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Abstract

In order to decipher crustal genesis and evolution as well as to refine the metamorphic history of the Kerala Khondalite
Belt (KKB), southernmost India, we have applied U–Pb monazite, Rb–Sr biotite-feldspar dating and Nd isotope geochemistry.
The KKB belonged to an eastern Gondwana mobile belt that underwent ultra-high temperature metamorphism at Pan-African
times. It is dominated by Nd model ages ranging between 2.0 and 3.0 Ga except at its northernmost boundary (the Achankovil
Unit, AU), where Middle Proterozoic Nd model ages were recognised (1.3–1.6 Ga). The new data show, that these ages are not
restricted to cordierite-bearing metasediments alone but can be found in other lithologies of the Achankovil Unit as well. Peak
metamorphism occurred between 590 and 550 Ma as recorded by U–Pb dating of monazite from charnockites and garnet-biotite
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neisses. Rb–Sr ages of minerals in pegmatite intrusions record cooling to ca. 400–500◦C by 490-470 Ma. Based on a system
egional sampling, this contribution confirms and refines former models based on smaller datasets. The major issue
erala Khondalite Belt must have undergone an extremely slow cooling history (3–6◦C/Ma) comparable to the one describ

or Sri Lanka and Madagascar. Still such ultra-high temperatures associated to slow cooling processes cannot be sa
t into a common tectonic context.
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1. Introduction

During the Pan-African orogeny (ca. 500–700 M
and assembly of East and West Gondwana the
terozoic part of Peninsular India was located clos
Sri Lanka, southern Madagascar and East Antar
(e.g.Lawver and Scotese, 1987; Powell et al., 19
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Kriegsman, 1995; Fitzsimons, 2000; Collins and
Windley, 2002). Similarities in tectonic style, de-
gree of metamorphism and age patterns suggest that
these terranes most likely shared a common tectono-
metamorphic evolution (e.g.Nicollet, 1990; Hiroi
and Motoyoshi, 1990; Yoshida et al., 1992; Ghosh,
1999; Fitzsimons, 2000; De Wit et al., 2001). How-
ever, the absence of systematic isotope geochemi-
cal and geochronological datasets for the crystalline
basement of southern India as well as insufficient
correlation between structural, petrological and geo-
chemical studies has prevented to develop a better
understanding of the Proterozoic tectono-metamorphic
evolution of southern India and its position within East
Gondwana.

In order to shed some light on the crustal genesis and
the metamorphic history of the Kerala Khondalite Belt
(KKB), we carried out geochemical and geochronolog-
ical investigations on a set of samples which represents
the lithological make-up of this lower crustal terrain
fairly well. The Nd isotope composition of whole rock
samples was analysed to distinguish crustal terrains of
different origin, U–Pb ages of monazites were deter-
mined to establish the age of peak metamorphism and
Rb–Sr dating of biotite and feldspar from pegmatites
was carried out in order to constrain the late stage of
the metamorphic evolution.

2. Geological setting

2
g

a is
s zoic
c hear
Z tems
( u-
r ed
b ;
D .,
1 the
P U;
F tite
g
m ustal
s

et al., 1992). They were intruded by early granitoid
rocks that were migmatised and transformed into augen
gneisses and fine-grained biotite-bearing gneisses dur-
ing the Pan-African orogeny. The NU is mostly com-
posed of massive charnockites, enderbites and mafic
granulites (Srikantappa et al., 1985). It thus has long
been considered as a distinct block with a distinct tec-
tonic and metamorphic evolution (Chacko et al., 1996;
Santosh, 1996). The MB is predominantly composed
of massive charnockites and enderbites as well as horn-
blende± biotite gneisses interpreted as a volcano-
sedimentary sequence.

The entire area underwent ultra-high temperature
metamorphism (Chacko et al., 1996; Satish Kumar and
Harley, 1998; Nandakumar and Harley, 2000; Cenki
et al., 2002) at Pan-African times (Buhl, 1987;
Choudhary et al., 1992; Soman et al., 1995; Miller
et al., 1997; Bartlett et al., 1998). The metamorphic
evolution of the KKB is characterised by a clockwise
PT path with post-peak isobaric cooling followed by
isothermal decompression (Satish Kumar and Harley,
1998; Nandakumar and Harley, 2000; Fonarev et al.,
2000; Cenki et al., 2002). Peak pressure estimates are
lower (6–7 kbar;Chacko et al., 1996; Satish Kumar and
Harley, 1998; Nandakumar and Harley, 2000; Cenki
et al., 2002) than in the MB where sapphirine is locally
present and maximum pressures of ca. 10–12 kbar have
been reported (Raith et al., 1997; authors’ own obser-
vations). Recent studies (e.g.Ghosh et al., 1998; Cenki
and Kriegsman, unpublished data) presented new struc-
t ndia
a tonic
d ts of
t and
n ope
d sular
I Nd
m tes in
t
e al.,
1 rked
b del
a
u ett
e
K or
c d to
r ate
.1. Geological setting and previous
eochronological studies

The Pan-African orogen of southernmost Indi
eparated from the Archean and Early Protero
rystalline basement by the Palghat-Cauvery S
one (PCSZ) and associated shear zone sys

Fig. 1a). It is commonly divided into the Mad
ai Block (MB) and the KKB which are separat
y the Achankovil Unit (AU;Drury and Holt, 1980
rury et al., 1984). The KKB (Srikantappa et al
985) encloses, from north to south, the AU,
onmudi Unit (PU) and the Nagerkoil Unit (N
ig. 1b). The PU and the AU consist of garnet-bio
neisses and garnet± biotite ± cordierite ± silli-
anite± graphite gneisses representing a supracr

equence of pelitic and psammitic origin (Chacko
ural data and tectonic models for southernmost I
nd suggested that the whole area is a single tec
omain. Major differences between the various uni

he SGT concern their lithology as well as the age
ature of their protoliths. Geochronological and isot
ata suggest that the Pan-African event in Penin

ndia was essentially a period of crustal reworking.
odel ages obtained from gneisses and charnocki

he PU and MB range between 3.0 and 2.0 Ga (Harris
t al., 1994; Brandon and Meen, 1995; Bartlett et
998). The boundary between these domains is ma
y a ca. 30 km wide zone of much younger Nd mo
ges (ranging from 1.5 to 1.2 Ga with�Nd initial val-
es of−6.0 to−3.1;Brandon and Meen, 1995; Bartl
t al., 1998). This zone is the AU (Braun and
riegsman, 2003). Similar ages were reported f
ordierite gneisses in Kerala and were interprete
esult from mixing of source rocks of Early and L
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Fig. 1. (a) Simplified geological map of South India (modified afterRaith et al., 1997). MSZ: Moyar Shear Zone; BSZ: Bhavani Shear Zone;
PCSZ: Palghat-Cauvery Shear Zone; NH: Nilgiri Hills; BRH: Biligirirangan Hills; ShH: Shevaroy Hills. Major structural trends (Cenki and
Kriegsman, unpublished data) are indicated in thick black lines. (b) Schematic geological map of the Kerala Khondalite Belt (modified after
Braun and Kriegsman, in press). All localities selected for geochronological and isotopic geochemical work in this contribution are indicated.
Dashed box shows the domain shown inFigs. 2 and 4.

Proterozoic age (Bartlett et al., 1995), the latter of
which are not known from the exposed crust of Penin-
sular India.

As documented by various geochronological meth-
ods, the major tectono-metamorphic event recorded
in the KKB is of Pan-African age (560–516 Ma;
Buhl, 1987; Choudhary et al., 1992; Soman et al.,
1995; Unnikrishnan-Warrier et al., 1995; Miller

et al., 1997; Unnikrishnan-Warrier, 1997; Bartlett
et al., 1998; Braun et al., 1998; Ghosh, 1999; Braun
and Br̈ocker, 2004). The existence of an Early Pro-
terozoic metamorphic event has been inferred from
single zircon Pb-evaporation ages of 1802± 16 Ma
(Bartlett et al., 1998), the results of electron micro-
probe dating (EPMA) of monazite from paragneisses
(1.9–1.7 Ga;Braun et al., 1998; authors’ unpublished
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data;Santosh et al., 2003) and a Sm–Nd garnet-whole
rock isochron age of ca. 1793 Ma (Choudhary et al.,
1992). Ghosh (1999)reported a 987 Ma zircon up-
per intercept age for a gneiss xenolith in the Kali-
para granite. Late Pan-African Rb–Sr cooling ages
(484–440 Ma;Choudhary et al., 1992; Unnikrishnan-
Warrier et al., 1995; Unnikrishnan-Warrier, 1997)
were reported for pegmatites, granitic gneisses and
leucogranites. They are in good agreement with K–Ar
biotite ages for pegmatites (474–445 Ma,Soman et al.,
1982) and EPMA monazite ages of pegmatites and
gneisses (520–420 Ma,Braun et al., 1998and authors’
unpublished data;Santosh et al., 2003).

2.2. Sample description

Rock samples selected for this study represent
the major rock types of the PU, the AU and the
NU and comprise garnet-biotite gneisses, metapelites,
charnockites, enderbites and pegmatites. Accounts on
their geochemistry and petrology are given elsewhere
(e.g. Srikantappa et al., 1985; Chacko et al., 1992;
Santosh, 1996; Braun et al., 1996).

The majority of investigated samples comprises
migmatitic garnet-biotite gneisses which can be fur-
ther subdivided into different textural variants. Most
of them (I00-16-1; I00-18-2; I99-60-1; I99-51-1; I99-
66-9) display a stromatic texture consisting of a
garnet-biotite-rich melanosome and a garnet-bearing
quartzofeldspathic leucosome. Garnet has a subhedral
s
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medium-grained rocks is a lensoid garnet-bearing leu-
cosome in a biotite-bearing gneiss matrix. In contrast,
the augen gneiss sample K15-1 shows a magmatic, por-
phyritic texture defined by centimetre-sized K-feldspar
phenocrysts which are oriented within the foliation
plane. They were derived from porphyritic granites
which intruded into the crystalline basement of the
KKB prior to the peak of Pan-African metamorphism
and penetrative deformation (Braun et al., 1998; Braun
and Br̈ocker, 2004). Sample I00-14-2 is a strongly
migmatitic metapelite. Compared to the garnet-biotite
gneisses, it has higher modal abundances of sillimanite,
graphite and cordierite. Leucogranites (K3-6; I99-66-
8; I00-18-3) usually occur as centimetric to plurimet-
ric sheets injected along or cross-cutting the foliation
of the garnet-biotite gneisses. Garnet and/or sillimanite
generally are present with low modal abundances. Ac-
cessory phases are almost absent in the studied rocks
and comprise zircon, monazite, apatite and ilmenite.

Roughly one-third of the samples selected for Nd
isotope studies and half of the samples selected for
U–Pb dating are charnockites or enderbites (I00-28-
1; I00-24-1; I00-15-5b; I00-15-5a; I99-57-1; I99-62-
1; I99-63-3; I99-50-1; I99-55-1; MR211). On outcrop
scale, the dark green colour of the rocks suggests a
massive appearance and a homogeneous granoblastic
texture. However, a closer look in hand specimen often
reveals the existence of a stromatic to nebulitic texture.
The leucosomes of charnockites are mostly composed
of granoblastic quartz, plagioclase and K-feldspar. En-
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g artz
a htly
p n
w in-
t wth
f m-
m and
i opy-
r re
z phite.
M r as
c s or
e am-
p que
p om-
m hus
f wn
hape with grain sizes of at least 500�m. It formed
rom biotite-dehydration melting according to the
ction biotite+ sillimanite+ quartz+ plagioclase=
arnet+ K-feldspar+ liquid and contains inclusion
f relic quartz, K-feldspar, plagioclase, biotite and r
illimanite. Biotite and cordierite are commonly o
erved as breakdown products of garnet in metap
nd metapsammitic rocks (Cenki et al., 2002). Biotite
redominantly occurs in the melanosome and is ra
resent in the leucosome. It displays a sub- to e
ral shape and defines the gneissic foliation of
ock. The leucosome is mainly composed of qua
-feldspar and plagioclase, the amount of which
ends on the degree of partial melting and mineral-
ack-reaction (Cenki et al., 2002). Monazite, zircon
patite, opaque phases and graphite are access
ample K3 represents the group of leptynitic gneis
he characteristic textural feature of these fine
.

erbites are similar except that they are richer in
ioclase and have lower modal amounts of qu
nd K-feldspar. Orthopyroxene is subhedral, slig
leochroic and rarely poikilitic. It is locally intergrow
ith biotite, opaque phases and garnet which is

erpreted to reflect garnet and orthopyroxene gro
rom biotite-dehydration melting. Rare biotite co
only fills embayments of orthopyroxene crystals

s thus interpreted as a breakdown product of orth
oxene (Cenki et al., 2002). Accessory minerals a
ircon, apatite, opaque phases, hercynite and gra
etabasites (I99-48-2; I99-55-3; I99-50-2) appea

ross-cutting or interlayered dykes in charnockite
nderbites. The major ferromagnesian phase is
hibole. Orthopyroxene, clinopyroxene and opa
hases are present as well. Biotite is rare and c
only fills mafic minerals embayements and t

orms from orthopyroxene or amphibole breakdo
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upon hydration. Plagioclase is the main phase in the
leucosome, quartz is minor and K-feldspar is absent.

Pegmatites (K12-2; I00-2-2; I00-12-1; I00-10-3;
I00-7-2), selected for Rb–Sr dating of biotite and
feldspar, occur as dykes of 50–80 cm width, and in-
truded into charnockites and enderbites. Release of
hydrous fluids upon melt crystallisation has led to
bleaching of the adjacent granulite and the formation
of biotite-bearing gneisses. Generally, the width of this
bleaching zone is less than one meter. During this pro-
cess, orthopyroxene broke down to biotite and a gneis-
sic foliation re-appeared (e.g.Ravindra Kumar and
Chacko, 1986; Santosh and Yoshida, 1986). Pegmatites
contain large crystals of biotite (<500�m), K-feldspar,
plagioclase and quartz± apatite, monazite and zircon.

3. Analytical methods

3.1. Isotope geochemistry

Whole rock powders were prepared at Mineral-
ogisches Institut, Universität Bonn by using a steel
jaw-crusher and an agate shatter-box. Isotope anal-
yses were carried out at the Zentrallaboratorium für
Geochronologie (ZLG) at the Institut für Mineralogie,
Universiẗat Münster. In order to ensure complete dis-
solution of whole rock powders, sample digestion for
Sm–Nd studies was carried out in teflon bombs within
screw-top steel containers, according to the method
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coated with 2-ethyl-hexyl phosphoric acid and 0.2N
and 0.4N HCl as eluant. For mass-spectrometric anal-
ysis, Sm and Nd were loaded with HCl on Re filaments
using a triple filament configuration. The147Sm/144Nd
ratios were assigned uncertainties of 0.3%. Uncertain-
ties of the143Nd/144Nd ratios are reported on the 2�m
level. Repeated runs of the LaJolla standard gave an
average143Nd/144Nd ratio of 0.511858± 15 (n = 7).
Fractionation was corrected by normalising the given
isotope ratios to146Nd/144Nd = 0.7219. Total proce-
dure blank did not exceed 0.05 ng for Nd and 0.02 ng
for Sm and are negligible because contents of the sam-
ples are usually 1000 times higher at least.�Nd at the
time of metamorphism (550 Ma) was calculated rela-
tive to CHUR with present-day values of143Nd/144Nd
= 0.512638 and147Sm/144Nd = 0.1967 (Jacobsen and
Wasserburg, 1980). Nd model ages were calculated as-
suming a depleted-mantle reservoir and present-day
values of143Nd/144Nd = 0.51315 and147Sm/144Nd =
0.217 (Goldstein et al., 1984). This procedure is based
on the assumption that the major chemical fractiona-
tion of Sm and Nd took place when the source material
was differentiated from depleted mantle prior to its in-
corporation into the crust (e.g.McCullogh, 1987; Jahn
and Condie, 1995). Caution is warranted in the case
of highly migmatized rocks because Sm and Nd do not
fractionate similarly between melt and restite (Brandon
and Meen, 1995). As will be shown inSection 4.2, the
studied samples are not affected by this process.

The validity of interpretation of Nd model ages and
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d concentrations determined by XRF) were mi
ith a149Sm/150Nd spike in teflon screw-top vials a
issolved in a HF–HNO3 (5:1) mixture on a hot-pl
vernight. The solution was then reduced to a sm
olume by evaporation on a hot-plate and transfe
nto teflon bombs with fresh HF–HNO3 (5:1). Afte
ew days in steel autoclaves at ca. 200◦C, the dissolve
amples were transferred to Savilex screw-top bea
few drops of HClO4 were added to break down fl

ides during drying on a hot-plate. After complete ev
ration, 6N HCl was added to the residue and exces
nd HClO4 removed in a second evaporation step.
EE were separated by standard ion-exchange p
ures (AG 50W-X8 resin) on quartz glass columns

ng 2.5N and 6N HCl as eluants. Sm and Nd w
xtracted from the REE fraction using teflon pow
Nd calculations is always limited by the precision
onfidence in measured and calculated values.�Nd ini-
ial reproducibility based on duplicate dissolutions
amples is always better than 0.4�Nd units. The aver
ge difference in the147Sm/144Nd ratio of duplicates i
.0015. Within-run error for143Nd/144Nd is always un
er 0.0002. The reproducibility of duplicate analy

rom solutions issued from the same chemical pr
ure is in the range 0.1–1.2�Nd units, a little highe

han for separate dissolutions. Within-run precisio
etter than 0.6�Nd units. Thus model ages reprodu
ithin less than 40 Ma.

.2. Geochronology

For U–Pb geochronology, monazite was conc
rated from the <355�m size fraction by standard ro
ines using jaw-crusher, disc-mill, magnetic and he
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liquid techniques. Three to ten grains per size fraction
were hand-picked under a binocular microscope ac-
cording to the following criteria: sub-euhedral, mostly
without inclusions, pale yellow, smooth surface. To re-
move surface contamination, hand-picked monazites
were ultrasonically cleaned with diluted high purity
HCl and deionised water. Decomposition of monazite
followed the procedures suggested byKrogh (1973)for
zircon, but using 6N HCl instead of HF for dissolution.
For chemical separation of U and Pb a HBr technique
was applied. A233U–205Pb mixed spike was used for
isotope dilution. U and Pb were loaded with phosphoric
acid and silica gel on single Re filaments and isotope
ratios were measured on a VG Sector 54 multicollec-
tor mass spectrometer in static mode. Isotopes were
usually measured on Faraday cups except for204Pb
which was simultaneously measured with a Daly detec-
tor ion counting system. Due to low intensities,205Pb
and207Pb often had to be analysed with the Daly detec-
tor, too. Total procedural blanks did not exceed 140 pg
for Pb and 15 pg for U. Isotopic ratios were corrected
for mass discrimination with a factor of 0.1% per amu
for Pb and U. Reproducibility of the207Pb/206Pb ra-
tio of the standard NBS-982 was <0.045%. For initial
lead correction, isotopic compositions calculated ac-
cording to the model ofStacey and Kramers (1975)
were employed. All ages and error ellipses were calcu-
lated using the Isoplot program, version 2.49 (Ludwig,
1991).

For Rb–Sr geochronology five pegmatite samples
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ysis, Rb was loaded on Ta filaments (double filament)
with H2O. Sr was analysed using TaF5 on W fil-
aments (single filament). Mass-spectrometric analy-
sis was carried out using a VG Sector 54 multicol-
lector mass spectrometer (Sr) and a NBS-type Tele-
dyne mass spectrometer (Rb). Correction for mass
fractionation is based on a86Sr/88Sr ratio of 0.1194.
Rb ratios were corrected for mass fractionation us-
ing a factor deduced from multiple measurements
of NBS-607. Total procedural blanks were less than
0.05 ng for Rb and 0.20 ng for Sr. Based on repeated
measurements, an uncertainty of 1% (2�) is usu-
ally assigned to the87Rb/86Sr ratios. However, ana-
lytical problems resulted in an uncertainty of up to
2% for some of the studied samples. Still, the er-
ror in age is acceptable for a regional scale study.
For the 87Sr/86Sr isotope ratio uncertainties repre-
sent the within-run statistics (2�). Repeated runs of
standard NBS-987 gave an average87Sr/86Sr ratio of
0.710292± 18 (2�, n = 10). All ages were calcu-
lated using the IUGS recommended decay constants
(Steiger and J̈ager, 1977) by means of a ZLG pro-
gram and the Isoplot program version 2.49 (Ludwig,
1991).

4. Results

4.1. Nd isotope data
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vailable for the KKB (see compilation inBraun
nd Kriegsman, 2003), this study has focussed
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Table 1
Sm–Nd isotope data and calculated�Nd and model ages for gneisses, granulites and granites of the KKB

Sample
no.

Rock type Sm
(ppm)

Nd
(ppm)

147Sm/144Nd 143Nd/144Nd
measured

2� 143Nd/144Nd
(t = 550 Ma)

�Nd TDM (Ma)

K15-1 Augen gneiss 16.3 102 0.095972822 0.511188662 0.000013 0.5108428 −21.22 2458
K3 Garnet-biotite

gneiss
1.89 12.2 0.093785724 0.511238344 0.000014 0.5109004 −20.10 2354

K3-6 Leucogranite 1.55 7.33 0.127900543 0.511405064 0.000014 0.5109442 −19.24 2966
199-66-9 Garnet-biotite

gneiss
9.24 51.3 0.109000308 0.511182686 0.000017 0.5107899 −22.25 2760

199-66-8 Leucogranite 1.62 9.43 0.104129656 0.5114259 0.000021 0.5110507 −17.16 2318
100-8-3 Enderbite 10.5 61.8 0.102888506 0.511262933 0.000013 0.5108922 −20.26 2508
100-14-2 Metapelite 12.7 83.9 0.091413324 0.511190977 0.000012 0.5108616 −20.85 2367
MR 211 Charnockite 0.663 5.47 0.073226939 0.510922469 0.000010 0.5106586 −24.82 2351
199-48-2 Metabasite 0.380 1.59 0.144045552 0.511932497 0.000010 0.5114134 −10.07 2531
199-55-1 Charnockite 6.59 56.9 0.0699471 0.510890349 0.000034 0.5106383 −25.22 2332
199-55-3 Metabasite 4.08 16.0 0.154169922 0.512088834 0.000013 05115333 −7.734 2561
199-50-1 Charnockite 5.37 42.8 0.075838759 0.51101156 0.000006 0.5107383 −23.26 2299
199-50-2 Metabasite 6.53 37.8 0.1O4338O43 0.511413554 0.000019 0.5110376 −17.42 2339
199-63-3 Charnockite 5.79 60.2 0.05809249 0.510936262 0.000012 0.5107269 −23.49 2115
199-62-1 Charnockite 4.43 28.5 0.093983076 0.511118528 0.000009 0.5107799 −22.45 2504
199-51-1 Garnet-biotite

gneiss
5.83 46.0 0.076560238 0.511069013 0.000016 0.5107931 −22.19 2249

199-57-1 Charnockite 4.90 37.3 0.079284772 0.510987409 0.000013 0.5107017 −23.98 2382
199-60-1 Garnet-biotite

gneiss
1.83 10.5 0.105379961 0.511347728 0.000014 0.510968 −18.78 2449

100-18-2 Garnet-biotite
gneiss

10.7 62.5 0.103520021 0.511226664 0.000010 0.5108536 −21.01 2570

100-18-3 Leucogranite 4.00 22.8 0.105924614 0.511482701 0.000016 0.511101 −16.18 2278
100-16-1 Garnet-biotite

gneiss
9.45 52.6 0.108724528 0.511246949 0.000009 0.5108552 −20.98 2664

I00-15-5a Enderbite 1.82 11.1 0.099356623 0.511341507 0.000019 0.5109835 −18.47 2333
I00-15-5b Quartz-norite 3.54 18.8 0.114187469 0.511493531 0.000012 0.5110821 −16.55 2444
100-24-1 Enderbite 5.57 26.6 0.126673776 0.512194072 0.000012 0.5117376 −3.743 1610
100-28-1 Charnockite 10.8 64.4 0.10121748 0.512132635 0.000014 0.5117679 −3.151 1338

�Nd at the time of metamorphism is calculated relative to CHUR with present-day values of143Nd/144Nd = 0.512638 and147Sm/144Nd = 0.1967
(Jacobsen and Wasserburg, 1980). Nd model ages (TDM) are calculated with a depleted-mantle reservoir and present-day values ofl43Nd/l44Nd
= 0.51315 and147Sm/144Nd = 0.217 (Goldstein et al., 1984).

In the PU and NU, gneisses, charnockites and en-
derbites are characterised by�Nd values between−18
and−26. For leucogranites and metabasites, these val-
ues are less negative (−17 to−19 and−7 to−17, re-
spectively). Corresponding Archean or Early Protero-
zoic model ages (TDM) range between 2.9–2.0 Ga and
2.4–2.0 Ga, respectively. A notable exception are two
enderbite samples (I00-24-1 and I00-28-1) from the
presumed southeastern continuation of the AU around
Tirunelveli. They are characterised by lower model
ages (TDM = 1.61 and 1.34 Ga respectively) and higher
initial �Nd (− 3.7 and−3.2 respectively) although
Sm/Nd ratios are in the same range as all other samples.

In three localities (I99-48 and MR211; I99-55;
I99-50) massive charnockites and associated metab-
asites were sampled. Only for a single charnockite-
metabasite pair (I99-50), TDM and�Nd are similar
(2.32±0.02 Ga and−20±3 Ga respectively) although
�Nd of the metabasite is slightly higher. In the two other
cases the metabasites (I99-48-2 and I99-55-3) yield
model ages which are 180 or 230 Ma older and initial
�Nd values 14 or 18�Nd units less negative than the
adjacent charnockite (−10.1 and−7.7 respectively).
These two metabasites have high Sm/Nd ratios (up to
0.15). In three localities (I99-66; I00-18; K3) garnet-
biotite gneisses and associated leucogranites were
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Fig. 2. Nd model ages map for all studied localities. Lithologies are also indicated.

investigated. TDM for leucogranites I99-66-8 and I00-
18-3 are 300–450 Ma younger than their host rocks,
the corresponding�Nd values are about 5 units higher.
TDM for leucogranite K3-6 is 600 Ma older than for the
adjacent gneiss K3 and the corresponding�Nd 0.9 units
higher. However, Sm/Nd ratios are similar, indicating
no major fractionation after segregation from depleted
mantle. At locality I00-15, a garnet-bearing enderbite
and a garnet-free quartz-norite were sampled. TDM
of the garnet-bearing enderbite is 100 Ma younger and
the corresponding�Nd is 2 units lower compared to the
garnet-free quartz-norite.

4.2. Geochronology: U–Pb and Rb–Sr dating

The results of U–Pb dating of monazites are listed
in Table 2and shown inFigs. 3 and 4. As is clear
from Fig. 3, most of the studied monazites are dis-
cordant. Sample I99-65-1 is a garnet-biotite gneiss
sampled within the PU. Three fractions yielded
207Pb/235U ages of 567± 2.5 (200–160�m), 570± 2.4
(160–125�m), 564± 3.1 Ma (125–100�m), weighted

mean = 567± 7.1 Ma. All fractions are slightly dis-
cordant reflecting Pb loss due to unidentified post-
crystallisation processes. Sample I99-34-4 is a garnet-
biotite gneiss sampled 30 km south of Tirunelveli
within the PU. Three analysed size fractions yielded
207Pb/235U ages of 553± 2.1 (200–160�m), 552±
2.7 (160–125�m) and 549± 2.1 Ma (125–100�m),
weighted mean: 551± 5.5 Ma. These monazites
are slightly reverse concordant indicating that excess
206Pb, related to the decay of230Th, was incorporated
in the monazite upon crystallisation (Scḧarer, 1984;
Parrish, 1990). Sample I00-2-3 and 5 were collected
in Pongamuda, an active quarry close to Trivandrum.
I00-2-3 is a garnet-biotite gneiss and I00-2-5 is the ad-
jacent massive charnockite. The largest grain size frac-
tion of the charnockite is highly discordant and yields
an age of 842± 3.9 Ma. Smaller grain size fractions
from both samples are almost concordant (charnock-
ite: 589 ± 2.4 Ma, 577± 2.4 Ma; gneiss: 580±
2.3 Ma).

Pegmatites are common and at the contact to
charnockites fluid release from these melt injections
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Table 2
U–Pb monazite data for selected gneiss and charnockite samples

Sample Rock type Size frac.
(�m)

Weight
(mg)∗

Concentrations∗∗ Atomic ratios Apparent ages (Ma)

U (ppm) Pb (ppm) 206Pb/204Pb 208Pb/206Pb 207Pb/206Pb 207Pb/235U 206Pb/238U 206Pb/238U 207Pb/235U 207Pb/206Pb

199-65-1 Garnet-biotite
gneiss

125–100 0.033 7302 3791 3641 5.5105 0.05909 (1) 0.7421 (41) 0.0911 (5) 562 564 570

160–125 0.067 8716 4566 7615 5.5113 0.05937 (1) 0.7527 (32) 0.0920 (3) 567 570 581
200–160 0.092 8061 4147 17939 5.4474 0.05937 (1) 0.7472 (34) 0.0913 (4) 563 567 581

100-2-5 Charnockite Small 0.044 11245 5902 6348 5.2558 0.05943 (1) 0.7854 (32) 0.0958 (4) 590 589 583
Middle 0.067 6112 3259 14650 5.5140 0.05922 (1) 0.7645 (32) 0.0936 (4) 577 577 575
Big 0.061 4082 2488 8092 4.7258 0.07723 (1) 1.2909 (60) 0.1212 (5) 738 842 1127

100-2-3 Garnet-biotite
gneiss

Middle 0.097 4585 2350 6039 5.2366 0.05946 (1) 0.7697 (30) 0.0939 (3) 578 580 584

199-34-4 Garnet-biotite
gneiss

125–100 0.044 3279 2194 6983 7.6074 0.05839 (1) 0.7174 (28) 0.0891 (3) 550 549 544

160–125 0.075 4911 2810 5768 6.3061 0.05848 (2) 0.7224 (35) 0.0896 (3) 553 552 547
200–160 0.107 4667 2826 8364 6.0811 0.05843 (1) 0.7244 (28) 0.0899 (3) 555 553 546

The isotopic ratios are corrected for fractionation, blank and common Pb. The errors on the isotopic ratios are given at the 2� level (number in brackets
the last digits).

∗ Sample weight for all size fractions estimated from spheric shape and a specific weight of 5 g/cm.
∗∗ Only approximate concentrations due to uncertainties in sample weight.
7
5
–
2
9
2

283

indicates uncertainties on
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Fig. 3. Concordia diagram with U–Pb monazite data. For samples
I00-2-3 and 5, only a relative grain size is available due to a small
amount of material. Error ellipses are 2�. Calculations and plotting
are made with Isoplot version 2.49 (Ludwig, 1991).

often caused retrograde bleaching. In such zones,
decimeter- to meter-sized amphibolite facies gneiss as-
semblage developed at the expense of the charnock-

ite. Five pegmatite samples, which cross-cut massive
charnockite, were selected for Rb–Sr dating of biotite
and feldspars. Analytical results and ages are presented
in Table 3andFig. 4. Biotite-feldspar ages range be-
tween 491± 10 Ma and 471± 4 Ma.

5. Discussion

5.1. Nd isotope characteristics

Garnet-biotite gneisses, metapelites and charnock-
ites from the PU and the NU display the same range
of mean crustal residence ages and�Nd values. Based
on a more comprehensive dataset, the results of this
study confirm on a regional scale previous Nd isotope
work and geochronology that was mainly focused on a
smaller area north of Trivandrum (Harris et al., 1994;
Brandon and Meen, 1995; Bartlett et al., 1998). Al-
though rocks from the NU do not show TDM older
than 2.4 Ga (Figs. 5 and 6), the regional distribution of
calculated Nd model ages (Fig. 2) does not support a
distinction between the PU and the NU as different age
provinces. Since both units predominantly consist of
rocks of sedimentary origin the Nd model ages have
to be regarded as mean crustal residence ages. The
observed similarity suggests that the protoliths most
likely were derived from similar crustal basement ar-
eas. However, it cannot be completely ruled out that the
observed range in Nd model ages reflects the addition
o that
y the
K one,
b the
s rre-
s
s ex-
p U.
B n-
t ger
s lex
o ate
a on
d tri-
b oin-
c neral
s
f wer
f juvenile Proterozoic material. Our results show
oung Nd model ages in the northernmost part of
KB are not restricted to the cordierite gneisses al
ut also occur in a distinct crustal domain within
outhernmost part of the SGT, which probably co
ponds to the AU (Braun and Kriegsman, 2003). At this
tage of our investigation, we have no convincing
lanation for the much younger TDM ages of the A
randon and Meen (1995)considered that the sedime

ary protoliths in part originated from a much youn
ource which is only exposed in the Wanni Comp
f Sri Lanka. Alternatively, these values could indic
ddition of juvenile material or Sm/Nd fractionati
uring low-degree melt extraction. However, the dis
ution of Mesoproterozoic model ages does not c
ide with the observed structural trends and the ge
trike (Cenki and Kriegsman, unpublished data). This
eature of the study area is also known from the lo
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Table 3
Rb–Sr isotope data from selected pegmatites of the KKB

Sample Mineral Concentrations (ppm) Isotope ratios Age (Ma) 87Sr/86Srinitial

Rb Sr 87Rb/86Sr 87Sr/86Sr 2σ

K12-2 Feldspar 445 247 5.275 0.853036 0.000015 476± 7 0.817278± 0.001196
Biotite 1029 10 359.270 3.252496 0.000327

100-2-2 Feldspar 97 690 0.406 0.720318 0.000009 480± 8 0.717544± 0.000060
Biotite 1231 18 235.024 2.324091 0.000037

100-12-1 Feldspar 136 518 0.759 0.735450 0.000012 471± 4 0.730360± 0.000105
Biotite 1017 19 168.724 1.861558 0.000028

100-10-3 Feldspar 641 356 5.241 0.753811 0.000138 474± 10 0.718406± 0.002961
Biotite 1947 14 569.171 4.563605 0.000099

100-7-2 Feldspar 546 87 18.735 1.005358 0.000018 491± 10 0.874154± 0.005855
Biotite 1389 7 908.162 7.234216 0.000167

Mineral ages are calculated using a Zentrallabor Labor fur Geochronologie shareware program.

crustal basement of Sri Lanka. Clearly, more detailed
mapping and isotope studies are required to solve this
problem.

The specific petrogenetic processes involved in the
formation of leucogranites and two metabasites have
caused modifications of their Nd isotope systematics.
The high Sm/Nd ratios (up to 0.15) for metabasite sam-

onazit

ples I99-48-2 and I99-55-3 are either a primary feature
related to high degree of partial melting in the mantle
or influenced by the crystallisation and segregation of
a LREE-rich mineral, that fractionates Nd rather than
Sm (e.g. apatite). However, the metabasite I99-50-2 is
not affected by fractionation of Nd over Sm and its�Nd
is lower than that for other rock types.
Fig. 4. Location map for geochronological results. M
 e U–Pb ages are presented from bigger to smaller grain size.
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Fig. 5. Compilation map of all Nd model ages data available in literature for the Ponmudi Unit, the Achankovil Unit and the southern part of
the Madurai Block in addition to the dataset performed in this study. Legend is similar toFig. 1b.

Based on significantly different Sri ratios,Braun
et al. (1996)showed that the leucogranites were not
generated by in situ melting of the gneisses into which
they were emplaced, but from compositionally simi-
lar gneisses with different Sr isotopic characteristics.
Likewise, the leucogranites investigated in this study
are also different in their Nd isotopic composition and
yield Nd model ages that do not match those of their
host rocks (Table 1), thus pointing to variations in the
isotopic composition of the gneissic basement of the
PU.

5.2. Geochronology

Monazite often yields concordant U–Pb dates (e.g.
Parrish, 1990; Davis et al., 1994; Krogh and Moser,
1994), but this is not the case with the data presented in
this study.Hawkins and Bowring (1997)and Catlos
et al. (2002)offer a summary of the various phe-
nomena that influence the U–Pb system and thus the

concordancy of monazite: presence of an inherited
component, protracted or episodic crystal growth, high
temperature diffusive Pb loss, U–Th disequilibrium,
fluid/mineral interaction, hydrothermal growth, and de-
formation. The investigated monazites are either re-
verse (I99-34-4), normal disconcordant (I99-65-1) or
concordant (I00-2-3 and I00-2-5, small size fractions).
In the reversely discordant results, the207Pb/235U date
is either a true age or it is affected by partial Pb loss and
thus is only a minimum age. Interpretation of datasets
including reversely discordant and concordant mon-
azites is not straightforward. The apparently concor-
dant dates may result from partial Pb loss of originally
reversely discordant grains. Because the degree of re-
verse discordancy can also be reduced by partial Pb
loss, all207Pb/235U monazite dates of this study will
be considered as minimum ages for crystallisation or
closure during cooling.

In sample I00-2-5, the smaller grain sizes are an-
alytically concordant whereas the largest is strongly
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discordant. In addition, different size fractions for the
same sample never coincide and differ by up to 10 Ma.
The largest grain sizes did not always yield the old-
est date (e.g. I00-2-5) suggesting episodic growth. The
old date for the biggest monazite size fraction from the
charnockite sample I00-2-3 indicates the presence of an
inherited component.Ghosh (1999)reports a 987 Ma
zircon upper intercept age for a gneiss xenolith in the
Kalipara granite (western Achankovil Unit). Similarly,
the older inherited component recognised in sample
I00-2-3 is likely to be of Grenvilian age.

The ages of the studied samples only provide a min-
imum estimate for the timing of the thermal peak be-
cause the temperature maximum in the KKB reached
values up to 950◦C (Nandakumar and Harley, 2000;
Cenki et al., 2002), clearly above the closure temper-
ature for monazite. As also shown by other datasets
(Braun and Br̈ocker, 2004), Pan-African ages of the
KKB show a considerable range between 590 and
520 Ma. The fact that there are old ages preserved, cou-
pled with the lack of correlation between grain size
and age suggests that monazite formation and/or vari-
able degrees of recrystallization occurred at different

F ure (b) art of the
M y (a).

stages of a protracted metamorphic evolution. These
processes can either be related to temperature varia-
tions caused by thermal pulses at local or crustal scale,
to fluid infiltration or to changes in melt composition
(e.g. local variation of water activity, concentration in
P and LREE).

Rb–Sr ages of pegmatites (470 and 490 Ma) con-
strain the cooling path. Judging from the large
centimeter-sized biotite crystals, a higher closure tem-
perature (ca. 400–500◦C) appears to be more reason-
able than the commonly quoted value of 350◦C (±50).

Based on these data, we may roughly estimate
the cooling rate of the KKB subsequent to Pan-
African high-grade metamorphism. Our results of
U–Pb (590–550 Ma) and Rb–Sr dating (490–470 Ma)
yield �t values between 60 and 120 Ma. The cor-
responding�T is calculated from closure temper-
ature (Tc) estimates for Pb diffusion in monazite
(725–780◦C; Copeland et al., 1988;Parrish, 1990;
Dahl, 1990) and Sr diffusion in biotite (400–500◦C)
and ranges between 225 and 380◦C. Combining max-
imum and minimum values for�t and�T yields cool-
ing rates of 1.9–6.3◦C/Ma.
ig. 6. Histogram of all Nd model ages data available in literat
adurai Block in addition to the dataset performed in this stud
for the Ponmudi Unit, the Achankovil Unit and the southern p
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Clearly, these calculations are very simplistic and
unless the different stages of the tectono-metamorphic
evolution are precisely dated only provide a first guess
on the uplift of the KKB. However, even if we take
higher and lower values forT Pb

c and T Sr
c , respec-

tively, the corresponding cooling rates would not ex-
ceed 8–8.5◦C/Ma. We therefore infer that the KKB
experienced slow cooling from ultra-high to high tem-
peratures and most likely prevailed at lower crustal con-
ditions for at least 70 Ma. This assumption is in fairly
good agreement with recent investigations on the P-T
evolution of the KKB (Satish Kumar and Harley, 1998;
Nandakumar and Harley, 2000; Cenki et al., 2002) who
propose near-isobaric cooling at granulite-facies con-
ditions.

5.3. Regional implications

The isotope geochemical and geochronological data
presented in this study do not only serve to under-
stand the origin and magmatic-metamorphic evolution
of the major rock types of the KKB more compre-

F hernmo ,
1

hensively, but also help to refine its position within
Gondwana at the end of the Proterozoic. Although the
database for the MB is fairly limited, the range cov-
ered by Nd model ages, U–Pb zircon and monazite and
Rb–Sr ages are apparently similar to the data from the
KKB presented here and in other studies (Braun and
Kriegsman, 2003and ref. therein). This and the ab-
sence of a suture between the KKB and the MB make
it very likely that both terrains shared a common Pan-
African tectono-metamorphic evolution and were in a
neighbouring position during Gondwana assembly at
the end of the Proterozoic. Nd model ages younger
than 2.0 Ga were reported by Meissner et al. (2002)
from the southern part of the Palghat-Cauvery Shear
Zone. However, a metasedimentary unit with Middle
Proterozoic crustal residence ages (Achankovil Unit)
is not known from the MB. Nevertheless, the available
information points to a large composite crustal terrain
whose sedimentary protoliths were derived from differ-
ent source regions of predominantly Early Proterozoic
and Late Archaean age. The age of sedimentation is
unknown.
ig. 7. Gondwana reconstruction showing the position of sout
995; Kr̈oner et al., 2000).
st India, Sri Lanka and southern Madagascar (modified afterKriegsman
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Commonly, Gondwana reconstructions show Penin-
sular India in close spatial relationship to the lower
crustal terrains of Sri Lanka and southern Madagas-
car (Fig. 7). The Highland Complex of Sri Lanka
forms a crustal unit which is predominantly composed
of metasediments. Nd mean crustal residence ages of
2.0–3.0 Ga and U–Pb zircon ages of ca. 550 Ma over-
lap very well with data from the MB and the KKB
(Hölzl et al., 1991). The same holds true for the avail-
able P-T data and inferred P-T path reconstructions
(Schumacher and Faulhaber, 1994; Raase and Schenk,
1994) upon which a correlation with the PU and the
granulite-facies parts of the MB has been suggested
(Braun and Kriegsman, 2003). In contrast, the Wanni
Complex (WC) of Sri Lanka is mainly made up of
granitic and metasedimentary gneisses. Cordierite-rich
gneisses similar to the ones known from the AU form
a prominent litho-unit of the south-western part of this
unit (Milisenda et al., 1988, 1994; Prame and Pohl,
1994). Available Nd model ages range between 1.0 and
2.0 Ga. They are significantly younger than those of
the Highland Complex and its tentative counterparts in
Peninsular India, but comparable to ages reported from
the AU. It thus suggests that a possible linkage exists
between the Wanni Complex and the AU (Braun and
Kriegsman, 2003).

The Precambrian basement of southern Madagas-
car most likely was juxtaposed to southern India at the
end of the Proterozoic. This view has been inferred
from similarities in structural features, P-T evolution
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granulite facies metamorphism in the KKB might have
started much earlier and the time interval between the
peak metamorphism in Madagascar and the KKB is
probably smaller than commonly thought. The post-
peak metamorphic stage in southern Madagascar and
Peninsular India is characterized by very slow cool-
ing (Madagascar: 1–2◦C/Ma,Ashwal et al., 1999; In-
dia: 2–6◦C/Ma, this study) until temperatures below
the closure temperature for Sr diffusion in biotite and
feldspar were achieved ca. 480–450 Ma ago.

6. Conclusions

The results of this study confirm previous inter-
pretations related to the crustal evolution and timing
of metamorphism in the KKB (Brandon and Meen,
1994,Harris et al., 1994, Soman et al., 1995, Miller
et al., 1997, Bartlett et al., 1998). Charnockites and
garnet-biotite gneisses yield Nd model ages between
3.0 and 2.0 Ga in the entire area, except in the AU
where TDM are much younger (1.6–1.3 Ga). The
KKB in Eastern Gondwana is dominated by Late
Archean and Early Proterozoic Nd model ages. U–Pb
monazite geochronology brackets the timing of high-
temperature metamorphism between 590 and 550 Ma.
Biotite-feldspar pairs of pegmatites yielded Rb–Sr ages
between 470 and 490 Ma which are interpreted as time
constraints for cooling below ca. 400–500◦C. Thus,
very slow cooling (<6◦C/Ma) is likely for the KKB,
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ore, the available Nd model ages (2.8–2.1 Ma)

he geochronological data provide strong evidenc
common tectono-metamorphic history of both

ains during the Proterozoic (Paquette et al., 1994).
ccordingly, high-grade metamorphism in south
adagascar started 650–630 Ma ago (De Wit et al.,
001). Currently available data for the KKB indica

hat granulite-facies conditions were reached at
90 Ma ago (Braun and Br̈ocker, 2004). However, it
hould be noted that the reverse discordant U–Pb
zite ages presented in this study, and also discu
y Braun and Br̈ocker (2004)for the central and north
rn part of the KKB, represent minimum ages. T
imilar to what has been inferred for Madagascar
ri Lanka.
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