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ABSTRACT

We report here the occurrence of rare zirconium-bearing minerals, zirconolite (CaZrTi,O,) and baddeleyite (ZrO,),
from an unusual ultramafic suite within the Achankovil Shear Zone (ACSZ) in southern India. Zirconolite occurs
as inclusions within spinel in phlogopite-graphite spinellite and shows characteristic development of radial cracks.
Baddeleyite is commonly observed as an included phase within phlogopite from phlogopite dunite and graphite-spinel
glimmerite. The mineral also occurs less commonly within spinel and graphite from graphite-spinel glimmerite. The
composition of zirconolite is characterized by an enrichment of U and Th over rare earth elements. Baddeleyite shows
abundance of Zr with minor Hf, Ti, and U. The mode of occurrence along with the chemical composition of these
minerals implies their formation as early-stage crystallization products from a silica-undersaturated melt that was
enriched in “carbonatite-phile elements” such as Ca, Zr, Ti, and volatiles CO, and H,O. We report U-Pb chemical
ages from the zirconolite that show a mean of 469 + 11 Ma. We correlate this age with the timing of emplacement
and consolidation of the ultramafic suite within ACSZ, and it is considerably younger than the late Neoproterozoic-
Cambrian ages reported from this zone. Our data suggest early Ordovician carbonatite-type melts emplaced within
ACSZ, which we identify as a mantle-rooted zone. We infer that deep-seated extension along the ACSZ probably
triggered the generation of such melts, related to the extensional collapse of the orogen following the collisional
assembly of the Gondwana supercontinent.

Online enhancement: color figure.

Introduction

Zirconolite (CaZrTi,O,) and baddeleyite (ZrO,), the
two major Zr-bearing rare accessory minerals, have
been reported from several extraterrestrial and ter-
restrial lithologies. The wide range of rock types

Gieré and Williams 1992; Zakrzewski et al. 1992;
Harley 1994; Williams and Gieré 1996; de Hoog and
van Bergen 1997, 2000; Bulakh et al. 1998; Bella-
treccia et al. 1999; Lumpkin 1999; Della Ventura

that host these minerals includes carbonatites,
kimberlites, alkaline intrusions, pegmatites,
skarns, potassic lavas, metacarbonates, sapphirine-
granulites, lunar rocks, and alluvial and placer de-
posits (Raber and Haggerty 1979; Bayliss et al. 1989;
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et al. 2000; Bingen et al. 2001; Stucki et al. 2001;
Carlier and Lorand 2003; Tropper et al. 2003). Most
occurrences of zirconolite identify the mineral as
a late-stage phase crystallizing from alkaline- and/
or silica-undersaturated magmas such as carbona-
tites and kimberlites (Williams and Gieré 1996).
Zirconolite crystallization has also been observed
from hydrothermal/metasomatic fluids. Horning
and Worner (1991) described zirconolite-bearing ul-
trapotassic low-volatile metasomatic veins in a
mantle-derived xenolith. Low-degree partial melt-
ing in a basaltic magma can also lead to the for-
mation of zirconolite (Harley 1994). Baddeleyite
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also occurs as late-stage crystallization products in
mafic and ultramafic magmas (Heaman and
LeCheminant 1993, 2000; Scoates and Chamber-
lain 1995; Kerschhofer et al. 2000). Zirconolite is
an important host for actinide and rare earth ele-
ments (REEs) in SYNROC (a material considered
for the storage of high level radioactive waste; e.g.,
Ringwood et al. 1979; Ewing 1999). Baddeleyite is
significant as a natural alternate for synthetic ZrO,
in crystalline ceramic materials designed for the
safe disposal of high-level nuclear waste from com-
mercial power reactors (Lumpkin 1999).

In this article, we describe an unusual occurrence
of zirconolite and baddeleyite from ultramafic in-
trusive rocks along the Achankovil Shear Zone
(ACSZ) in southern India, a major tectonic feature
that has prominently figured in discussions on the
tectonic and assembly of the Gondwana supercon-
tinent during the late Neoproterozoic-Cambrian
period (Windley et al. 1994; Santosh et al. 20054,
2005b, and references therein). We report the pet-
rographic characteristics, mineral chemistry, and
isotopic ages and evaluate the results in under-
standing deep-seated melt/fluid circulation along a
transcrustal shear zone during the thermotectonic
event attending the birth of the Gondwana
supercontinent.

Regional Geological Framework

The Southern Granulite Terrain (SGT) of south In-
dia comprises a collage of various high-grade gran-
ulite blocks and major transcrustal shear zones that
figure prominently in aeromagnetic maps and sat-
ellite images (Drury and Holt 1980). The major Pro-
terozoic units of the SGT include the charnockite-
enderbite-gneiss suite of the Madurai Block (MB),
a vast supracrustal belt of granulite-grade meta-
pelites in the Trivandrum Block (TB), and the mas-
sive charnockites of the Nagercoil Block (NB; Har-
ris et al. 1994; Santosh 1996; fig. 1a). All these
terrains experienced widespread and probably mul-
tiple tectonothermal events culminating in gran-
ulite facies metamorphism during the latest Neo-
proterozoic (e.g., Bartlett et al. 1998; Santosh et al.
2003, 2005a). Extreme crustal metamorphism at
ultrahigh-temperature conditions has been identi-
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fied from various parts of the MB as well as toward
the northern part of the TB proximal to the ACSZ
and MB (Raith et al. 1997; Nandakumar and Harley
2000; Morimoto et al. 2004; Sajeev et al. 2004; Ta-
teishi et al. 2004). The NW-SE-trending ACSZ, with
a length of >120 km and width of 20-50 km, figures
as the boundary between the TB and MB. This
transcrustal lineament defines prominent mag-
netic, lithological, and isotopic limits (Santosh
1987; Brandon and Meen 1995; Harris et al. 1996;
Braun and Kriegsman 2003; Rajaram et al. 2003),
although the kinematics of this structure is debated
(Sacks et al. 1997; Rajesh et al. 1998). The major
lithological units of ACSZ are deformed and highly
migmatized garnet-biotite gneiss, cordierite-spinel-
orthopyroxene gneisses, garnet-sillimanite-biotite
metapelites, garnet-orthopyroxene charnockites,
scapolite-bearing calc-silicates, mafic granulites,
minor quartzites, and mostly undeformed granites,
felsic veins, and pegmatites (Santosh 1987, 1996).
Sandiford and Santosh (1991) described unusual
kalsilite-hibonite-leucite-bearing feldspathoidal
rocks within the ACSZ. Rajesh and Arima (2004)
and Rajesh et al. (2004) reported a variety of
phlogopite-graphite-dolomite and abundant pure
CO, fluid inclusion-rich ultramafic intrusives
within the ACSZ.

Age data on the various lithounits within the
ACSZ are available from a number of geochrono-
logical studies. Model Nd isotopic data on various
metamorphic units in the ACSZ suggest protolith
age in the range of 1.5-1.2 Ga, which is signifi-
cantly younger than the 3.0-2.1-Ga protolith for-
mation ages from the adjacent TB and MB (Brandon
and Meen 1995; Bartlett et al. 1998; Cenki et al.
2004). Late Neoproterozoic-Cambrian metamor-
phic ages from the MB, TB, and ACSZ include those
from single-crystal zircon evaporation methods
(530 + 21 Ma: Bartlett et al. 1998), electron probe
micro analyzer (EPMA) chemical ages (590-520 Ma:
Braun and Brocker 2004; 540-580 Ma: Braun et al.
1998; Santosh et al. 2003, 20054, 2005b), CHIME
monazite ages (527 + 10 Ma: Bindu et al. 1998), and
SHRIMP U-Pb zircon ages (525-508 Ma: Collins
and Santosh 2004; Santosh et al. 20054). Sm-Nd
whole rock and mineral isochron methods also
yield late Pan-African metamorphic ages ranging

Figure 1.

a, Tectonic setting of Southern Granulite Terrain showing the major granulite blocks, late Proterozoic

transcrustal shear zones, and location of the study area. MBSZ, Moyar Bhavani Shear Zone; PCSZ, Palghat Cauvery
Shear Zone; ACSZ, Achankovil Shear Zone. b, Simplified geological map of the studied area showing extent of the
ultramafic intrusive and other lithologies (modified after Rajesh et al. 2004).
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between 558 and 517 Ma (Choudhary et al. 1992;
Santosh et al. 1992; Harris et al. 1994). Existing
geochronological data indicate Cambrian to Or-
dovician igneous activity in the ACSZ. An age of
550 + 25 Ma is reported for the Chengannoor gran-
ite at the western part of the ACSZ from K-Ar anal-
yses of hornblende (Soman et al. 1983). 2°’Pb/***Pb
dating of fluorapatite and monazite from the gran-
ites of ACSZ (Braun et al. 1998) provided an em-
placement age of 509 + 25 Ma. Recently, Santosh
et al. (2005b) reported an emplacement age in the
range of 526-574 Ma from U-Pb electron micro-
probe ages in zircons and monazites from the Pa-
thanapuram granite at the central domain of the
ACSZ. Rajesh et al. (2004) reported a mean age of
468 + 9 Ma from K-Ar dating of phlogopites in
phlogopite dunite and glimmerite within the
ACSZ. The emplacement age of various pegmatites
in the ACSZ and TB were dated to be Ordovician
(478-445 Ma) on the basis of K-Ar biotite and mus-
covite ages (Soman et al. 1982).

Field Relations, Sample Description,
and Petrography

The ultramafic intrusive suite investigated in this
study occurs within the central domain of the
ACSZ and is exposed along Kakkaponnu and the
neighboring Keezhayam and Perunthol villages (fig.
1b) near Punalur town in the Kollam district of
southern Kerala (Rajesh and Arima 2004; Rajesh et
al. 2004). The intrusive suite shows marked lith-
ological heterogeneity from very fine-grained
graphite-bearing spinel dunite to coarse-grained
spinellite with intermediate units like phlogopite
dunite, glimmerite, and graphite-spinel glimmer-
ite. These ultramafic rocks are surrounded by in-
tensely deformed granulite facies garnetiferous bi-
otite gneiss, khondalites (migmatized granulite
facies metapelites), and charnockites (fig. 1b). In
contrast to the surrounding high-grade metamor-
phic rocks, the ultramafic intrusive suite is unde-
formed and unmetamorphosed (Rajesh et al. 2004).
The vegetation canopy and intense lateritic tropical
weathering hinder direct examination of contact
relations. The intrusive outcrops as a pipelike body
that is 4.5-5 km long and ~0.30-0.50 km wide at
places. A summary of the megascopic and micro-
scopic features of the various lithologic units in the
ultramafic suite is given below (see also Rajesh et
al. 2004).

Spinel Dunite. This is the dominant rock unit
exposed along the eastern part of the intrusive. The
dunite is fine-grained with a jet-black color and is
distinguished by abundant glittering graphite
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flakes. It is an unusual occurrence of graphite-bear-
ing ultramafic rock from this terrain. Along with
graphite, phlogopite flakes are also observed in
some samples. This peculiar spinel dunite is com-
posed of olivine + spinel + phlogopite + graphite
+ ilmenite + rutile = dolomite =+ calcite + mag-
nesite, which is partly serpentinized. Olivine (Mg#
[Mg/Mg + Fe] ~96) constitutes 90% of the modal
composition. The spinel (Mg# [Mg/Mg + Fe] ~92;
Cr# [Cr/Al + Cr] <0.01) is highly aluminous (Al,O,
~70 wt%) and is bluish-violet colored. Calcite and
magnesite show spectacular intergrowth textures.
Both spinel and olivine host numerous oriented and
disoriented high-temperature (~950°-1030°C) melt
inclusions. Phlogopite and graphite also occur as
inclusions within olivine. Baddeleyite and zircono-
lite are virtually absent in this rock.

Phlogopite Dunite. The central part of the intru-
sive contains rock units that are characterized by
abundant medium- to coarse-grained phlogopite.
The rocks in this domain are phlogopite dunite,
glimmerite, and graphite-spinel glimmerite. The
light greenish-colored medium-grained phlogopite
dunite consists of phlogopite (~50 vol%) and ser-
pentinized olivine (30-40 vol%). Phlogopite occurs
as randomly oriented tabular sheets or flaky grains.
The mineral assemblage of the phlogopite dunite
is olivine + phlogopite + dolomite + ilmenite =+
rutile = baddeleyite.

Glimmerite. This is a coarse-grained rock dom-
inantly composed of phlogopite mica (~97 vol%).
The phlogopite contains inclusions of ilmenite and
rutile. The mineral assemblage is phlogopite +
ilmenite + rutile.

Graphite-Spinel Glimmerite. This coarse-grained
rock consists of clustered spinel inclusions in the
matrix of phlogopite and graphite. The mineral
paragenesis is phlogopite + spinel + graphite +
baddeleyite. Graphite is found as inclusions within
the spinel aggregates and also toward the grain pe-
riphery in close contact with phlogopite. Individual
spinel grains contain abundant melt, CO,, C, and
magnesite inclusions. Zirconolite is virtually ab-
sent in this rock type.

Phlogopite-Graphite Spinellite. This is the main
rock type recognized in the western extremity of
the ultramafic intrusive; it is a coarse-grained rock
with specific gravity higher than those of the other
units in this suite. This rock is entirely composed
of abundant interconnected grains of spinel (~60
vol%). The interstices of spinel grains are filled
with graphite. At places, flaky phlogopite grains are
also present. The mineral assemblage is spinel +
graphite + zirconolite + phlogopite. Baddeleyite is
not detected in any of the studied sections of this
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Figure 2.
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0.125 mm

Photomicrographs showing zirconolite (Zt) grains found as inclusions within spinel (Spl) in phlogopite-

graphite-spinellite. The zirconolite is deep reddish-brown, similar to the baddelite in figure 3b. Flaky graphites (Gr)
can also be observed in the photographs. The well-defined radial cracks surrounding all the zirconolite grains are the
characteristic feature of the zirconolite of this study. Also note the abundant inclusions within the spinel (a, d). All

the photographs are taken in plane-polarized light.

rock type. Spinel contains abundant melt inclu-
sions, trapped CO, fluids, C, and magnesite. The
spinel (Mg# [Mg/Mg + Fe| ~92; Cr# [Cr/Al + C1]
<0.01) is highly aluminous (Al,O, 67-70 wt%) and
has a composition similar to the spinel observed in
the spinel dunite.

Analytical Procedures

Doubtful grains of zirconolite and baddeleyite were
initially identified with the aid of an advanced
Olympus optical microscope. The scanning elec-
tron microscope activated under the backscattered
electron (BSE) mode was then used for the com-
prehensive petrographical examinations at higher
magnifications. The qualitative chemical compo-

sition of the zirconolite and baddeleyite grains was
determined by means of an automated energy-
dispersive JEOL JSM-5300 scanning electron mi-
croprobe and LINK QX2000] system at the Geo-
logical Institute, Yokohama National University,
Japan. Quantitative chemical analysis was carried
out with a JEOL JXA-8800 superprobe fitted with
wave length—dispersive spectrometers (WDS) at the
National Science Museum, Tokyo, Japan. The op-
erating conditions for the analysis were as follows:
15-20 kV acceleration voltage, 25 nA beam current,
1 um beam diameter; the data were regressed using
the ZAF matrix correction program. Data count
times of 200-300 s for both peak and background
were used for REEs, Hf, U, Th, and Pb, and times
of 10-60 s were used for the rest of the elements.
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Figure 3.

Photomicrographs of baddeleyite (BdI) grains in graphite-spinel-glimmerite. All the photos are in plane-

polarized light except d. Note the characteristic polysynthetic twinning of baddeleyite in d. Spl, spinel; Phl, phlogopite;
Gr, graphite. A color version of this figure is available in the online edition.

The standard materials for U, Th, and Pb were
synthesized y-UQO,, ThO,, and natural crocoite
(PbCrQ,), respectively. The natural and synthetic
minerals were used for the standardization of other
elements. Also UMa, ThMa, and PbMa lines were
used in the U, Th, and Pb analyses, respectively.
The spectral interferences of the ThM¢, YLy, and
ZrLy lines with the PbMa« line and of the ThMg
line with the UMa« line were corrected.

In situ dating of accessory minerals such as zir-
con and monazite by EPMA has been effectively
applied to igneous and metamorphic rocks from a
variety of terrains (e.g., Suzuki and Adachi 1991,
1994, Suzuki et al. 1991; Montel et al. 1996; Braun
et al. 1998; Santosh et al. 2003, 20054, 2005b). Here
we used the same procedure to date the zirconolite
grains. Recent studies proved that zirconolite

grains provide important tools for the determina-
tion of age of emplacement of mafic and ultramafic
rocks (Rasmussen and Fletcher 2004). Zirconolite
grains in this study were analyzed for age deter-
mination using an EPMA with WDS at the Na-
tional Science Museum, Tokyo, Japan. The theo-
retical framework of EPMA dating methods and the
age calculation procedures adopted in this study
follow those of the CHIME method developed by
Suzuki et al. (1991). The analytical conditions of
the instrument are explained by Yokoyama and
Zhou (2002), Biju-Sekhar et al. (2003), and Santosh
et al. (2003, 2005b). Due to the nonavailability of
zirconolite standard/reference material for age cal-
ibration, we used 994 + 5-Ma zircon from Antarc-
tica (analyzed by SHRIMP) as the internal standard
material. Apart from negligible shift due to ma-
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20 um

Figure 4.
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10 pm

Backscattered electron images of identified grains of zirconolite. Note the absence of magmatic zoning,

metamorphic overgrowth, and inclusions within the zirconolite.

chine drift and standard conditions, the data at-
tained from both techniques showed high preci-
sion. The error (lo confidence level) of age
measurements of each zirconolite analysis involves
only the instrumental counting statistics and is ap-
proximately 3% at PbO = 0.05 wt% to 10% at
PbO = 0.02 wt%. For age determination, least
squares fitting was applied to obtain a linear re-
gression line with the assumption that each data
set belongs to a single thermal event. Because of

the extremely low contents of UO,, ThO,, and PbO,
we could not obtain dependable and meaningful
ages for baddeleyite grains, and they are hence
omitted from further age discussions.

Results

Petrographic Descriptions of Zirconolite and Badde-
leyite.  Zirconolite.  Zirconolite grains are ob-
served only as inclusions within the spinel of
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phlogopite-graphite spinellite. The anhedral and ir-
regular partly metamict zirconolite grains have a
uniform translucent reddish-brown color (fig. 2).
The grains range in size from 10 to 100 pm, with
an alteration rim at the grain periphery. The most
prominent feature of these zirconolite grains is the
pronounced development of radial cracks around
them (fig. 2), which is to the best of our knowledge
the first documentation. These radial cracks are
sometimes filled by secondary hydrous aluminium
silicate minerals.

Baddeleyite.  Baddeleyite occurs within the
phlogopite dunite and graphite-spinel glimmerite.
The mineral was not observed in the phlogopite-
graphite spinellite. Baddeleyite is commonly found
as inclusions within phlogopite and graphite, while
they are less common within spinel (fig. 3). Bad-
deleyite grains are usually anhedral, translucent,
and reddish-brown in color, with a grain size vary-
ing from 65 to 150 um. Most of the baddeleyite
grains display characteristic polysynthetic twin-
ning (Heaman and LeCheminant 1993). Even
though other accessory minerals such as geikielite
and rutile are also present in the phlogopite dunite,
no sharp grain contact or intergrowth of these ac-
cessory phases with baddeleyite was observed in
any of the studied sections.

Backscattered electron images of zirconolite (fig.
4) and baddeleyite (fig. 5) clearly bring out their
nearly homogeneous nature, with the absence of
any magmatic zoning or metamorphic overgrowth
patterns. Mutual grain contact or intergrowths
with other accessory phases are also lacking. The
BSE images also reveal the lack of development of
zirconolite rims in baddeleyite and vice versa. In-
clusions of zircon grains were also not detected
within these two minerals. We thus preclude any
possibility of metamorphic reactions involved in
the formation of these zirconolite grains. No visible
mineral/melt/fluid inclusions were noticed in zir-
conolite and baddeleyite grains. This is in contrast
to the abundant occurrence of pure CO,-rich fluid
inclusions, high-temperature melt inclusions, and
graphite and magnesite solid inclusions in the host
spinel grains. All these included phases were rec-
ognized by their characteristic laser Raman spectra,
and they will be described in a separate article.

Chemical Composition. Zirconolite. Zircono-
lite has an ideal chemical formula of CaZrTi,0O,
(Borodin et al. 1957), but most natural zirconolite
deviates far from the ideal stoichiometry (Gieré
1986; Gieré and Williams 1992; Williams and Gieré
1996 and references therein). The ideal composi-
tion can be represented as ABC,0,, where A rep-
resents the M8 or eightfold coordinated Ca site, B
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denotes the M7 or sevenfold coordinated Zr site,
and the C site can be in five- or sixfold coordination
and be dominated by Ti (M5 or M6; Mazzi and
Munno 1983). Several types of chemical substitu-
tions are possible for all three sites. Possible sub-
stitution mechanisms are best illustrated by Gieré
and Williams (1992) and recently by Zaccarini et
al. (2004).

The ACSZ zirconolite deviates far from the ideal
chemistry of natural zirconolite. Only 74% of the
Ca- or M8 site is occupied by Ca, and considerable
amounts (~17%) of U and Th and minor amounts
(~8%) of REE (including Y) substitute for Ca in this
site. Representative chemical compositions of
zirconolite grains are listed in table 1. The stud-
ied zirconolite grains contain an average of 10
wt% CaO, 11 wt% (U+ Th)O,, and 2.5 wt%
(REE + Y),0; in its A site. The Zr site or the M7
site is almost fully occupied by Zr (~98%). An av-
erage of 30 wt% ZrO, is estimated from the zir-
conolite grains. In the B site, minor substitution of
Zr by Hf occurs, as deduced from the maximum of
1 wt% HIO, present in the zirconolite. The C site
or M5 or M6 site is occupied by 89% Ti. The
Nb + Ta substitution for Ti in this site is insignif-
icant because only 1% of these elements occupy
this site. Almost 10% of this site is occupied by
other elements such as Fe, Al, Mg, and Mn replac-
ing Ti in this site. The zirconolite comprises around
39 wt% TiO, and 2.8 wt% of FeO in this site.
Nearly all of the zirconolite compositional varia-
tion falls within the range defined by the following
estimated formula:

(Ca 0.67-0.72 REE 0.05-0.10 Pb 0.01 UO.0970. 14Th0.0570.06 120.934197

(Zr0A8870.96 HfOA()l -0.02 )20.8970.98

(T, 84-1.96 MEo.01 F€0.14-0.16 Alo.05-0.06 N Do 01-0.02 Je2.08-2.17O07.00-

Baddeleyite. The baddeleyite composition is
ideally ZrO,. Commonly, the major impurities no-
ticed as trace amounts in natural baddeleyite grains
are Ti, Fe, and Hf. There is no significant compo-
sitional variation among the baddeleyites from
phlogopite dunite to the graphite-spinel glimmer-
ite. Table 2 presents representative chemical com-
positions of the baddeleyite grains from both rock
units. Most of the analyzed baddeleyite grains con-
tain ZrO, (~95-97 wt%) and HfO, (~2.2-3 wt%),
with minor amounts of UO, (~0.2-0.3 wt%), TiO,
(~0.30-0.65 Wt %), and FeO (<0.1 wt%). Almost all
of the analyzed baddeleyite composition lies within
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40 um
I

Figure 5.
grains are homogeneous.

the range defined by the following recalculated for-
mula:

(21497096 HE 5 010,00 T10.01)51.0002.00-

EPMA Chemical Ages. We gathered 21 analyses
from three zirconolite grains in the same section
of phlogopite-graphite spinellite used for mineral
chemistry. The BSE images (figs. 4, 5) of the grains
were used to select the analytical points, taking
care to avoid domains within and adjacent to meta-
mictized portions of the grains. The analyzed zir-
conolite grains do not show significant variations
in age for their core to rim portions. This further
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20 pm
I

Backscattered electron images of representative baddeleyite grains. Just as in zirconolite, the baddeleyite

confirms the homogeneous nature of the zircono-
lite grains, as revealed through the BSE images and
chemical analysis. This in turn indicates that the
zirconolites might have crystallized during a single
thermal event. All three zirconolite grains preserve
measurable amounts of U-Th-Pb, yielding remark-
ably consistent age values. Representative EPMA
data for U-Th-Pb analyses of zirconolite grains
along with the calculated ages are listed in table 3.
In the PbO versus ThO; (sum of the measured ThO,
and an equivalent for the measured ThO,) plots,
the data points of zirconolite define a linear array
(fig. 6). A linear regression through the data points
defines an isochron of 469 + 11 Ma.
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Table 1. Representative Chemical Compositions of Zirconolite in Phlogopite-Graphite Spinellite Determined by
Electron Probe Micro Analyzer, by Analysis Number
MgO .09 .08 .07 08 .09 09 08
AlLO, .74 .75 .73 .64 .65 71 .69
CaO 10.29 10.53 10.52 10.42 10.23 10.00 10.54
TiO, 39.76 38.78 38.87 40.02 38.66 41.70 39.87
MnO .00 .04 .01 .06 .03 .02 .04
FeO 2.89 2.93 2.94 2.88 2.86 2.71 2.71
Y,0, 1.27 1.24 1.13 .75 .79 1.78 .98
ZrO, 3091 31.12 30.67 29.41 30.33 28.90 28.98
Nb,O, 83 53 70 38 59 38 44
La,O, .00 .00 .00 00 .00 .00 00
Ce,0, .34 .32 47 60 .67 51 50
Pr,0O, .00 .00 .20 00 .20 26 07
Nd,O, 61 56 55 22 38 66 51
Sm,0O, .34 29 25 01 .06 .16 23
Gd,0, .16 .51 39 24 .15 .06 01
Dy,0O, 46 .10 .38 22 08 29 07
Er,O, .09 .10 .00 17 08 .00 15
HfO, .98 .96 1.15 78 91 .68 38
Ta,Oq .26 17 22 12 .14 .00 00
PbO .50 .52 .59 .65 72 .54 .57
Uuo, 6.57 6.51 6.68 9.37 9.64 7.47 7.26
ThO, 3.65 3.54 3.58 3.43 4.05 3.78 3.84
Total 100.74 99.58 100.10 100.45 101.31 100.70 97.92
(Y + REE),0, 3.26 3.12 3.36 2.2 2.41 3.71 2.50
Formulas based on 7 atoms of oxygen:
Ca .690 712 711 .705 .696 .669 721
Y .043 .042 .038 .025 .027 .059 .033
La .000 .000 .000 .000 .000 .000 .000
Ce .008 .007 .011 .014 .015 .012 .012
Pr .000 .000 .005 .000 .005 .006 .002
Nd .014 .013 .012 .005 .009 .015 .012
Sm .007 .006 .005 .000 001 .003 .005
Gd .003 .011 .008 .005 .003 001 .000
Dy .009 .002 .008 .005 .002 .006 .001
Er .002 .002 .000 .003 .002 .000 .003
Pb .008 .009 .010 011 .012 .009 .010
U .091 .091 .094 132 .136 .104 .103
Th .052 .051 .051 .049 .059 .054 .056
LA .926 .946 953 954 967 .938 958
Zr .944 958 943 .906 .939 .880 .902
Hf .017 .017 .021 .014 .016 .012 .007
B 961 975 964 920 955 .892 .909
Ti 1.871 1.841 1.843 1.902 1.847 1.958 1.915
Mg .008 .007 .007 .008 .009 .008 .007
Mn .000 .002 .001 .003 002 001 .002
Fe 152 .155 .155 .152 152 141 144
Al .054 .056 .054 .047 .049 .052 .052
Nb .023 .015 .020 011 .017 011 .013
Ta .004 .003 .004 .002 .002 .000 .000
£C 2.112 2.079 2.084 2.125 2.078 2.171 2.133
Ecations 3.999 4.000 4.000 3.999 4.000 4.001 4.000
(Y + REE) .086 .083 .087 .057 .063 .102 .068
Discussion within the other major minerals such as spinel,
phlogopite, and graphite indicates that they crys-
Origin of Zirconolite and Baddeleyite. Zirconolite  tallized during the early magmatic phase of the ul-

and baddeleyite occurrence described in this study
is the first documentation of these minerals from
an ultramafic intrusive suite within the ACSZ.
Their characteristic occurrence as inclusions

tramafic suite.

The marked feature of the zirconolite studied
here from other reported occurrences of this min-
eral is the presence of radial cracks surrounding all



Table 2. Representative Chemical Compositions of Baddeleyite in Graphite-Spinel Glimmerite (139PSG) and Phlogopite Dunite (KKPL) Determined by
Electron Probe Micro Analyzer, by Analysis Number

139PSG1 139PSG1* 139PSG1* 139PSG1* 139PSG1-2* 139PSGI1-2* 139PSG1-3° 139PSGI1-3° 139PSGI1-3* 139PSG1-3° 139PSGI1-4* KKPL4 KKPL4 KKPL4 KKPL4 KKPL4

TiO, 44 .80 .19 .38 .32 .40 44 32 23 51 42 .66 .33 48 23 .55
FeO 11 .04 .08 .03 11 .00 .05 .04 .03 .08 .15 .01 .00 .02 .09 13
CaO .02 .00 .03 .00 .00 .00 .02 .00 .05 .00 .00 .00 .00 .05 .00 .00
ZrO, 96.22 92.82 94.66 97.05 95.30 96.52 96.69 97.21 97.04 96.98 96.64 9595 91.82 96.90 97.78 9597
HfO, 1.67 2.23 2.66 2.60 2.19 2.43 2.13 2.07 2.28 2.23 2.38 2.58 3.14 2.89 2.76 2.66
Uo, .20 .34 .20 .15 22 25 .10 .00 .19 .07 12 .01 .00 .01 .00 .10
Y,0; .00 .00 .02 .06 .02 .00 .03 .00 .00 .10 .07 .08 .01 .00 .00 .00
La, O, .00 .00 .00 .00 .06 .00 .00 .00 .00 .00 .04 .00 .00 .00 .00 .00
Ce,0, .04 .00 .00 .00 .01 .00 .10 .00 .00 .00 .00 .02 .09 .02 .18 .01
Nd,O, .04 .00 .14 .00 .00 .00 .00 .01 .00 .09 .00 .00 .00 .00 .00 .00
Sm,0O, .00 .01 .29 .00 .20 .13 .00 .00 .00 .00 .00 .05 .07 12 .18 .04
Gd,0, .02 .06 .14 .00 .00 17 25 .00 25 .00 .00 13 .00 .13 21 .19
Total 98.76 96.30 98.41 100.27 98.43 99.90 99.81 99.65 100.07 100.06 99.82 99.49 9546 100.62 101.43 99.65
Formulas based on 2 atoms of oxygen:
Ti .007 .013 .003 .006 .005 .006 .007 .005 .004 .008 .007 .010 .005 .007 .004 .009
Fe .002 .001 .001 .000 .002 .000 .001 .001 .000 .001 .003 .000 .000 .000 .001 .002
Ca .000 .000 .001 .000 .000 .000 .000 .000 .001 .000 .000 .000 .000 .001 .000 .000
Zr 981 971 976 977 978 977 977 982 .980 977 977 973 974 973 977 973
Hf .010 .014 .016 .015 .013 .014 .013 .012 .013 .013 .014 .015 .020 .017 .016 .016
U .001 .002 .001 .001 .001 .001 .000 .000 .001 .000 .001 .000 .000 .000 .000 .000
Y .000 .000 .000 .001 .000 .000 .000 .000 .000 .001 .001 .001 .000 .000 .000 .000
La .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
Ce .000 .000 .000 .000 .000 .000 .001 .000 .000 .000 .000 .000 .001 .000 .001 .000
Nd .000 .000 .001 .000 .000 .000 .000 .000 .000 .001 .000 .000 .000 .000 .000 .000
Sm .000 .000 .002 .000 .001 .001 .000 .000 .000 .000 .000 .000 .001 .001 .001 .000
Gd .000 .000 .001 .000 .000 .001 .002 .000 .002 .000 .000 .001 .000 .001 .001 .001

Lcations 1.001 1.001 1.002 1.000 1.000 1.000 1.001 1.000 1.001 1.001 1.003 1.000 1.001 1.000 1.001 1.001




182 V. J.

Table 3. Electron Microprobe Analyses of Zirconolite
Grains in Phlogopite-Graphite Spinellite (139SG1)

Grain uo, ThO, PbO ThO; Age (Ma)
1 7.97 4.03 596  30.306 465
1* 7.90 4.06 584  30.091 459
1 7.63 4.09 572 29.236 462
1* 7.00 3.14 498 26.196 449
1 7.07 2.69 496 25.951 452,
1* 7.58 3.94 559 28.891 458
1 7.25 3.38 527 27.254 457
2" 9.73 3.65 .703 35.724 465
2* 9.86 3.90 712 36.376 462
2 9.81 3.93 704 36.231 459
2* 9.71 3.95 709  35.937 466
2" 10.26 4.24 769  38.078 477
2" 9.55 3.77 .705 35.260 473
2" 9.63 4.42 737  36.208 481
2" 8.41 2.60 .595 30.306 464
2" 9.19 4.43 697  34.750 474
2* 9.46 3.92 .705 35.106 475
4* 6.79 3.73 539 26.146 487
4 6.19 3.61 492, 24.049 483
4* 6.39 3.61 509 24.715 487
4 6.63 3.84 531 25.721 488

the grains examined in this study (fig. 2). The pres-
ence of radial cracks corroborates significant con-
centrations of U and Th within the crystal struc-
ture of these grains, and the development of this
texture results from the physical ruin of the zir-
conolite grain through microfracturing due to vol-
ume expansion related to the a-decay damage (Ew-
ing 1999). These textures also denote a-recoil
tracks that create substantial damage to the crystal
structure of the zirconolite, leading to brownish
color, isotropization, and volume increase. As a
consequence of this, the zirconolite grains ex-
panded to crack the surrounding/host mineral (R.
Gieré, pers. comm.). If the host rock is much older,
this effect is more pronounced. An alternate mech-
anism for the formation of radial cracks is the ex-
pansion of zirconolite on phase transformation
from a high-pressure polymorph to a low-pressure
one during uplift. However, such a phase transfor-
mation process has not been verified in experi-
ments. Although zirconolite grains are homoge-
neous, an alteration rim can be observed along the
grain peripheries. The alteration product is similar
in composition to the secondary materials (hydrous
aluminium silicate) that fill the radial cracks. This
type of radial crack is not visible around the bad-
deleyite grains apart from the presence of some mi-
nor microcracks with the grain.

The mineral chemistry of both zirconolite and
baddeleyite (tables 1, 2) suggests that they are
highly depleted in REEs including Y but are en-
riched in actinide components. The zirconolite is
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enriched in U and Th, with minor amounts of Y.
Baddeleyite also consists of considerable amounts
of Hf. Zr is common in both zirconolite and bad-
deleyite. The chemical characteristics of these two
minerals observed in this study closely compare
with those described from carbonatites (e.g., Purt-
scheller and Tessadri 1985; Bellatreccia et al. 1999)
and from chromitites that were believed to have
carbonatitic fluids derived from mantle (Zaccarini
et al. 2004). While they sharply contrast with those
reported, zirconolite and baddeleyite formed
through late-stage hydrothermal processes or
through metamorphism (Williams 1978; Gieré and
Williams 1992; Zakrzewski et al. 1992; deHoog and
van Bergen 2000; Della Ventura et al. 2000). Most
of the late-stage crystallized zirconolite and bad-
deleyite are highly enriched in REEs, while those
reported from carbonatites are characterized by
higher amounts of actinides. The enrichment of
“carbonatite-favored elements” such as U and Th,
minor concentration of Y in zirconolite, prominent
Hf component in baddeleyite, and lower abundance
of REE in both zirconolite and baddeleyite all sug-
gest that a melt/fluid with carbonatitic affinities
was responsible for the formation of these rare ac-
cessory minerals (Purtscheller and Tessadri 1985;
Bellatreccia et al. 1999; Zaccarini et al. 2004). We
show the =zirconolite compositions in a Ca**-
(Th + U)**-(REE + Y)** diagram (fig. 7) that is
widely used to discriminate zirconolite from di-
verse sources (e.g., de Hoog and van Bergen 1997,
2000; Zaccarini et al. 2004). The composition of all
the analyzed zirconolite from the ACSZ falls
within the carbonatite field. Hence, the mode of
occurrence of zirconolite and baddeleyite and their
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Y=0.01982X+0.00036
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Z
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£
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40
ThO,™* (wt.%)
Figure 6. PbO versus ThO; plot of zirconolite grains

from phlogopite-graphite spinellite. The calculated linear
age is also shown within the diagram.
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Figure 7. Ca>"-(Th + U)**-(REE + Y)** diagram showing
the composition of zirconolite from this study. The com-
position of Achankovil Shear Zone (ACSZ) zirconolite is
compared with compositions of other zirconolites from
carbonatites, metasomatic skarns (Williams and Gieré
1996), Finero zirconolites (Zaccarini et al. 2004), mantle
nodules (Horning and Worner 1991), and K-rich lavas (de
Hoog and van Bergen 2000). The solid triangles represent
zirconolite from the ACSZ.

mineral chemistry collectively suggest that these
minerals are early crystallization products from a
deep-seated melt that was supersaturated with Ca,
Ti, Zr, and other elements such as Hf, U, and Th.
We envisage a silica-undersaturated melt with pos-
sible carbonatitic affinity from a source that was
markedly enriched with volatiles like CO, and
H,O. Zaccarini et al. (2004) suggested a carbonatite-
type metasomatism for the formation of zirconolite
and other Zr-Th-U minerals such as baddeleyite,
thorianite, and huttonite in the chromitites of the
Finero complex, western Alps. They ascribed the
formation of the carbonatite-type liquids/melts to
the emplacement of mantle plumes at the base of
the continental crust provoked by the pre-Hercyn-
ian period extensional tectonics. We infer a com-
parable scenario in this study where deep-seated
extension along the ACSZ resulted in the genera-
tion of carbonatite-type melts.

Here we shall further consider in brief some of
the characteristics of the ultramafic rocks that at-
tribute carbonatitic signatures. The eastern part of
the ultramafic intrusive is mainly composed of spi-
nel dunite that contains dolomite and minor graph-
ite. The dolomite in this rock is patchy in nature

ORDOVICIAN CARBONATITE-TYPE MELTS 183

and is surrounded by late-stage serpentines (Rajesh
et al. 2004). The ultramafic intrusive is highly en-
riched in graphite at the western part, and the pres-
ence of carbonate is limited there. The 6'*C,p; val-
ues of —7%o to —9%o0 obtained from the carbonate
minerals (Rajesh and Arima 2004) are similar to the
6'3Cppg values of carbonates from primary carbon-
atites (Taylor et al. 1967). Carbon isotope compo-
sitions of the flaky graphite present throughout the
ultramafic intrusive also possess mantle signatures
(Rajesh 2004). The stable isotope values collec-
tively indicate a deep-seated, juvenile mantle
source for C. Graphite is also present as an included
phase within olivine. Apart from these features,
spinel from the ultramafic suite contains abundant
inclusions of carbon in various forms such as pure
CO, fluid inclusions, graphite, and magnesite. We
therefore infer that the melts responsible for the
formation of these ultramafic intrusive were ex-
tremely rich in C (Rajesh et al. 2004) and other
alkaline-carbonatite components.

The localized variations of oxygen fugacity also
played a major role in the crystallization of zircono-
lite and baddeleyite (Cuney and Friedrich 1987; Gi-
eré et al. 1998; Zaccarini et al. 2004). In this study,
the zirconolite was found associated with ultra-
mafic units that are enriched in graphite toward
the western part of the intrusive, whereas badde-
leyite occurs toward the central part, where abun-
dant dolomite and calcite are noticed in spinel du-
nite and phlogopite dunite. The coexistence of
graphite-magnesite and CO,-graphite inclusions
within the spinel is also indicative of localized var-
iations of oxygen fugacity that might have occurred
during the crystallization of these rocks. Della Ven-
tura et al. (2000) proposed that the total amount of
actinide and REE accommodation within a zircono-
lite structure is mainly a function of the redox con-
ditions that existed at the time of its formation.
An increase in oxygen fugacity may lead to precip-
itation of baddeleyite from the melts supersatu-
rated with Zr under extremely low silica activities
(Bingen et al. 2001; Dawson et al. 2001).

Gieré et al. (1998) and Stucki et al. (2001) pro-
posed that the chemical characteristics of zircono-
lite in general imitate the common chemical char-
acteristics of the host rocks, especially in terms of
trace elements. Dawson et al. (2001) concluded that
high Ca and low Si favor baddeleyite formation.
The Ca required for the formation of zirconolite
may have been introduced by a melt that was am-
ply saturated with ZrO, relative to CaO and TiO,
(Dawson et al. 2001). These minerals are the zir-
conium-rich mineral phases that are commonly
found in many carbonatites (Raber and Haggerty
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1979; Bellatreccia et al. 1999; Lumpkin 1999). In
addition, the chemical composition of the zircono-
lite and baddeleyite from the ACSZ are also closely
comparable to those reported from carbonatites
(Purtscheller and Tessadri 1985; Bellatreccia et al.
1999; Zaccarini et al. 2004). Hence we reasonably
conclude that elements commonly found in car-
bonatite magmas such as C, Ca, Zr, U, and Th were
responsible for the formation of zirconolite and
baddeleyite in the ACSZ ultramafic suite under
high CO, activities and localized variation in ox-
ygen fugacity level. The §'*C isotopic signatures of
dolomite and graphite that correspond to mantle
values, presence of pure CO, fluid inclusions,
graphite and magnesite mineral inclusions in spi-
nel, and crystallization of baddeleyite and zircono-
lite in these rocks together point toward a carbon-
atitic source. The presence of zirconolite and
baddeleyite further confirms the mobility of usu-
ally immobile elements such as Zr, REE, and Ti
along this shear zone. The moderate amounts of F
(1.3-1.5 wt%) detected in phlogopite (Rajesh et al.
2004) can accelerate the mobilization of these high
field strength elements (de Hoog and van Bergen
2000). On the basis of all these lines of evidence,
this is the first report of mantle-derived rocks with
carbonatitic affinity from the ACSZ.

Age Constraints and Tectonic Implications. The
timing of crystallization of the zirconolite within
the ultramafic suite is confined to be early Ordo-
vician (mean age 469 + 11 Ma), which marks the
closure temperature of the U-Pb system within this
mineral following the emplacement of the host spi-
nellite. Within the limits of accuracy of the ages
(£11 Ma), the data from these grains are chrono-
logically homogeneous and are analogous to the
ages obtained from phlogopites in dunite and glim-
merite (Rajesh et al. 2004) using K-Ar dating (mean
age 468 +9 Ma). Closure temperature of the U-Pb
system is different in various minerals, ranging
from >800°C in zircon (Watson and Harrison 1983)
and >550°C in titanite (Rollinson 1993), while that
of Ar in phlogopite is estimated as 415° = 40°C
(Garnier et al. 2002). The broadly overlapping ages
from U-Pb in zirconolite and K-Ar in phlgopite may
indicate that either the cooling rate was extremely
rapid or the closure temperature for the U-Pb sys-
tem in zirconolite is markedly low. The age data
presented here also preclude the possibility that the
zirconolites are inherited from the surrounding
granulite facies metamorphic rocks or felsic intru-
sives (granites), which have all yielded Pan-African
ages for the peak thermal event.

Early to late Ordovician ages have also been re-
corded from the rim part of many monazites from
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the metapelites and charnockites of the TB and
ACSZ (Braun et al. 1998; Santosh et al. 2003,
2005a4). Braun and Brocker (2004) also identified Or-
dovician age populations in leucogranites of the TB
on the basis of EPMA monazite ages. Some studies
speculated this period as the time of retrogressive
fluid flow in the ACSZ and the adjacent TB. These
ages are considerably younger than the widespread
peak Pan-African metamorphism, magmatism, and
felsic intrusions in the ACSZ. However, the cluster
of Ordovician ages obtained in some of these re-
ports as well as this study raises the vital question
of the significance of these ages. While it would
require careful geochronologic studies in the future
to identify the orogenic link of this thermal anom-
aly, we make a brief attempt here to evaluate the
phlogopite ages in terms of regional correlation. In
a recent study (Miyazaki and Santosh 2005), K-Ar
ages of 445-454 Ma were obtained from an alkali
syenite at Puttetti emplaced at the boundary be-
tween the TB and NB, farther south of this study
area. Miyazaki et al. (1997, 2001) determined
phlogopite-whole rock Rb-Sr isochron ages from
the Eppawala carbonatite complex in Sri Lanka
and obtained ages of 447 + 2 Ma. Weerakoon et
al. (2001) determined Rb-Sr biotite-apatite-whole
rock ages from the Eppawala carbonatite body and
obtained an age of 493 + 5 Ma. Rakotondrazafy et
al. (1997) reported K-Ar ages in the range of 491-
485 Ma for phlogopite mineralization in southern
Madagascar. Phlogopite mineralization in south-
ern India, Sri Lanka, and Madagascar thus spans
a common age in the range of 445-493 Ma. The
common age range for phlogopites in the three
adjacent crustal fragments within the Gondwana
assembly may indicate a common tectonothermal
event and phlogopite mineralization during the
Ordovician.

In summary, we interpret the early Ordovician
ages obtained in this study to coincide with the
timing of extensional collapse of the orogen fol-
lowing the collisional assembly of the Gondwana
supercontinent in the latest Neoproterozoic-Cam-
brian times. The occurrence of the ultramafic
suite within the central domain of the ACSZ sug-
gests the possibility that this transcrustal lin-
eament is a mantle-rooted weak structure that
provided the pathway for emplacement of the ul-
tramafic magmas that were ultimately tapped
from carbonatitic mantle sources. The elongation
direction of the ultramafic suite disposed parallel
to the trend of the ACSZ also suggests a struc-
turally controlled emplacement under rift-related
settings.
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