhaskar Rao, 2006). The lithologies the PCSS, up to the Karur-Kamban-Painavu-Triwithin the PCSS consist of deformed Neoarchaean chur (KKPT) lineament (Figs. 1 & 2)(Ghosh et al.,
rocks; variably retrograded charnockitic gneisses 2004). However, the PCSS separates crustal blocks
associated with biotite, hornblende-bearing mig- with different tectonic histories (Plavsa et al., 2012;
matitic gneisses (known as the Bhavani gneisses) Plavsa et al., submitted; Teale et al., 2011; Tomson
intercalated with supracrustal rocks that include, et al., in press), is highly deformed and geophysimetapelites, calc-silicate marbles and quartzites cal studies have demonstrated that it is a crustal
(Chetty, 1996). A Neoproterozoic ultramafic/mafic scale feature and offsets the Moho (Naganjaneyulu
body within the PCSS at Manumedu (close to the and Santosh, 2010; Reddy et al., 2003).
Cauvery River) contains gabbros and plagiogranites
(Yellappa et al., 2010) that have been U-Pb zircon A degree of uncertainty surrounds the exact age
dated at ~780 Ma (Santosh et al., 2012, note that of the PCSS. Many workers have interpreted it as
the ~817 Ma age in Sato et al. 2011 is reversely dis- Palaeoproterozoic, based on whole-rock Rb-Sr and
cordant, when the 207Pb/206Pb age is considered, it Sm-Nd ages (e.g. Bhaskar Rao et al., 2003). Others
is identical to the age in Santosh et al. 2012; Sato have pointed out that any suture is more likely to be
et al., 2011b). This has been interpreted as a Cryo- Neoproterozoic (e.g. Clark et al., 2009a; Collins et
genian supra-subduction zone oceanic crust associ- al., 2007a; Meißner et al., 2002; Santosh et al., 2009a;
ated with consumption of the Mozambique Ocean Santosh et al., 2012). U-Pb zircon, monazite and
(Santosh et al., 2009a; Santosh et al., 2012; Sato et EPMA monazite data indicate that the PCSS unal., 2011b; Yellappa et al., 2010). Metasedimentary derwent an episode of high-grade metamorphism
rocks within the PCSS yield whole rock Nd data and at ~530 Ma (Fig. 3) (Collins et al., 2007a; Raith et
U-Pb detrital zircon spectra suggesting that they al., 2010; Santosh et al., 2012). In addition to this
were deposited during or after the Palaeoproterozo- study, Clark et al. (2009a) describe an initial proic (Meißner et al., 2002; Raith et al., 2010).
grade evolution, which was followed by a period
of cooling ~535 Ma and zircon growth followed by
A number of previous studies have found signifi- an episode of heating and decompression at ~525
cant differences in the structural style, lithological Ma with associated monazite growth. This study atunits, Nd model ages, Rb-Sr mineral ages and met- tempted to couple textural, chemical and age data
amorphic P-T conditions of the lithologies within in order to resolve some of the complexities regardthe PCSS when compared to the Dharwar Craton ing the timing and nature of metamorphism in the
and SGT (Bartlett et al., 1998; Ghosh et al., 2004; PCSS and put it in its tectonic context.
Harris et al., 1994; Meißner et al., 2002; Santosh and
Collins, 2003; Santosh et al., 2005b; Tomson et al., A number of studies have focussed on a suite of
in press). As a result, the PCSS has been proposed to unusual Mg-Al rich mafic gneisses from within the
represent a major structural feature within southern PCSS (Clark et al., 2009a; Collins et al., 2007a; SanIndia. The PCSS has been interpreted as (1) a dex- tosh and Sajeev, 2006; Santosh et al., 2004; Shimtral transcurrent shear belt (Drury et al., 1984); (2) po et al., 2006; Tsunogae and Santosh, 2003). The
a suture zone (Bhaskar Rao et al., 2003; Collins et rocks of PCSS have been the subject of recent studal., 2007a; Meißner et al., 2002; Santosh et al., 2009a; ies proposing that they experienced high-pressure
Santosh et al., 2012); (3) an Archaean-Neoprotero- (>15 kbar) eclogite-facies metamorphism prior to
zoic terrane boundary (Harris et al., 1994); (4) a col- UHT conditions during a single metamorphic cy4

cle (Sato et al., 2009; Shimpo et al., 2006; Tsunogae and Santosh, 2006). However, the phase relationships and experimental data used to constrain
eclogite-facies metamorphism in this work were
criticised by Kelsey et al (2006). UHT conditions
have also been questioned by Raith et al. (2010).

bodies and as massifs (e.g. the Cardamom Hills).
Rajesh (2007) documented two series of charnockites from the Cardamom Hills and demonstrated
that the intermediate charnockites most resemble continental-arc style calcic and calc-alkaline
magmatism. Whole rock Nd and zircon Hf model
ages from similar charnockites indicate that <2.0
2.3. Madurai Block
Ga material is involved in magma genesis (Plavsa
et al., 2012; Tomson et al., in press). U-Pb crystalThe northwest of the Madurai Block is composed of lisation ages from felsic and mafic igneous rocks
charnockite massifs with Sm-Nd and Rb-Sr whole demonstrate that late Mesoproterozoic to Ediacaran
rock model ages in the range of 2200-3170 Ma (Fig. magmatism occurs in this region (Fig. 3) (Ghosh
2) (Bartlett et al., 1998; Bhaskar Rao et al., 2003). et al., 2004; Kooijman et al., 2011; Miller et al.,
U-Pb zircon ages from charnockites in this north- 1996; Plavsa et al., 2012; Teale et al., 2011).
west Madurai Block have yielded a consistent range
of crystallisation ages between ~2.55 and 2.50 Ga Ghosh et al. (2004) identified the KKPT as a po(Brandt et al., 2011; Ghosh et al., 2004; Plavsa et al., tential Neoproterozoic terrane boundary, how2012). These charnockites are well exposed in the ever, rather than being a terrane boundary, we
Kodaikanal massif where they structurally underlie suggest that the KKPT represents a tectonised
metasedimentary gneisses that dominate the south- basement/cover relationship with Palaeoproteern and eastern Madurai Block. Less common meta- rozoic metasedimentary rocks overlying a Neosedimentary enclaves within these charnockites archaean basement. Further south, an isotopic
contain detrital zircons with ~2.5 Ga ages (Fig. 3) boundary is interpreted as marking Neoproterozoic
(Brandt et al., 2011; Plavsa et al., submitted).
sedimentary protoliths with relative input of more
juvenile sources in the metasedimentary rocks
The Neoarchean northwestern Madurai Block is and magma sources (Plavsa et al., 2012; Plavsa et
separated from the rest of the predominantly meta- al., submitted; Tomson et al., in press).
sedimentary Madurai Block first by a lithological
boundary that broadly follows the Karur-Kam- The metamorphic evolution of the Madurai Block
ban-Painavu-Trichur lineament (KKPT) (Ghosh et has been the focus of a number of studies principalal., 2004)(Fig. 1) that can also be seen as a zone of ly due to the reports of ultrahigh temperature metS-dipping reflectors in deep seismic surveys (Ra- amorphic assemblages from a number of localities
jendra Prasad et al., 2007). U-Pb detrital zircon within the block (Brandt et al., 2011; Braun, 2006;
data from metasedimentary rocks in the northern Braun et al., 2007; Brown and Raith, 1996; Kondou
part of this metasedimentary belt (south of the Ko- et al., 2009; Mohan and Windley, 1993; Raith et al.,
daikanal massif and north of a line from approx- 1997; Sajeev et al., 2001; Sajeev et al., 2004; Sajeev
imately Rajapalayam to Madurai) are dominated et al., 2006; Satish-Kumar, 2000; Tadokoro et al.,
by Archaean and Palaeoproterozoic detrital zircon 2007; Tateishi et al., 2004; Tsunogae and Santosh,
ages and Archaean Hf model ages (Fig. 2) (Plavsa 2010). The peak conditions inferred for the UHT
et al., submitted), metaigneous rocks from the same rocks in the Madurai block are in the range of 7-13
area have Neoarchaean Hf zircon and Nd whole kbar and 900-1150 °C. The age of this metamorrock model ages (Fig. 2) (Plavsa et al., 2012; Teale phism has been established via a number of differet al., 2011; Tomson et al., in press; Tomson et al., ent techniques with electron microprobe (EPMA)
2006). South of the Rajapalayam to Madurai line monazite, U-Pb monazite, U-Pb zircon and Sm-Nd
(Fig. 2), Neoproterozoic U-Pb ages dominate the garnet-whole rock yielding ages between 600-480
detrital zircon spectra (Fig. 3) (Plavsa et al., submit- Ma (Bartlett et al., 1998; Brandt et al., 2011; Braun,
ted), whilst Hf zircon model ages stretch down into 2006; Braun et al., 2007; Clark et al., Submitted;
the Mesoproterozoic (Clark et al., Submitted; Col- Collins et al., 2007b; Jayananda et al., 1995; Santosh
lins et al., 2007b; Plavsa et al., submitted), demon- et al., 2006a) consistent with metamorphism being
strating that Mesoproterozoic and Neoproterozoic related to the final stages of Gondwana amalgamasource rocks form a major part of the sedimentary tion. However, Braun et al. (2007) suggested that
provenance. Charnockites are also present in the peak UHT metamorphism occurred c. 900 Ma and
southern Madurai Block as >100 m-scale sheet like preceded a lower grade Ediacaran-Cambrian gran5

ulite facies event based on an ID-TIMS age from a
monazite inclusion in garnet. We consider their alternative interpretation, that UHT metamorphism
occurred in Ediacaran-Cambrian times to be more
likely, and the c. 900 Ma age represents an inherited monazite included in the garnet unrelated to
UHT metamorphism. However, there have been
800-700 Ma magmatic and metamorphic ages reported from a number of sites in the Southern Madurai Block (Braun and Appel, 2006; Kooijman et
al., 2011; Plavsa et al., 2012; Sato et al., 2012; Teale
et al., 2011) suggesting the presence of a cryptic tectonothermal event in the region at this time.
2.4. Achankovil Zone
The Achankovil Zone (Fig. 1) marks the southern
limit of the Madurai Block, as well as the northern
boundary of the Trivandrum Block. The Achankovil
Zone is a marked lineament (Drury and Holt, 1980)
with a prominent magnetic signature (Rajaram et
al., 2003) that has been suggested to form an isotopic
boundary (Bartlett et al., 1998; Braun, 2006; Braun
and Kriegsman, 2003; Harris et al., 1996). It has traditionally been interpreted as a shear zone (Drury et
al., 1984; Rajesh et al., 1998; Rajesh and Chetty, 2006;
Sacks et al., 1997), although some have questioned
whether it is a high strain zone at all (Radhakrishna
et al., 1990), or whether it has predominantly sinistral movement (Drury et al., 1984; Rajesh et al.,
1998), dextral movement (Sacks et al., 1997), is a
complex combination of the two (Rajesh and Chetty, 2006), or is a zone of broadly coaxial deformation
(Cenki and Kriegsman, 2005; Ghosh et al., 2004).
Recently geophysical surveys across the region
have shown that the Achankovil Zone is underlain
by dense, relatively conductive crust that has been
suggested to support a terrane suture (Dhanunjaya
Naidu et al., 2011; Santosh et al., 2009a).
The Achankovil Zone incorporates a number of metamorphic and magmatic rocks including garnet-biotite gneiss, garnet-, sillimanite- and graphite-bearing
metapelites (khondalites), orthopyroxene-bearing
orthogneisses, two pyroxene granulites, calc-silicate
rocks and minor quartzites. Pressure and temperature estimates from this region have yielded pressures between 5-9.5 kbar and 700-1040°C (Cenki et
al., 2002; Ishii et al., 2006; Nandakumar and Harley,
2000; Santosh, 1987; Santosh et al., 2009b).

ite, has been dated by the Th-U-Pb EPMA monazite technique as having intruded at 550 ± 25 Ma
(Santosh et al., 2005b). A younger age population
at 515 ± 16 Ma has been attributed to high-grade
metamorphism (Santosh et al., 2005b). Ghosh et
al. (2004) constrained charnockite formation in the
Achankovil Zone to between 548 ± 2 Ma and 526
± 3 Ma – an age recently corroborated by Sato et
al. (2010). The rocks in the Achankovil Zone have
anomalously juvenile isotopic compositions and
model ages (Fig. 2) (Sm-Nd model age 1400-1300
Ma with εNd= -3.1 to -6 Bartlett et al., 1998; Cenki et
al., 2004; Harris et al., 1994; Tomson et al., in press)
relative to the bounding Madurai and Trivandrum
Blocks (Sm-Nd model ages of 3000-2000 Ma, Bartlett et al., 1998; Bhaskar Rao et al., 2003; Cenki et
al., 2004; Choudhary et al., 1992; Harris et al., 1994;
Tomson et al., in press). Detrital zircons from metasedimentary gneisses within the Achankovil Zone
yielded Neoproterozoic maximum depositional ages (Fig. 2) (Collins et al., 2007b), supporting
the juvenile Nd data and suggesting that a young
package of sedimentary rocks exists in this region
(Bartlett et al., 1998; Braun and Kriegsman, 2003).
EPMA zircon and monazite data from the Achankovil Zone have also yielded Neoproterozoic ages
that have been interpreted as constraining the age
of deposition (Santosh et al., 2006b; Santosh et al.,
2009b), however, zircons in the region are commonly highly discordant (e.g. Collins et al., 2007b),
making interpretation of EPMA zircon data problematic in the region. Braun and Kriegsman (2003)
suggested that the relatively juvenile nature of the
Achankovil Zone was comparable with the Wanni
Complex of Sri Lanka (Fig. 3) and formed a thin
band of Neoproterozoic rocks sandwiched between
the Madurai and Trivandrum Blocks. Recent U-Pb
and Hf detrital zircon, and Hf whole rock, data suggest, however, that the Southern Madurai Block
also contains much Mesoproterozoic to Neoproterozoic sedimentary and igneous protoliths and this
may form a southward younging continuum with
the Achankovil Zone (Plavsa et al., 2012; Plavsa et
al., submitted; Tomson et al., in press).
2.5. Trivandrum Block

The Achankovil Zone separates the Madurai
Block from the Trivandrum Block (Fig. 1). The
Trivandrum Block (Fig. 1) is dominated by metasedimentary gneisses that include garnet-bearing
A suite of alkali granitoids intrude the Achankovil felsic gneisses (known locally as leptynites) and garshear zone, one of these, the Pathanapuram gran- net + cordierite + sillimanite gneisses (khondalites).
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The latter have led to the alternative name for the
tectonic unit – the Kerala Khondalite Belt (Chacko
et al., 1987). Collins et al. (2007b) showed that the
protoliths to many of the metasedimentary gneisses
in the Trivandrum Block were sourced from Palaeoproterozoic and Neoarchaean rocks and that the
rocks were deposited some time after c. 1900 Ma
(Fig. 2). A number of studies have identified Palaeoproterozoic monazites from metasedimentary rocks
of the Trivandrum Block (Bindu et al., 1998; Braun
et al., 1998). Their survival as detrital grains exemplifies the high closure temperature of Pb in monazite and the potential of monazite to survive erosion,
deposition and prograde metamorphism. Kröner
et al. (2012) suggested the presence of Palaeoproterozoic igneous protoliths to charnockites in the
northern Trivandrum Block that may be the source
of some of the detrital metasedimentary grains. Potential sources of the Palaeoproterozoic zircons and
monazites are rare in Peninsular India north of the
Southern Granulite Terrane. Collins et al. (2007b)
pointed out their similarity to Palaeoproterozoic sedimentary rocks in central Madagascar (the
Itremo Group, Fig. 3)(see Cox et al., 2004) and suggested that they both were sourced from the same
East African rocks (Collins et al., 2003b).
In addition to Palaeoproterozoic metasedimentary
gneisses and charnockites, there exist a suite of Neoproterozoic alkali granitoids and syenites that have
been deformed in subsequent orogenesis (Braun,
2006; Santosh and Drury, 1988). Metamorphism
during this orogenesis attained granulite-facies
conditions across the block, with lower pressures
and temperatures of 5 kbars and 750 °C in the centre of the block, systematically increasing north
and south to 10-12 kbars and <1000 °C (Braun and
Kriegsman, 2003; Chacko et al., 1996; Chacko et al.,
1987; Endo et al., in press; Nandakumar and Harley,
2000; Tadokoro et al., 2008). The age of this highgrade metamorphism is constrained by a number
of studies using high-grade thermochronometers
(e.g. U-Pb zircon and monazite) to range from 550510 Ma (Bartlett et al., 1998; Braun and Kriegsman,
2003; Braun et al., 1998; Choudhary et al., 1992;
Collins et al., 2007b; Ghosh et al., 2004; Santosh
et al., 2006b; Santosh et al., 2006c; Santosh et al.,
2003b; Soman et al., 1995; Unnikrishnan-Warrier
et al., 1995). Collins et al. (2007b) showed that a
large proportion of metamorphic U-Pb zircon ages
throughout the Trivandrum Block, and indeed in
the Madurai Block as well, are within error of each
other at 513 ± 6 Ma. A number of studies have re7

ported the presence of an older age population of
monazites, c. 620-560 Ma, preserved in the cores of
porphyroblasts (Braun et al., 1998; Santosh et al.,
2006b). At present, it is unclear what these monazite ages represent; whether detrital, hydrothermal,
or indicative of an early metamorphic event.
2.6. Nagercoil Block
South of the Trivandrum Block is a region dominated by massive charnockites that some authors have
isolated as a separate tectonic unit – the Nagercoil
Block (Fig. 1) (Santosh, 1996; Santosh et al., 2003a).
Age spectra of zircons and monazites from the charnockites are similar to those from metasedimentary
gneisses of the Trivandrum Block (Fig. 2) suggesting that they lie in the same tectonic unit (Santosh et
al., 2006c). U-Pb zircon data from these charnockites also demonstrate that they have protolith ages
similar to the Palaeoproterozoic protoliths reported
from the old charnockites in the Trivandrum Block
(Ghosh et al., 2004; Kröner et al., 2012) consistent
with Nd model ages of 2.2-2.6 Ga obtained by Cenki et al (2004). In contrast, Santosh et al. (2009a)
suggest, based on petrologic and geochemical data
including REE, whole rock oxygen isotopes and
carbon stable isotopes of CO2 extracted from carbonic fluid inclusions, a magmatic history for the
charnockites of the Nagercoil Block. They further
emphasize the marked adakitic affinities of the
Nagercoil charnockites and their similarities to the
arc-related charnockites in the Madurai Block and
related their genesis to Pacific-type subduction immediately prior to the amalgamation of Gondwana.
However, reliable isotopic datasets constraining the
ages of the Nagercoil charnockites are yet to be collected. In a more recent study by Rajesh et al. (2011),
the origins of the igneous protoliths to charnockites
are suggested to be granitic plutons that were the
result of high-temperature melting of hydrous basalts in a subduction setting. The formation of the
garnet-orthopyroxene “charnockite” assemblage is
attributed to metamorphism of the granite plutons
during the Ediacaran-Cambrian, with garnet growing in areas where the granite had incorporated
supracrustal lithologies (Rajesh et al., 2011). There
have been few studies that attempt to constrain
the conditions of metamorphism in the Nagercoil
Block but they are assumed to be similar to those
experienced by the adjoining Trivandrum Block
(Santosh et al., 2003a; Santosh et al., 2006c).

3. Southern India in the Gondwana Amalgam
Southern India lay in an interesting location in
Gondwana (Fig. 3). To the west (with reference to
the present geographic co-ordinates of India), lay
Madagascar and East Africa beyond that; to the east
lay Sri Lanka and East Antarctica with Australia
lying to the north of that; to the south lay Dronning Maud Land (East Antarctica) and Mozambique to the southwest (Fig. 3). Tracking northwest
from southern India, through Madagascar, East
Africa and north to Arabia, lay a Himalayan-scale
orogen – the East African Orogen (Fritz et al., in
press; Jacobs and Thomas, 2004; Johnson et al.,
2011; Stern, 1994). This orogen formed in two main
phases: an early East African Orogeny between 650630 Ma (Cawood and Buchan, 2007; Collins and
Pisarevsky, 2005; Jöns and Schenk, 2011; Meert,
2003) and a later c. 550-510 Ma Malagasy Orogeny
(Cawood and Buchan, 2007; Collins, 2006; Collins
and Pisarevsky, 2005; Collins and Windley, 2002;
Hauzenberger et al., 2007; Jöns and Schenk, 2011;
Meert, 2001; Meert and Van der Voo, 1997). To the
south and west, Neoproterozoic orogenesis heads
through Sri Lanka and into East Antarctica in the
region of Lützow Holm Bay (Braun and Kriegsman,
2003; Kriegsman, 1995; Motoyoshi et al., 1989).
The orogen then appears to head through the Sør
Rondane Mountains and affects a considerable part
of southern Dronning Maud Land (Jacobs et al.,
2003a; Jacobs et al., 2003b; Jacobs et al., 1998; Jacobs
and Thomas, 2004; Shiraishi et al., 1991; Shiraishi
et al., 1994). A number of workers have shown that
the c. 570-500 Ma Kuunga Orogeny affects a belt
heading east from India and Sri Lanka through the
Napier and Rayner Complexes to Prydz Bay (Boger,
2011; Boger and Miller, 2004; Kelsey et al., 2008;
Meert, 2003) and eventually NE India and Western
Australia, where it is known as the Pinjarra Orogen
(Collins, 2003; Fitzsimons, 2000a). Work by Phillips
et al. (2006) showed that the Ruker Terrane of the
Southern Prince Charles Mountains was contiguous
with the Rayner Complex, and therefore with India
as well, in Neoproterozoic times. This interpretation
constrains the Prydz-Bay Orogen (the rocks affected by the Kuunga Orogeny) to head inland along the
Lambert Graben, east of the Prince Charles Mountains, and is broadly consistent with the suggestion
of Fitzsimons (2000b), but refutes the location of
the ‘Kuunga suture’ of Boger and Miller (2004). The
lithospheric structure of central Antarctica has recently been glimpsed by the extensive AGAP survey between the Ruker Terrane and the South Pole

(Ferraccioli et al., 2011). Coupled with detrital zircon studies from Permian-Cenozoic sediments and
moraines, this reveals a picture of distinct cratonic
nuclei stitched together with Proterozoic orogenic
belts (Veevers and Saeed, in press). The prevalence
of Ediacaran-Cambrian aged zircons within the moraines (Veevers and Saeed, in press), suggests that
the interior of Antarctica was amalgamated during
the Ediacaran-Cambrian along a series of relatively small collisional zones separating these Archaean cratons (Veevers and Saeed, in press).
The Gondwana-forming orogens developed by consumption of intervening Neoproterozoic oceans.
The Mozambique Ocean separated an already amalgamated Azania (Central Madagascar, parts of the
Horn of Africa, and the Al-Mafid Block in Yemen)
and the Congo/Tanzania/Bangweulu Block (these
two amalgamated during the 650-630 Ma East African Orogeny, Collins and Pisarevsky, 2005) from
Neoproterozoic India. The destruction of the Mozambique Ocean formed the ~550-510 Ma Malagasy Orogeny (Collins and Pisarevsky, 2005). The
location of the suture(s) of the Mozambique Ocean
have been the source of considerable controversy (e.g. Braun and Kriegsman, 2003; Collins and
Windley, 2002; Cox et al., 2012; Fitzsimons and
Hulscher, 2005; Ghosh et al., 2004; Meert, 2003;
Shackleton, 1996; Tucker et al., 2011a; Tucker et al.,
2011b; Windley et al., 1994) as have the correlation
of tectonic units between the now dispersed parts
of central Gondwana (i.e. India, East Africa, East
Antarctica, Madagascar and Sri Lanka). Collins
and Windley (2002) suggested that a Neoproterozoic paragneiss belt in eastern Madagascar formed
a major strand of the Mozambique Ocean suture
(their Betsimisaraka suture) and that this was likely to pass east into the Palghat-Cauvery region of
southern India (Collins et al., 2007a). Tucker et al.
(2011a) recently criticised this model by emphasizing that Archaean crust occurs both side of the proposed suture in Madagascar (see also Collins et al.,
2003a; Kroner et al., 2000; Tucker et al., 1999), and
therefore no suture was suggested as being present.
These authors instead propose that central Madagascar represents Neoarchaean continental growth
on the margin of the Dharwar craton. The situation
in Madagascar is similar to that in southern India.
In Madagascar, a Neoproterozoic metasedimentary
belt (the Manampotsy Group), containing isolated
deformed pods of serpentinites and gabbros, separates a Mesoarchaen terrane (the Antongil Block,
correlated with the Dharwar craton, Collins and
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Windley, 2002) from Neoarchaean central Madagascar (the Antananarivo Block, Collins and Windley, 2002). In southern India, the reworked Dharwar
craton (with Nd model ages stretching back into the
Mesoarchaean, Tomson et al., in press) is separated from the Neoarchaean northwest Madurai Block
(Plavsa et al., 2012; Plavsa et al., submitted; Tomson
et al., in press) by a highly deformed belt containing Neoproterozoic gabbros (Sato et al., 2011b). In
both Indian and Malagasy cases terranes of distinct
origins and histories are separated by Neoproterozoic high strain zones that contain rocks formed in
a sedimentary basin, and plausibly from Neoproterozoic oceanic lithosphere (Yellappa et al., 2010).
More to the point, both potential sutures in southern India and Madagascar separate Neoproterozoic
metasedimentary rocks that have contrasting provenance—south and west of the potential suture lie
rocks with provenance consistent with an African
source, north and west of the suture lie Dharwar
sourced rocks (Collins et al., 2003b; Collins et al.,
2007b; Plavsa et al., submitted). In southern India,
the potential suture is also a Moho-cutting structure and forms a marked electrical anomaly (Naganjaneyulu and Santosh, 2010). When put together, the simplest explanation consistent with the data
is that the Palghat-Cauvery shear system and the
Betsimisaraka form a Neoproterozoic suture zone
(Santosh et al., 2012). This becomes clearer when
traced north from Gondwanan Madagascar. In the
Arabian Peninsula the Betsimisaraka suture widens
to include voluminous Ediacaran arcs that separate
Neoarchaean/Palaeoproterozoic crust in the Yemen and southern Saudi Arabia from Oman and the
NW extension of Neoproterozoic India (Cox et al.,
2012; Doebrich et al., 2007; Johnson et al., 2011).
To the east, correlations have been attempted between the Southern Granulite Terrane of India
and Sri Lanka (Braun and Kriegsman, 2003). In
the centre of Sri Lanka, metasedimentary rocks of
the Highland Complex show numerous Palaeoproterozoic detrital zircons of an age range similar to
those in the Southern Granulite Terrane (~2.3-1.7
Ga)(Hölzl et al., 1994; Kröner et al., 1987; Sajeev et
al., 2010), with the addition of a newly recognised
late Mesoproterozoic-Cryogenian (~1.04-.83 Ga)
population (Sajeev et al., 2010). Wanni Complex
rocks in the west of the island yield Mesoproterozoic to Cryogenian detrital zircons (Kröner et al.,
2003), similar to that reported from the Southern
Madurai Block (Plavsa et al., submitted). A correlation between the Southern Madurai Block and
the Wanni Complex is also supported by the vo9

luminous latest Mesoproterozoic to Cryogenian
arc-related mafic and granitoid plutons in the latter (1.1-0.75 Ga)(Kröner and Jaeckel, 1994; Kröner
et al., 2003) that overlap in age with those now reported from the Madurai Block (Teale et al., 2011).
Direct evidence for the existence of the Mawson
Sea, separating the Australia/Mawson continent
from India in Neoproterozoic times (Fig. 3), is hard
to find. Palaeomagnetically, India and Australia
were separated by a considerable latitudinal separation through much of the Neoproterozoic (Collins
and Pisarevsky, 2005; Pisarevsky et al., 2008; Powell and Pisarevsky, 2002; Torsvik et al., 2001). Ediacaran-Cambrian orogenesis in western Australia
(Collins, 2003), the Prydz Bay region of Antarctica
(Fitzsimons, 1997; Fitzsimons et al., 1997; Kelsey et
al., 2007), in far NE India (Chatterjee et al., 2007;
Yin et al., 2010) and the Eastern Ghats (Biswal et
al., 2007) separates Neoproterozoic Australia/Mawson from India and provides a site for the collision
demanded by the palaeomagnetic data. Kelsey et
al. (2008) showed that this Ediacaran-Cambrian orogenic belt was a late Neoproterozoic sedimentary basin and voluminous Neoproterozoic
magmatism in Meghalaya may indicate subduction of an earlier ocean along the site of this orogen (Ghosh et al., 2005; Yin et al., 2010).
4. Ediacaran-Cambrian Orogenesis in Southern
India
Over the last couple of decades it has become clear
that Ediacaran-Cambrian granulite-grade metamorphism has affected the Southern Granulite
Terrane south of a line from the Cauvery River in
the east, west through the Palghat Gap in the southern part of the PCSS, close to the original Noyil-Cauvery lineament as defined by Drury & Holt
(1980). Much geochronological and metamorphic
work has focussed along the banks of the Cauvery
River between Karur, Namakkal and Tiruchchirappalli (Fig. 1) where ultra-high temperature (UHT,
>900˚C) and high pressure metamorphism (>10
kbar) have been recorded at numerous outcrops
(Clark et al., 2009a; Collins et al., 2007a; Kelsey et
al., 2006; Prakash et al., 2010; Santosh and Sajeev,
2006; Shimpo et al., 2006; Tsunogae et al., 2008).
Clark et al. (2009a) coupled pseudosections with
in-situ zircon and monazite U-Pb dating to suggest a broad clockwise P-T-t loop stretching over
~15 million years from ~540 - 525 Ma with an early pressure increase caused by crustal thickening as
the Madurai Block (Azania) collided with the Sa-
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Figure 3: Geological map showing the potential source areas and Precambrian sedimentary basins within the individual Gondwanan terranes after Plavsa et al. (submitted). Gondwana reconstruction after Collins and Pisarevsky (2005). The compilation of ages and geological maps is based on the published work of a number of authors (for references see supplementary material). Block
abbreviations: P – Pare Mountains; U – Usambara Mountains; UM – Uluguru Mountains; VO – Vohibory Block; AD – Androyen Block; MO – Molo Group; IT – Itremo Group; NT – Antananarivo Block; AN – Antongil Block; BE – Bemarivo Block; CITZ – Central Indian Tectonic Zone; PCSS – Palghat Cauvery Shear System; NMB – Northern Madurai Block; SMB – Southern
Madurai Block.

lem Block (Neoproterozoic India) (Fig. 1), overprinted by UHT metamorphic conditions as the
orogen subsequently collapsed. Eclogite-facies
pressures (<20 kbars) have been suggested from
just north of this region (Sajeev et al., 2009), but
these are not geochronologically constrained.
The >10 kbar pressures obtained from PCSS rocks
are similar to pressures obtained from the northern Madurai Block (~8-13 kbar, Brandt et al.,
2011; Brown and Raith, 1996; Prakash et al., 2007;
Raith et al., 1997; Sajeev et al., 2004; Sajeev et al.,
2006). Peak pressure estimates decrease slightly
in the central/southern Madurai Block and the
Achankovil Zone to ~8.5-9.5 kbar (Chacko et al.,
1996; Clark et al., Submitted; Ishii et al., 2006;
Shimizu et al., 2009; Tsunogae and Santosh, 2010).
Peak temperature estimates from throughout the
Madurai Block and Achankovil Zone reach up to
900-1050˚C (Brandt et al., 2011; Braun and Appel, 2006; Brown and Raith, 1996; Clark et al.,
Submitted; Ishii et al., 2006; Nandakumar and
Harley, 2000; Pattison et al., 2003; Prakash et al.,
2007; Raith et al., 1997; Sajeev et al., 2001; Sajeev
et al., 2004; Shimizu et al., 2009). Nandakumar
& Harley (2000) suggested, using orthopyroxene and garnet thermobarometry, that pressures
and temperatures in the Trivandrum Block decreased south and west away from the Achankovil
Zone to ~4.5–6 kbar and 800˚C–900˚C (see also
Chacko et al., 1996; Chacko et al., 1987; Pattison
et al., 2003; Santosh, 1987). More recently, P-T
estimates from throughout the Trivandrum and
Nagercoil Blocks have been estimated as similar
to those recorded further north, reaching temperatures of >950˚C and pressures up to ~12 kbar
(Morimoto et al., 2004; Tadokoro et al., 2008).
All tectonic units south of the southern PCSS record U-Pb isotopic ages from metamorphic zircon growth between 550-500 Ma (Fig. 3)(Brandt
et al., 2011; Braun and Appel, 2006; Clark et al.,
2009a; Collins et al., 2007a; Collins et al., 2007b;
Ghosh et al., 2004; Kooijman et al., 2011; Plavsa et al., 2012; Plavsa et al., submitted; Prakash et
al., 2010; Raith et al., 2010; Santosh et al., 2005a;
Santosh et al., 2012; Sato et al., 2010; Shabeer
et al., 2005). The PCSS and the Madurai Block
also preserved U-Pb isotopic ages from monazite within this late Ediacaran-Cambrian time
(Bartlett et al., 1998; Clark et al., 2009a, Clark et
al. unpublished). U-Pb isotopic data from metamorphic monazite again from the Madurai
Block, but also from the Trivandrum Block and
the southern Salem Block, yield older Ediaca-

ran ages (~620-550 Ma, Fig. 3)(Clark et al., Submitted, Clark et al. unpublished data; Ghosh et al.,
2004). Electron microprobe U-Pb elemental ages of
monazites from the Nagercoil Block, Trivandrum
Block, Achankovil Zone, Madurai Block and PCSS
span this whole ~620-500 Ma time period (Braun
and Appel, 2006; Braun et al., 2007; Collins et al.,
2007a; Santosh et al., 2005a; Santosh et al., 2006a;
Santosh et al., 2006b; Santosh et al., 2006c; Santosh et al., 2009b; Santosh et al., 2003b; Santosh et
al., 2008). Most workers ascribe these ubiquitous
Ediacaran-Cambrian metamorphic ages to the extreme metamorphism in the region; indeed, texturally controlled geochronological studies in the
PCSS (Clark et al., 2009a) and Achankovil Zone
(Santosh et al., 2009b) demonstrate that, at least in
these regions, this is the case. Braun et al. (2007),
however, dated a monazite from within a garnet in
the southern Madurai Block at 894 ± 1 Ma, using
thermal ion mass spectrometry, and interpreted
this to date ultra-high temperature metamorphism.
However, co-genesis of the monazite and the garnet was not demonstrated and an alternative explanation would be that the garnet shielded a detrital
monazite, or a monazite formed in a previous metamorphic event unrelated to the garnet.
In summary, we suggest that an area of >50,000 km2,
consisting of different pre-Ediacaran tectonic units,
has been affected by extreme Ediacaran to Cambrian crustal metamorphic conditions. Moho depths,
under the region, range of 44-36 km (Behera, 2011;
Naganjaneyulu and Santosh, 2010; Rajendra Prasad
et al., 2007) suggesting that in the Ediacaran-Cambrian the crust was thickened to >70 km and experienced >900 ˚C crustal temperatures >30 km above
the Moho, similar conditions exist today beneath
Tibet (Hacker et al., 2000). Clark et al. (2011) investigated a number of heat generation mechanisms
that occur in orogens that do not have extensive
mafic magmatism associated with them, similar to
the SGT. These authors showed the difficulty in attaining mid-crustal UHT temperatures in deforming a ‘normal’ crustal section with heat producing elements concentrated in the upper crust and
producing heat at values of 2 μW m-3 (Clark et al.,
2011). Factors that assist in developing the extreme
mid-crustal temperatures experienced in the SGT
in the Ediacaran-Cambrian include low erosion
rates, anomalously high heat production and initial
refractory lithologies (perhaps attained by previous
orogeny)(Clark et al., 2011). Further work in understanding the evolution of orogeny in the SGT
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needs to constrain heat production, develop 2D and
3D models of the architecture of the orogen by integrating surface geology with the newly attained geophysical constraints and work to better constrain
the timing of initial collision and P-T path points to
feed into thermal models of the orogen.

southern India, late Neoproterozoic alkali rocks
and the sedimentary protoliths to the southern
Madurai Block and Achankovil Zone are interpreted to have formed during this ~600 Ma rifting phase (Braun and Kriegsman, 2003; Collins et al., 2007b; Plavsa et al., submitted).

5. Conclusions

3) High grade late Ediacaran-Cambrian metamorphism and deformation then affected the
Southern India was the leading vertex of India as whole region as Neoproterozoic India (India north
it collided with the other Gondwana continents in of the PCSS) collided with the already amalgaEdiacaran-Cambrian times. A number of models mated Azania-East Africa. This orogeny resultare possible for how the tectonic units of southern ed from the final consumption of the MozamIndia fit into this complex collision, but we sug- bique Ocean and resulted in the amalgamation of
gest that the following best fits the data.
central Gondwana. Collins & Pisarevsky (2005)
called this event the Malagasy Orogeny.
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Field Locations and Itinerary for the Kerala Khondalite Belt
Day 1		

Trivandrum to Kottarakkara (stay in Kottarakkara)

Stop 1: 		
Stop 2: 		
Stop 3:

Khondalite quarry at Kulaparra (Trivandrum Block)
Calcsilicate at Korani (Trivandrum Block)
Leptynitic gneisses at Chadayamangalam (Trivandrum Block)

Day 2 		

Kottarakkara to Trivandrum (stay in Trivandrum)

Stop 4: 		
Stop 5: 		
Stop 6: 		
Stop 7: 		

Incipient charnockite at Kottavattom (Trivandrum Block)
Cordierite gneisses of the Achankovil Zone at Nellikala
Cordierite gnesisses of the Achankovil Zone at Vallikodu Kottayam
Massive charockite in the Trivandrum Block at Eriparra

Day 3		

Trivandrum to Kanyakumari (stay in Kanyakumari)

Stop 8:		
Stop 9:		
Stop 10:

Mafic dykes in the Trivandrum Block at Naruvamoodu
Massive charnockite with calcsilicate lense at Arakakulam Quarry (Nagercoil Block)
Massive charnockite in contact with metapelite at Kottaram (Nagercoil Block)

Day 4		

Kanyakumari to Kovalam Beach (stay at Kovalam Beach)

Stop 11		

Massive charnockite cut by garnet leucogranites at Kozhikodupothai (Nagercoil Block)
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precipitation from magmatically derived CO2-rich
fluids (Santosh & Wada, 1993b).

Site Specific Safety Information
Kulapara Quarry is an active quarry, please be
aware of hazards including:
- rough ground
- falling rocks
- steep quarry faces if climbing
- if raining, slippery rock surfaces
Please be aware of people below you if you
choose to climb up the quarry face to get a closer
look at the rocks
Locality 1 - Kulaparra
At Kulaparra, a large active quarry provides fresh
exposures of granulite-facies metapelites. The rocks
predominantly comprise garnet–sillimanite–spinel–cordierite-bearing metapelites that occur as
bands of varying width ranging from a few centimetres to more than 2 meters intercalated within
garnet- and biotite-bearing felsic gneisses. They
are deformed into tight isoclinal folds and rootless
intrafolial folds. Cordierite occurs along the compositional layers and also as large purple crystals.
Graphite occurs in a variety of associations in this
locality. Thin flakes and fine disseminated graphite
within the metapelite bands represent the conversion of biogenic material trapped within host sediments during high-grade metamorphism as indicated by their carbon isotope composition (Santosh
& Wada, 1993a). Coarse flakes and flaky aggregates
of graphite occurring with patches, veins and late
shears/fractures have isotopic compositions characterized by enrichment in heavier carbon indicating

The most common assemblage of the Kulaparra
metapelite is Grt+Sil+Crd+Spl+Kfs+Bt+Qtz+Pl+
Gr with accessory zircon and monazite. Aluminous melanosomes are characterized by the assemblage Grt + Sil + Crd + Bt + Kfs±Spl±Ilm±Gr, and
alternate with felsic leucosomes containing mostly Kfs + Qtz + Bt + Pl. Zircon (100–250 μm) and
monazite (up to 300 μm) occur mostly as inclusions within garnet and cordierite. Plagioclase and
K-feldspar also sometimes carry zircon and monazite inclusions. Rarely, zircon and monazite also
form inclusions within spinel and sillimanite.
Morimoto et al. (2004) identified a series of mineral
reaction textures in the nearby Chittikara metapelite that they used to calculate metamorphic temperatures between 850 °C and 1000 °C at pressures
of 7 kbar. Based on textural mineral reaction and
pressure–temperature data, Morimoto et al. (2004)
proposed a P–T path for the metapelite that is characterized by an initial isobaric component, followed
by a steep and virtually isothermal decompression.
A P–T pseudosection calculated using Theriak-Domino in the NCKFMASHTO system suggests
that the peak temperatures attained at this location
were > 850 C with a poorly constrained upper pressure limit, consistent with the estmates from the
Morimoto et al. (2004) study.
SHRIMP U-Pb geochronology from zircon and
monazite yields a range of ages within the khondalites. With zircons giving ages from 580-520 Ma and

Fig. 2.1.1: (left) Large garnet wrapped be a cordierite-sillimanite beaing gneissic fabric from a khondalite. (bottom right)
Graphite-garnet bearing leucogranite with coarse-grained flakes of graphite.
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Fig. 2.1.2: Representative photomicrographs from the lithologies at Kulaparra Quarry (top left) graphite bearing leucogranite.
(top right) Khondalite. (bottom left) Khondalite. (bottom right) Garnet-bearing leucogranite

Fig. 2.1.3: P-T pseudosection calculated using the
whole rock data from the
khondalite. Constructed
using the Theriak-Domino
program.
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Graphite bearing leucogranite
zircon

Khondalite
zircon

Garnet bearing leucogranite
zircon

Fig. 2.1.4: Representative CL images of zircon from the lithologies at the Kulaparra Quarry. Large holes are laser analyses

Graphite bearing leucogranite
zircon

Khondalite
zircon

Garnet bearing leucogranite
zircon

Fig. 2.1.5: SHRIMP zircon data from the 3 main rock types at
Kulaparra Quarry.

25

Graphite bearing leucogranite
zircon

Khondalite
zircon

Fig. 2.1.6: Pan-African SHRIMP zircon data from the 3 main
rock types at Kulaparra Quarry.

Garnet bearing leucogranite
zircon

Graphite bearing leucogranite

Garnet bearing leucogranite

Khondalite

Fig. 2.1.7: LA-ICPMS data from zircon and garnet from the
Kulaparra Quarry.

26

Khondalite
monazite
Fig. 2.1.8: SHRIMP monazite data from the khondalite at Kulaparra Quarry.

monazite giving two ages with core ages of 580 and
rim ages of 530 Ma. Zircon from the graphite bearing pegmatite gives ages of 530 Ma and zircon from
the late cross-cutting garnet bearing leucogranite
gives ages of 530 Ma for zircon. All samples contain
inherited cores that project back to a ~ 2000 Ma age.
There is a distinct lack of 2500 Ma inheritance in
these grains, the population that would be expected
if the sedimentary precursors to these rocks were
sourced from Archaean India.
REE analysis of garnet and zircon from the khondalite show that the zircons are in general enriched
in HREE with repsect to equilibrium values. In contrast zircon-garnet pairs from the graphite bearing
leucosome and the late garnet-leuscosome show a
more consistent equilibrium style of partitioning.
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a high modal proportion of anorthite-rich plagioclase, but devoid of garnet and biotite. The calcsilicate rocks show gneissose banding concordant with
the regional fabric and defined by modal variations
between calcite and ferromagnesian phases. Satish-Kumar et al. (1996) evaluated the phase equilibria parameters of the calcsilicate rocks and calculated an average temperature of 790 °C at ca. 5 kbar
with aCO2>0.5. The retrograde reaction textures
at Korani and elsewhere in the KKB have been interpreted to indicate infiltration of CO2-rich fluids
from external sources at high temperatures along
a T-convex path of isothermal decompression (cf.,
Harley and Santosh 1995).

Site Specific Safety Information
Korani is behind a house, please be aware of
hazards including:
- rough ground
- falling rocks
- if raining, slippery rock surfaces
Please be aware of people below you if you
choose to climb up the rock face to get a closer
look at the rocks
Locality 2 - Korani
The Korani area, which is located about 30 km
north of Trivandrum, exposes Proterozoic granulite-facies rocks comprising garnet-, sillimanite-,
and biotite-bearing aluminous metapelites (khondalite), orthopyroxene-bearing granulites (charnockite), and calcsilicate rocks. In the quarry at this
location, calcsilicate rocks are overlain by massive
charnockite containing coarse orthopyroxene and

The charnockite adjacent to the calcsilicate is a
coarsely recrystallized “massive” type charnockite. Details of phase equilibria and mechanism of
formation of charnockite in the KKB have been
reported in various studies (e.g., Ravindra Kumar
and Chacko 1986; Santosh et al. 1990). These studies indicated that garnet- and biotite-bearing, upper
amphibolite-facies gneisses were transformed into
charnockites through the reaction of garnet, biotite,

Fig. 2.2.1: (top left) Calcsilicate with coarse grained wollastonite. (top right) Large clinopyroxene crystals deveoping in the
calcsilicate. (bottom left) a typical greasy green charnockite. (bottom right) large graphite flakes assocaited with a quartz vein.
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Fig. 2.2.1: Histogram showing the C-isotope compositions of
graphite from Korani and elsewhere in the Kerala Khondalite
Belt (from Santosh et al., 2003)

and quartz to produce orthopyroxene and K-feldspar under low aH2O. The estimated P-T conditions of charnockite formation are 700–800 °C and
5.5 ± 1.9 kbar.
At Korani, garnet was totally consumed during
the charnockite forming reaction. The absence of
biotite and preservation of coarse, unaltered orthopyroxene here indicate low aH2O. Development
of charnockite in the KKB is thought to have been
controlled by the influx of externally derived CO2rich fluids, which were instrumental in buffering
aH2O at low levels. Various lines of evidence, such
as the structural control of charnockite formation
as patches and veins along zones of fluid flow, phase
equilibria considerations, fluid inclusion and stable isotope studies, and precipitation of high d13C
graphite in the charnockites, suggest the involvement of externally derived CO2 in modifying the
H2O activities in the granulites. In areas of high
fluid flux, the fluid channels eventually coalesced to
produce charnockite massifs as in the case of Korani and Nuliyam (Harley & Santosh, 1995).
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Site Specific Safety Information

occurs aligned within the gneissic foliation.

This location is a roadside cutting, please be
aware of hazards including:

At Chadayamangalam the in situ leucosomes are
composed of alkali feldspar, quartz and garnet.
Garnet occurs aggregated in the centre of the leucosomes, and is separated from the quartzofeldspathic
matrix by a rim of quartz (e.g. 2.3.1b). The boundaries of the leucosomes with the biotite gneiss are
distinct. In sections perpendicular to the foliation
the leucosomes usually exhibit lens-like shapes and
occur as isolated domains. Occaisonally, they combine into layers parallel to the gneissic fabric.

- road traffic
- if raining, slippery rock surfaces
Please be aware of people below you if you
choose to climb up the side of the cutting to get
a closer look at the rocks
Locality 3 - Chadayamangalam
The characteristic feature of leptynitic gneisses in
the Kerala Khondalite Belt is their migmatitic structure. Garnet-bearing leucosomes of a few centimetres in size are developed in fairly homogeneous,
medium-grained quartz-feldspar-biotite gneisses
of granitic to granodioritic composition, although
there is some debate about an igneous versus sedimentary origin for these gneisses. Garnet occurs as
either aggregates in the centre of the leucosomes or

Post-dating the formation of garnet-bearing leucosomes is a late-stage “metasomatic” process that
occurs within the leptynitic gneisses throughout the
KKB. The process seems to nucleate at random within the leptynitic gneisses and leucogranite veins.
This is the onset of incipient charnockitisation, a
process that involves the growth of orthoproxene
at the expense of biotite and garnet, that we will see
more fully developed in the quarry at Kottavattom.

Fig. 2.3.1: (top left) Leptynite with garnet aggregrates and a large crystal of K-feldspar. (top right) Garnet-quartz intergrowth
within a leucosome. (bottom left) well-foliated leptynite with layer parallel leucosomes. (bottom right) the onset of an “incipient charnockitisation” localised within the leptynite and overprinting the gneissic foliation.
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Site Specific Safety Information

near-peak metamorphic conditions.

Kottavattom Quarry is an active quarry, please
be aware of hazards including:

On the fresh faces of the quarry, a spectacular regular pattern of charnockite development (growth
of bitotite at the expense of garnet and biotite) is
most striking due to the marked colour contrast between the light-grey leptynitic gneiss and the darkbrown charnockite. Gneiss ‘horizons’ with a dense
network of more or less continuous charnockite
zones following a set of planes which intersect at
almost right angles to the foliation plane, alternate
with zones where only a few randomly distributed
charnockite patches are developed. The structural control of localized charnockite development
is obvious. Its spatial variation in intensity cannot
be related to variations in bulk composition, since
the gneiss is homogeneous within the scale of the
outcrop. There is no indication of localized ductile
shear deformation preceding or accompanying the
process of charnockitization. This suggests that the
planar charnockite network developed along a system of conjugate fractures, when the gneiss unit attained semi-brittle to brittle behavior (Raith & Srikantappa, 1993).

- rough ground
- falling rocks
- steep quarry faces if climbing
- if raining, slippery rock surfaces
Please be aware of people below you if you
choose to climb up the quarry face to get a closer
look at the rocks
Locality 4 - Kottavattom
The Kottavattam quarry exposes fairly homogeneous, light-coloured garnet-biotite gneiss of granitic composition (the regional leptynites). Garnet is
present predominantly within the granitic leucosomes, which are aligned within the gneissic foliation. This suggests that partial melting in these
rocks was synchronous with deformation and was
most likely related to biotite dehydration-melting at

Fig. 2.4.1: (top left) Zone of incipient charnockitisation parallel to layering with a set of vertical “pipes” of charnockite
cross-cutting gneissic layering. (top right) Host leptynitic gneisses. (bottom left) incipient charnockite obliterating pre-existing
gneissic fabric. (bottom right) Orthopyroxene crytals within a charnockitised zone.
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Fig. 2.4.2: (top left) ZPhotomicrograph from the charnockite showing orthopyroxene being replaced by amphibole (top right)
Chlorite alteration of the charnockite. (bottom left) Chorite veining within the leptynite. (bottom right) large euhedral garnet
within the leptynite.

In the charnockite zones (generally 10-15 cm
wide), the foliation and migmatitic structure of the
gneisses is completely obliterated due to thorough
recrystallization and considerable grain-size coarsening. Generally, the unaltered gneiss is separated
from the orthopyroxene-bearing charnockite by a
2-3-cm-wide transition zone in which biotite has
disappeared but garnet remains. In the central part
of the charnockite zone, however, garnet is mostly
absent.
Geochronology
Both the charnockite and the leptynite contain similar zircon inheritance with discordia stretching
back through 2000 Ma, similar to the inheritance
within the khondalites of the Trivandrum Block.
New growth of zircon in the charnockite and displays a range of ages from 580 to 500 Ma. Within the
charnockite the new zircon shows a trend to lower
U content within the youngest grains. REE analyses
of metamorphic zircon and garnet are suggestive
of equilibrium partitioning between the zircon rim
and garnet, particulalry for the leptynite, the pat-

terns within the charnockite have a larger range. Inherited zircon cores from both samples show similar steep REE patterns suggesting an igneous origin
for these grains in rocks that did not contain garnet.
Monazite does not preserve any inherited grains.
Two distinct types of monazite are observed in the
BSE images in both the leptynite and charnockite. A
darker that typically forms the centres of the grains,
this is being replaced by a BSE light monazite in a
manner consistent with fluid mediated replacement.
The lighter material returns younger ages and also
has higher Th/U ratios that reflect U loss.
The older populations are consistent with the age
of peak metamorphism within the Trivandrum
Block khondalites whereas the younger ages postdate peak metamorphism and are consistent with
the field observation that the process of incipient
charnockitisation overprints the gneissic fabric. The
replacement textures within the monazite suggest
the the charnockitisation process is related to some
type of fluid.
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charnockite
zircon

leptynite
zircon

leptynite
zircon

charnockite
zircon

charnockite

leptynite

Fig. 2.4.3: Zircon date from the charnockite and leptynite at Kottavattom Quarry.
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charnockite
monazite

leptynite
monazite

Fig. 2.4.4: (top left) Monazite from charnockite displaying evidence for dissolution driven replacement, younger ages come
from the brighter zones. (top right) Monazite from leptynite showing similar textures to that of the charnockite. (bottom left)
Concordia for monazite from the charnockite showing an increase in Th/U ratio in younger zones. (bottom right) Concordia
from the leptynite showing a similar increase in Th/U ratio for younger analyses.
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Site Specific Safety Information
Nellikala Quarry is an inactive quarry, please be
aware of hazards including:
- rough ground
- falling rocks
- steep quarry faces if climbing
- if raining, slippery rock surfaces
Please be aware of people below you if you
choose to climb up the quarry face to get a closer
look at the rocks
Locality 5 -Nellikala Quarry
The main rock type at Nellikala is a garnet-cordierite gneiss with the assemblage garnet, orthopyroxene, biotite, perthite, plagioclase and quartz.
Spinel-magnetite is present in minor amounts
throughout the sample and is commonly associated with complex intergrowths of either quartz
and feldspar or quartz and cordierite, in the latter
case there is often zircon present. Coarse-grained
parts of the rock contain large, highly pleochroic
orthopyroxene. Garnets in the sample are typically equant, rounded and approximately 1-4mm in
size and contain inclusions of biotite, spinel-magnetite, and in a few examples fine-grained sillimanite. Some garnets show breakdown textures and are
mantled by fine-scale intergrowths of quartz and
feldspar, with magnetite, chlorite and some zircon.

in some cases this has been overprinted with sector
zoning patterns. Where oscillatory zoning is present the grains have a low CL response. Almost all
the zircon cores show an outer layer, bright in CL,
which appears sometimes as a rim or overgrowth,
and in other grains as a recrystallization/resorption
zone cross cutting the oscillatory zoning. The zircon typically shows broad metamorphic rims with
a more homogenous or sector zoned pattern in CL,
and have a rounded, equant morphology.
The second main rock type at Nellikala is a garnet-bearing charnockite with a typical mineral assemblage of garnet, orthopyroxene, cordierite, plagioclase, quartz, biotite, magnetite and spinel. The
assemblage is finer grained than that of the pelitic
gneiss, and typically with less garnet present, and
a greater amount of biotite. Spinel-magnetite aggregates exsolved from single-phase and orthopyroxene are associated with cordierite-quartz intergrowths including zircon, and feathery biotite that
is replacing orthopyroxene.
CL images of zircons from the charnockite are very
similar to those from the garnet-cordierite gneiss.
Oscillatory zoned cores are more common, and in
many grains show sector zoning overprinting the
original texture. Bright CL zones are seen around
many of the cores, sometimes cross cutting the oscillatory zoning. Metamorphic rims are typically
thinner than those seen in the previous sample, resulting in sub-rounded grains. A small number of
the grains show broad high-U (low CL response)
sector zoned rims.

Zircon from the garnet cordierite-gneiss is typically
100-300 μm and shows a range of textures. Inherited cores typically show oscillatory zoning, although The oldest inherited grains in the sample have a

Fig. 2.5.1: (left) Garnet-cordierit fabric overprinted by coarse-grained orthopyroxene-cordierite “charnockite”. (bottom right)
Strongly deformed garnet-cordierite gneiss.
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Fig. 2.5.2: Representative phtomicrographs from Nellikala (top left) large orthopyroxene with garnet (charnockite). (top right)
Garnet-cordierite-spinel gneiss. (bottom left) Intergrowth of quartz and K-feldspar in the charnockite. (bottom right) Orthopyroxene being replaced by biotite sitting in a matrix of cordierite.

Fig. 2.5.3: P–T pseudosection calculated using the whole rock data
from the metapelite. Constructed
using the Theriak-Domino program.
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Metapelite

Charnockite

Fig. 2.5.4: Representative CL images from zircons at Nellikala

Fig. 2.5.5: SHRIMP zircon data collected from this locality

Fig. 2.5.6: SHRIMP analyses of zircon rims at this locality
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Fig. 2.5.7: LA-ICPMS zircon and garnet data and SIMS O-isotope zircon data collected from this locality

Fig. 2.5.8: Monazite data collected from this locality

40

maximum 206Pb/238U age of 1091 Ma and there is a
small group forming a concordant age population
of 1065 ± 8.9 Ma. The 11 metamorphic rim analyses
form a concordant population with an age of 512.6
± 6.3 Ma. The remaining analyses form an array between these two ages. Although these analyses appear concordant due to the age range of the sample,
it is difficult to determine whether they represent
Pb loss from the 1065 Ma population, or a new population in their own right..
Zircon analysed from the charnockite yielded similar results with a maximum 206Pb/238U age of 1100
Ma. The oldest inherited grains form a concordant
population at 1060 ± 30 Ma. 7 analyses of metamorphic rims give a concordant population with
a weighted mean 206Pb/238U age of 524.0 ±10 Ma.
As with the previous sample there are a number of
analyses of intermediate age, at 1000-900 Ma and
at ~660 Ma, most likely forming a discordant array
REE analyses by LA-ICP-MS of garnet-cordierite
gneiss zircon reveal two distinct patterns. Analyses
of the inherited zircon cores identified in CL show
patterns that are steep through the HREE with Yb/Gd
in the range of 14-40, and Gd values at 40-180×chondrite and Yb values at 1200-5000×chondrite. Metamorphic rims identified in CL and forming the
concordant ~512 Ma age population show flat patterns through the MREE-HREE with Yb/Gd values
in the range 0.8-3. The rims have similar Gd concentrations, 40-180×chondrite, and Yb values are in
the range of 35-450×chondrite. Eu/Eu* is typically
more pronounced in the metamorphic rims with
values <0.1, compared to 0.15-0.65 in the inherited
cores.
Charnockite zircon is very similar to that in the
previous sample, with inherited zircon cores more
enriched in HREE, with Yb/Gd values of 9-40. Gd
concentrations are 40-150 × chondrite, and Yb values are 900-4000 × chondrite. Metamorphic rims
show flatter patterns, though slightly more elevated in HREE than Sample I12-002A. Yb/Gd ranges
from 1.8-4.1, Gd values are 80-105 × chondrite and
Yb values are 200-450 × chondrite. There is no distinct variation in Eu or Ce anomaly between core
and rim analyses.
Monazite
Garnet-cordierite gneiss: 16 monazite grains analysed from Sample I12-002A yield a single con41

cordant age population giving a weighted mean
Pb/238U age of 544.0 ±6.4 Ma.

206

Charnockite: 5 monazite grains were analysed from
Sample I12-002B yielding a single concordant age
population with a weighted mean 206Pb/238U age of
526 ±10 Ma.
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Site Specific Safety Information
Vallikodu Quarry is an inactive quarry, please be
aware of hazards including:
- rough ground
- falling rocks
- steep quarry faces if climbing
- if raining, slippery rock surfaces
Please be aware of people below you if you
choose to climb up the quarry face to get a closer
look at the rocks
Locality 6 - Vallikodu Kottayam
The dominant lithology at this locality is a garnet-cordierite gneiss with perthite, quartz and minor orthopyroxene. Garnet appears in two morphologies, the first type are rounded, equant and
1-3mm in size and contain small biotite inclusions.
The second type are larger in size, up to 10mm and
have irregular, lobate shapes with large quartz inclusions. This second type commonly have finegrained sillimanite inclusions and are mantled
by pinnitised cordierite, quartz, spinel-magnetite
and zircon. Coarse-grained cordierite is common
throughout the sample and is commonly breaking
down to form pinnite along rims and cracks, particularly around orthopyroxene breakdown textures.

occur at temperatures greater than 950 C at pressures of greater than 8 kbar. These conditions are
similar to those reported in previous studies from
the area (Cenki et al., 2002; Ishii et al., 2006; Nandakumar and Harley, 2000; Santosh, 1987; Santosh et
al., 2009b).
CL images of zircon grains from this sample show
a variety of textures, they are typically small, <100
μm, and rounded to subrounded. There are a large
amount of inherited grains, present as either individual grains or as cores of larger grains. Inherited
zircon has variable zoning and CL response, with a
slightly elongate shape and rounded edges, typical
of sedimentary abrasion. These cores are mantled
by broad, equant zones with more homogenous
textures showing a mixture of oscillatory and sector
zonation.

The second rock type at Vallikodu is a coarsegrained garnet, plagioclase, perthite, quartz and
biotite felsic gneiss. Garnet contains inclusions of
biotite, quartz, fine-grained sillimanite and zircon,
rims are associated with quartz, feldspar, magnetite
and spinel. Zircon in this sample is typically larger
than the Vallikodu gneiss, with grain sizes of 100200 μm. Many grains are elongate showing oscillatory zoning with some recrystallization textures.
Some zircon appears to show inherited cores with
overgrowths of new material, showing a mixture
of oscillatory and sector zoning. Many grains show
simple broad sector zoning, and more equant aspect
A P-T pseudosection calculated for the garnet-cord- ratio typical of metamorphic growth.
ierite gneiss using Theriak-Domino has a similar
topology to that calculated for the previous locatlity 18 SHRIMP analyses were made on zircons from
at Nellikala with the peak assemblage predicted to the garnet-cordierite gneiss mainly of metamorphic

Fig. 2.6.1: (left) Coarse-grained orthopyroxene within the felsic gneiss. (bottom right) Strongly deformed garnet-cordierite
gneiss with layer parallel leucosomes.
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Fig. 2.6.2: Representative photomicrographs from Vallikodu (top left) Garnet being replaced by biotite in the felsic gneiss. (top
right) Garnet-cordierite-spinel gneiss. (bottom left) Felsic gneiss. (bottom right) Matrix in the cordierite gneiss.

Fig. 2.6.3: P–T pseudosection
calculated using the whole
rock data from the metapelite.
Constructed using the Theriak-Domino program.
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rims. The oldest inherited core gave a 206Pb/238U
age of 999 ±13 Ma. The majority of analyses give a The garnet-garnet cordierite contained two distinctconcordant age population with a weighted mean ly different garnet groups based on their morpholo206
Pb/238U age of 518.5 ± 7.5 Ma.
gies. These differences are reflected in the REE compositions. The small, equant garnets (group 1) have
The felsic gneiss shows a similar age range to the very consistent REE patterns with no obvious core
garnet-cordierite gneiss. The oldest 206Pb/238U age to rim variation. Gd values are 120-190 × chondrite
for the inherited zircon cores visible in the CL im- and Yb values are 200-440 × chondrite, giving Yb/
ages is 1075 ±13 Ma. 14 analyses of metamorphic Gd values of 1.4-2.5. The other larger garnets show
grains and rims give a concordant population with strong core to rim variation with cores showing a
a weighted mean 206Pb/238U age of 525.2 ±5.4 Ma. distinct depletion in HREE compared to Group 1.
A number of analyses with discordance up to 33% Gd values in Group 2 cores are 130-150 × chondrite
form an array between the oldest grains and the and Yb values of 35-75 × chondrite, giving a distinct
negative slope to the M/HREE profile and Yb/Gd
youngest population.
values of 0.25-0.55. The garnet rims from this group
Inherited zircon cores from the garnet-cordierite show flat M/HREE profiles with Gd values of 135gneisses have variable concentrations of REE and 175 × chondrite, similar to the cores, but Yb valshow lower Gd concentrations than the Nellikala ues of 130-260 giving Yb/Gd values of 0.8-2. Both
samples, 5-40 × chondrite. Yb/Gd values are 20-130 groups show similarly distinct Eu anomalies with
with Yb concentrations of 350-2000 × chondrite. Eu/Eu* values of 0.02-0.1.
The zircon rims analysed also show a lot of variation in HREE with Yb values ranging from 50-1350 Garnet from the felsic gneiss form a single group
× chondrite and Gd concentrations ranging from with very little variation, however they show much
80-190 × chondrite. This variation results in a range steeper M/HREE profiles than the garnets in the
of Yb/Gd values from 0.5-15, though in all cases previous samples. Gd values are 70-130 × chondrite
this value is lower than that seen for the inherited and Yb values are 1650-3400×chondrite, giving Yb/
Gd values of 20-40. The garnets show a consistently
zircon cores.
steep Eu anomaly with Eu/Eu* values of 0.008-0.02.
In the felsic gneiss, despite the variation in zircon
textures seen in the CL, there was very little varia- DREE zircon/garnet from the felsic gneiss show the
tion in the REE patterns, with only one group iden- expected pattern for equilibrium partitioning betifiable regardless of previous identification of core tween the metamorphic zircon and garnet. The
or rim. Overall the sample is relatively enriched in combination of zircon ages with 1:1 DREE (zircon/
M/HREE compared to the metamorphic zircon in garnet) partition coefficients indicate that the metprevious samples, with Gd values of 70-200 × chon- amorphic zircon ages from this study reflect peak
drite, and Yb values of 1500-5000 × chondrite, Yb/ metamorphism in the AZ.
Gd ranges from 4-60.

Fig. 2.6.5: Monazite data collected from this locality
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In contrast the garnet-cordierite gneiss displays a
large variation of REE pattern for both the zircon
rims and the garnets in the sample, making the interpretation more difficult. It is possible to obtain
approximately equilibrium DREE (zircon/garnet)
values using the average zircon composition, and
the REE values for the smaller, equant garnets. The
similarity in age and proximity to the felsic gneiss
suggests that it is likely that equilibrium partitioning was occurring in this sample, and the variation
in individual REE distributions may reflect local
trace element equilibrium during prolonged growth
of zircon and garnet. Other combinations of zircon
and garnet from this sample also deviate from the

expected DREE values. However the rims of the larger garnets combined with metamorphic zircon rims
are the most similar to equilibrium DREE (zircon/
garnet), this suggests the relatively HREE-depleted larger garnets are an earlier growth phase that
adjusted their rim compositions in response to the
UHT metamorphic event, which is reflected in elevated HREE rims.
17 monazite grains analysed from the garnet cordierite gneiss yield a single concordant age population giving a weighted mean 206Pb/238U age of 544.3
±4.9 Ma.

Fig. 2.6.6: A summary of the DREE zrc/grt values for the various textural positions from this locality and Locality 5.
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Site Specific Safety Information
Eriparra Quarry is an active quarry, please be
aware of hazards including:
- rough ground
- falling rocks
- steep quarry faces if climbing
- if raining, slippery rock surfaces
Please be aware of people below you if you
choose to climb up the quarry face to get a closer
look at the rocks
Locality 7 - Eriparra
At Eriparra a quarry exposes a medium- to coarsegrained greenish-grey charnockite, comprising a
granoblastic assemblage of orthopyroxene–garnet–
perthitic K-feldspar-plagioclase-quartz with accessory biotite and Fe–Ti oxides. Apatite and zircon
occur as minor minerals. The charnockite shows a
massive, magmatic texture, overprinted by a weak
metamorphic foliation defined by the preferred
alignment of garnet and biotite. The charnockite
locally incorporates enclaves of garnet-biotite felsic
gneisses (leptynites). The charnockite at Eriparra is
distinctly different from the ‘incipient charnockites’
that were visited at Kottavattom. The Eripara charnockite is similar to the massive-type charnockites
within the Madurai Block to the north. This locality
was the focus of a paper by Kroner et al. (2012) published in Gondwana Research.

concentric oscillatory zoning, in some grains this
has been overprinted with sector zoning patterns.
The cores display slighter brighter CL responses
than the recrystallisation/resorption or overgrowth
zones. Broad metamorphic rims are generally either
homogenous or weakly sector zoned, and causing
the rounding of the originally elongate grains, resulting in elliptical to equant shapes. Fractures are
observed confined to individual growth zones. Thin
dark-CL rims can be seen on some grains.
Data for zircons in the charnockite are spread along
a well-defined discordia line suggesting variably
strong lead–loss during the late Neoproterozoic
Pan-African event. Kroner et al. (2012) reported
that a concordant grain yielded a 207Pb/206Pb age of
1893 ± 13 Ma, and the upper intercept of the discordia line for our new data combined with the Kroner
et al. (2012) dataset for all analyses is at 1875 ± 48
Ma. The concordant grain age is considered to most
closely reflect the time of emplacement of the charnockite protolith. The imprecise lower Concordia
intercept at 534 ± 25 Ma is likely to reflect Pb-loss
during granulite- facies metamorphism.
Monazite data from the charnockite returns a significantly younger age of 507 ± 9.6 Ma
Lu-Hf and O isotopes

Lu–Hf isotopic analysis of ten spots on zircon grains
previously analyzed by SHRIMP II yielded strongly
negative εHf(t)-values of −6.1 to −9.2 and mean Hf
Geochronology
crustal residence ages of 2.95 to 3.14 Ga. O-isotopes
from the oscillatory zoned cores are ~ 7.6 per mill
Zircon from sample I12-003 is between 100 - 300µm again consistent with a crustal component incorpoin size, with sub-rounded elongate to equant shaped rated in the source magma.
grains. Inherited cores generally display regular

Fig. 2.7.1: (left) Field photo of a typical charnockite at Eripara Quarry. (left) Charnockite contianing garnet and late biotite.
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Fig. 2.7.2: (left) garnet within the charnockite. to the left a small, ragged grain of orthopyroxene is being replaced by biotite.
(right) zircons from sample I12-003 from this outcrop, note the well preserved oscillatory zoning consistent with a magamtic
origin for this charnockite .

zircon

monazite

Fig. 2.7.3: (top) SHRIMP zircon and monazite data collected at Curtin University from sample I12-003. (middle left)
the new zircon data combined with the data from the Kroner
et al. (2012) study (middle right) Lu-Hf data from the charnockite at the Eripara locality (Kroner et al., 2012) (bottom)
Oxygen isotope data from zircon plotted against age.
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One interpretation of these dykes is that they were
emplaced during the late Neoproterozoic in a subNaruvamoodu Quarry is an active quarry, please duction-related setting, and underwent metamorphism during the final collision stage. However LAbe aware of hazards including:
ICPMS U-Pb analyses of zircons from these and
similar dykes do not preserve any pre-metamor- rough ground
phic ages. In fact, the zircon ages from the dykes
- falling rocks
give Cambrian ages that post-date all of the meta- steep quarry faces if climbing
morphic activity in the KKB while still preserving
- if raining, slippery rock surfaces
oscillatory zoning and steep HREE patterns, usually
associated with the crystallisation of igneous zircon.
Please be aware of people below you if you
choose to climb up the quarry face to get a closer One caveat about the REE patterns here is that the
dykes do not contain garnet and therefore there is
look at the rocks
no other mineral to compete in the sequestration of
Locality 8 - Naruvamoodu Quarry
the HREE during growth/recrystallisation. It would
be slightly unusal for the zircons to recrystallise and
At the Naruvamoodu Quarry to the south of be completely reset without losing their primary igTrivandrum a suite of mafic dykes intrudes into neous textures.
the massive charnockites, the field relationships of
the dykes are equivocal as they are oriented broadly Sample SS2 preserves some older ages that are simwithin the foliation however they do not seem to ilar to the peak metamorphic ages in the surroundhave been transposed within the foliation.
ing khodalites and leptynites, it is possible that these
Site Specific Safety Information

The mineral assemblage within the dykes is orthopyroxene, clinopyroxene, plagioclase with minor quartz and biotite. At the contact between the
dykes and the wall rocks a thin selvage of garnet and
biotite is sometimes developed.

grains are xenocrytic and inherited material picked
up by the dykes prior to their emplacement. These
dykes may therefore record the extensional collapse
of the East African Orogen in this area. However,
this is quite a speculative notion that would need
further investigation.

Fig. 2.8.1: (left) Mafic dyke oriented within the gneissic foliation of the host gneiss. (right) the charnockite that forms the bulk
of the host material in this quarry.
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Fig. 2.8.2: CL images of zircons from samples (left) SS1; (middle) SS2, and; (right) SS3

SS1

SS2

SS3

52

Site Specific Safety Information
Arakakulam Quarry is an inactive quarry, please
be aware of hazards including:
- rough ground
- falling rocks
- steep quarry faces if climbing
- if raining, slippery rock surfaces
Please be aware of people below you if you
choose to climb up the quarry face to get a closer
look at the rocks

Geochronology
Two samples (a garnet-leucogranite and a garnet
bearing charnockite) were analysed at this location.
The garnet leucogranite gave a single population of
zircon with individual spot ages ranging between
590 and 540 Ma. This age range is consitent with
a 565 Ma monazite age from this sample. The REE
analyses of garnet and zircon from this sample are
suggestive of equilibrium between the two minerals.

The garnet bearing charnockite returned a 2040
Ma age with some discordance. A single analysis
of a rim from this sample gave an age of ~550 Ma.
Both garnet-absent and garnet-bearing charnock- Monazite from the sample gave a single age of 547
ites occur within the massif, with the garnet-absent Ma, within error of the monazite age from the garvariety being the dominant type. Biotite is com- net-leucogranite. REE analysis of zircon, garnet and
monly present in the garnet-bearing charnockite. orthopyroxene suggests 550 Ma zircon rims were
In general, the rock shows a weak foliation, defined in equilibrium with the garnet and orthopyroxene,
by orthopyroxene, garnet and/or biotite. Locally, whereas the oscillatory zoned cores show typical igadjacent to quartz segregations, abundant orthopy- neous patterns and are not in equilibrium with the
roxene and minor garnet occur without any align- garnet.
ment. Garnet occurs in the charnockite adjacent
to a calc-silicate enclave at Arakkakulam quarry. A Oxygen isotope analysis of zircon from the two
garnet-leucogranite intrudes the charnockite at the samples gave similar results indicating that the
southern end of the quarry.
rocks incorporated some crustal material. There is
Locality 9 - Arakakulam Quarry

Fig. 2.9.1: (left) Calcsilicate enclave within the charnockite at Arakakulam. (top right) Garnet-bearing leucogranite that intrudes the charnockite. (bottom right) Garnet-bearing charnockite near the conatct with the calcsilicate enclave.
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Fig. 2.9.2: (top left) Photomicrograph of the garnet-leucogranite. (top right) Garnet from the garnet-leucogranite analysed
by LA-ICPMS at Curtin University. (bottom left) Garnet and orthopyroxene in the garnet bearing charnockite, the laser pits
are visible in the garnet at the bottom of the photo. (bottom right) Photomicrograph of the minerals present in the calcsilicate
enclave.

Fig. 2.9.3: (top) recrystallised zircon from the garnet-leucogranite. (bottom) Oscillatory zoned zircon from charnockite
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leucogranite
zircon

charnockite
zircon

leucogranite

charnockite

Fig. 2.9.4: All U-Pb, REE and O-isotope data collected from
the garnet leucogranite and charnockite at the quarry at Arakakulam.

no evidince in the zircon for isotopically light (e.g.
mantle fluids) being involved in the metamorphic
event at 550 Ma.
One interpretation for the origin of these rocks is
that the protoliths of the massive charnockites were
emplaced at ~2000 Ma and were then metamorphosed at 550 Ma during which the “charnockite
assemblage” was imposed on the original igneous
rock and partial melting of the rocks resulted in the
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formation of the garnet-leucogranite.

leucogranite
monazite

charnockite
monazite

Fig. 2.9.5: Monazite data from this locality
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Site Specific Safety Information
Kottaram Quarry is an inactive quarry, please be
aware of hazards including:
- rough ground
- falling rocks
- steep quarry faces if climbing
- if raining, slippery rock surfaces
Please be aware of people below you if you
choose to climb up the quarry face to get a closer
look at the rocks
Locality 10 - Kottaram
At the Kottaram exposure, in the southern part of
the Nagercoil massif, a series of metapelite lenses
(~20 m long) occur, with the charnockite adjacent
to these lenses and up to several metres from the
contact showing marked enrichment in garnet. The
garnet-enriched charnockite zone has a reddish
color, compared with the greenish-gray type in other parts of this exposure
A P–T pseudosection calculated using Theri-

ak-Domino in the NCKFMASHTO system suggests that the peak temperatures attained at this
location were > 870 °C with a poorly constrained
upper pressure limit, consistent with the estimates
from the Trivandrum Block.
SHRIMP U-Pb geochronology from zircon and
monazite yields a range of ages within the metapelite. With zircons giving ages from 590-510 Ma and
monazite giving two ages with core ages of 570 Ma
and rim ages of 520 Ma. Zircon from the charnockite gives ages of 580 Ma. Both samples contain inherited cores that project back to a ~ 2000 Ma age.
Zircon and garnet from the metapelite were analysed for their REE compositions. There were two
rim types on the zircon a high-U and a low-U rim.
The high-U rim seems to be in equilibrium with the
garnet. Zircon cores display a typical igneous pattern. O-isotope analyses from zircon in the charnockite and the metapelite returned contrasting
values with values from the metapelite being 2 per
mill heavier. This is consistent with the whole rock
O-isotope data collected previously at this locality
by Santosh and co-workers, reported in Rajesh et
al. (2011).

Fig. 2.10.1: (top left) Band of metapelite within a charnockite at Kottaram Quarry. (top right) Mafic band within the charnockite. (bottom left) Metapelite at Kottaram Quarry illustrating the abundant sillimanite within the rock. (bottom right) Diffuse
contact between the metapelite and the charnockite.
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Fig. 2.10.2: Representative phtomicrographs from the metapelite at Kottaram (top left) large garnet wrapped by sillimanite.
(top right) Garnet-sillimanite-cordierite-spinel. (bottom left) Mesoperthite. (bottom right) Spinel with sillimanite corona

Fig. 2.10.3: P–T pseudosection calculated using
the whole rock data from
the metapelite. Constructed using the Theriak-Domino program.
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Metapelite

Charnockite

Metapelite

Charnockite

Charnockite

Metapelite

Metapelite

Fig. 2.10.4: Zircon data collected from the Kottaram Quarry.
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Fig. 2.10.5: Monazite data collected from the Kottaram Quarry.
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Site Specific Safety Information

up phase of Gondwana.

Kozhikodupothai Quarry is an active quarry,
please be aware of hazards including:

Geochronology
Three samples (two garnet-leucogranites one with
patchy charnocitisation and a garnet-bearing charnockite) were analysed at this location.

- rough ground
- falling rocks
- steep quarry faces if climbing
- if raining, slippery rock surfaces
Please be aware of people below you if you
choose to climb up the quarry face to get a closer
look at the rocks
Locality 11 - Kozhikodupothai
Both garnet-absent and garnet-bearing charnockites occur within the massif, with the garnet-absent
variety being the dominant type. At this locality the
charnockite is cross-cut by an extensive network of
garnet-bearing leucogranites. One of these granites
contains evidence for the development of incipient
charnockite. All of these rocks are cut by a late mafic
dyke that is undeformed and represents the break-

The garnet leucogranites both gave a discordant array of analyses with a Proterozoic upper intercept.
There was some minor rim development in the
sample that has the patchy charnockitisation. The
lower intercept of the discordia is ~550 Ma.
The garnet bearing charnockite returned a 2040
Ma age with some discordance. A number of rim
analyses from this sample gave an age of ~550 Ma
(the same as the lower intercept in the garnet-leucogranites. REE analysis of zircon and garnet suggests
550 Ma zircon rims were in equilibrium with the
garnet, whereas the oscillatory zoned cores show
typical igneous patterns and are not in equilibrium
with the garnet.

Fig. 2.11.1: (top left) Charnockite cut by a network of garnet-bearing leucogranite. (top right) Charnockite with large orthopyroxene crystals. (bottom left) Garnet-leucogranite with development of patchy charnockite. (bottom right) Charnockite cut by
a very garnet-rich leucogranite.
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Fig. 2.11.2: Representative photomicrographs of the rocks at
Kozhikodupothai (top left) Leucogranite with patchy charnockite developed. (top right) garnet leucogranite. (bottom
left) Charnockite

Leucogranite w/ patchy charnockite

Garnet-leucogranite

Charnockite
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Leucogranite w/ patchy
charnockite

Garnet-leucogranite

Fig. 2.11.4: SHRIMP zircon data collected from this locality

Charnockite

Garnet-leucogranite

Charnockite

Fig. 2.11.5: LA-ICPMS zircon and garnet data and SIMS
O-isotope zircon data collected from this locality

Oxygen isotope analysis of zircon from the three
samples gave similar results indicating that the
rocks incorporated some crustal material. There is
no evidence in the zircon for isotopically light (e.g.
mantle fluids) being involved in the metamorphic
event at 550 Ma. This is similar to the results obtained at Locality 9.
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