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Zircon from quartzites in the contact aureole and wider environs of the Kadavur anorthosite complex, SE
India, was studied by laser ablation ICP-MS to assess the response of the U-Pb isotope system and trace
element concentrations to ultrahigh-temperature (UHT) contact metamorphism (>1000 °C). Combined
cathodoluminescence imaging and LA-ICP-MS analyses show that zircon grains contain detrital cores,
which yield ages between 3.4 Ga and 1.8 Ga and exhibit a large spread in REE concentrations. These cores
are associated with one or two rims that provide concordant age populations at 9554 16 Ma and 81047
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Ma (20) and relatively uniform REE patterns. The older ages of ca. 955 Ma record the imprints of regional early

Keywords: Neoproterozoic metamorphism related to Rodinia assembly. The younger age is interpreted to date anorthosite em-
Zircon placement and its associated contact metamorphism during a second regional metamorphic episode, coeval with
LA-ICP-MS the intrusion of A-type granites in the area. Zircon grains from the country rocks away from the anorthosite show

U-Pb additional rims yielding ages from 590 to 490 Ma corresponding to regional Pan-African tectonometamorphism.
Anorthosite The zircon rims are either newly grown domains or represent recrystallized and re-equilibrated parts of precursor
UHT . zircon. Discordance is only observed in 25% of the detrital cores. These cores have relatively high U concentrations
Metamorphism (>400 ppm), which strongly suggests that Pb loss occurred under (U)HT conditions by partial recrystallization
(annealing) of zircon that had become metamict. The preservation of old concordant ages and source REE charac-
teristics by the low-U (i.e., weakly to non metamict) detrital cores shows that pristine zircon is extremely robust to
thermal disturbance and that its U-Pb systematics can remain unaffected despite multiple (U)HT metamorphic
episodes. These observations imply that U-Pb ages in zircon cannot be reset by volume diffusion under any crustal
conditions. Disturbance of the U-Pb system in individual zircon crystals or parts thereof can only be achieved by
recrystallization of radiation damaged zircon.
© 2011 Elsevier B.V. Open access under CC BY-NC-ND license.

1. Introduction Harley et al., 2007). In situ dating of these individual zones, e.g.,
using laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) or secondary ion mass spectrometry (SIMS), are power-

ful tools for constraining the thermal histories of rocks and the

Zircon is a common accessory phase in a wide variety of rock types
and strongly fractionates U from Pb during growth (e.g., Silver and

Deutsch, 1963) allowing high-precision dating using the U-Pb
isotope systems. In metamorphosed rocks, zircon may preserve age
information on metamorphic events in newly grown rims or recrys-
tallized older domains (e.g., Schdrer et al., 1997; Corfu et al., 2003;
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geologic environments of their formation (Harley et al., 2007).

The response of the U-Pb isotope system in zircon to thermal
metamorphism depends on several factors such as the pressure and
temperature (P-T) conditions, fluid or melt availability, bulk-rock
composition, U content and resulting radiation damage, i.e. metamic-
tization (e.g., Silver and Deutsch, 1963; Nasdala et al., 1998), and the
mechanisms of zircon formation or re-equilibration. Zircon in meta-
morphic rocks are either newly grown as a result of mineral reactions
(i.e. metamorphic zircon) or have been internally modified by the
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metamorphic conditions (metamorphosed zircon). New zircon may
nucleate from Zr and Si released during the breakdown of minerals
under sub-solidus conditions (Fraser et al., 1997; Pan, 1997) and
may also precipitate from fluids (Williams et al., 1996) or melts
(Roberts and Finger, 1997) produced during metamorphism. In mig-
matitic rocks, older zircon grains may dissolve during partial melting
and new ones precipitate as overgrowths on older cores (Schaltegger
et al., 1999; Vavra et al., 1999; Rubatto et al., 2001). Nemchin et al.
(2001) proposed Ostwald ripening as a probable mechanism for
textural re-organization of zircon. Pre-existing zircon in rocks may
re-equilibrate in response to changing P-T conditions or fluid compo-
sition. Geisler et al. (2007) proposed a diffusion reaction process
operating at almost any P-T condition to explain the structural recovery
of metamict zircon in the presence of a fluid phase. These authors also
suggested a melt- or fluid-assisted coupled dissolution-reprecipitation
re-equilibration mechanism for crystalline, i.e., non-metamict zircon.
In dry, high-temperature (HT) rocks zircon may undergo solid-state
recrystallization where structural strain in trace element-rich zircon is
dissipated by thermally activated particle and defect volume diffusion
(Hoskin and Black, 2000).

The U-Pb ages of zircon often show discordance, commonly
attributed to the loss of radiogenic Pb (e.g., Mezger and Krogstad,
1997), e.g., by volume diffusion, leaching by fluids, or recrystallization
of metamict grains. Krogh (1982) mechanically abraded partially
metamict discordant zircon grains to extract concordant remnants,
which indicated that Pb loss in crystalline zircon through volume
diffusion was insignificant. Experimental studies have demonstrated
that the closure temperature (T.; Dodson, 1973) of Pb in zircon is

high, on the order of 950 to 1000 °C (Lee et al., 1997; Cherniak and
Watson, 2001). The resistance of naturally metamorphosed zircon
to diffusive Pb loss has also been demonstrated for zircon xenocrysts
hosted in felsic magmas (e.g., Gulson and Krogh, 1973; Harrison et al.,
1987; Chen and Williams, 1990). However, many studies have ques-
tioned the robustness of zircon to diffusive Pb loss during prolonged
HT conditions (e.g., Heaman and Parrish, 1991; Ashwal et al., 1999;
Flowers et al., 2010), advocating a significantly lower T, for Pb in
zircon than indicated by diffusion experiments.

In order to reliably interpret U-Pb ages of zircon, the causes of dis-
cordance need to be understood. The main objectives of our study are
to characterize the systematics of U-Pb isotopes and trace elements
in zircon exposed to HT regional metamorphism and ultrahigh-tem-
perature (UHT) contact metamorphism, and to investigate zircon
crystallization or recrystallization mechanisms under such condi-
tions. For this purpose, we analyzed the U and Pb isotope and trace
element compositions of zircon from polymetamorphic quartzites in
the contact aureole of the Kadavur massif-type anorthosite in SE
India (Fig. 1). These rocks have undergone UHT contact- and regional
HT metamorphism enabling the assessment of how prolonged high
temperature conditions affect the U-Pb systematics and trace ele-
ment distribution in zircon. Detrital zircon grains from these quartz-
ites are expected to be U-poor and crystalline, because high-U
grains become metamict over time and thus are unlikely to survive
sediment transport (e.g., Goldstein et al., 1997). Pristine zircon grains
from the rocks allow the evaluation of the significance of diffusive Pb
loss through their lattice at (U)HT conditions. The analytical approach
combines textural characterization by cathodoluminescence (CL) and
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Fig. 1. Geological map of southern peninsular India (a) after Brandt et al. (2011) and the study area (b) after the 1:500,000 geological maps of Tamil Nadu and Pondicherry
(Geological Survey of India, 1995). The study area is a part of the Madurai block, which occurs south of the Palghat Cauvery shear zone. Abbreviations are: MBSZ: Moyer-Bhavani
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back-scattered electron (BSE) imaging with spatially resolved U-Pb
isotope and trace element analyses using LA-ICP-MS.

2. Geologic setting

The Southern Granulite Terrane (Subramaniam, 1956) in peninsu-
lar India (Fig. 1a) represents a large segment of predominantly
Archaean and Proterozoic lower continental crust. It is composed of
several granulite domains that accreted onto the granite-greenstone
Archaean Dharwar craton in the north (Drury and Holt, 1980; Drury
et al, 1984; Braun and Kriegsman, 2003). The boundary between
the Archaean and Proterozoic domains is commonly thought to be
represented by a complex set of ductile shear zones, collectively re-
ferred to as the Cauvery Shear Zone system (Drury et al., 1984; Harris
et al., 1994; Chetty and Bhaskar Rao, 2006; Rajesh and Chetty, 2006).
The Palghat Cauvery Shear Zone represents the southern extremity of
this vast east-west network of shear zone systems (Fig. 1a). Several
studies have documented evidence for multiple tectonothermal
events in the Southern Granulite Terrane over a protracted time period
between the Archaean and the late Neoproterozoic (Harris et al., 1994;
Bartlett et al., 1998; Braun and Kriegsman, 2003; Santosh et al., 2005).
The earliest of these at ca. 2.52 Ga (Baskar Rao et al., 1996; Chetty et
al., 2003; Ghosh et al., 2004) produced a crystalline basement, which
was overlain by a cover sequence of shallow-marine sediments (quartz-
ites, calc-silicate rocks, and metapelites) deposited during the Mesopro-
terozoic. In the Madurai Block (Fig. 1a), early Neoproterozoic ages (ca.
0.9 Ga) have been reported from cores of monazite and attributed to
HT metamorphism related to the assembly of the supercontinent
Rodinia (Braun and Appel, 2006). The basement-cover composite
terrane was intruded by massif-type anorthosites and Rapakivi-type
granites at ca. 0.8 Ga (S. Brandt, pers. communication; own unpublished
data) during a HT regional metamorphic event. Further extensive tecto-
nometamorphic reworking of the Southern Granulite Terrane occurred
during the late Neoproterozoic (ca. 0.5 Ga) Pan-African orogeny, which
marked the assembly of the supercontinent Gondwanaland (e.g., Harris
et al,, 1994; Jayananda et al,, 1995; Meissner et al., 2002; Santosh et al.,
2003). In this event, the areas to the south of the Palghat Cauvery Shear
Zone underwent high-temperature metamorphism (Raith et al., 1997;
Braun and Kriegsman, 2003; Santosh and Collins, 2003). In the area of
Ayyarmalai, northeast of the Kadavur anorthosite complex, two distinct
Pan-African age clusters of 615411 and 52949 Ma have been
obtained by U-Pb dating of zircon (Raith et al.,, 2010). The older age is
related to HT metamorphism associated with extensive magmatism in
the Southern Granulite Terrane (Braun and Kriegsman, 2003), whereas
the younger age is ascribed to the main phase of high-temperature
metamorphism, deformation and anatexis during the Pan-African
orogeny (Raith et al,, 2010).

3. Sample petrography

Samples were selected from four different locations in and around
the Kadavur anorthosite complex, located in the northern part of the
Southern Granulite Terrane, south of the Palghat Cauvery Shear Zone
(Fig. 1). One quartzite was sampled from a roof pendant within the
anorthosite complex (sample 50MR). The second quartzite sample
(48MR) was collected from the proximal contact aureole of the intru-
sion about 600 m from the contact. Two samples were collected from
the country-rock supracrustal sequence and include a quartzite
(2502-2) taken ca. 20 km to the south of the anorthosite locality
and a metapelite (2502-1) from ca. 20 km to the north (Fig. 1b).

Sample 50MR (N 10° 34.380’ E 78° 10.340’) comes from a small
isolated quartzite hillock within the southern part of the anorthosite
complex, which forms a roof pendant or erosional remnant of the
former quartzite roof of the complex (Fig. 1b). The sample site is
estimated to lie only a few meters above the anorthosite contact.
The quartzites are dark brown-gray. In thin section, they show an

inequigranular-interlobate fabric of strain-free quartz grains with
local development of polygonal domains (Fig. 2a). Illmenite and
minor magnetite occur as randomly oriented grains. These textures
are evidence of extensive static recrystallization, commonly seen in
rocks from contact metamorphic aureoles. The quartz has inclusions

Fig. 2. Photomicrographs (crossed polarizer) illustrating the textural characteristics of
roof pendant quartzite (a, 50MR), quartzite in the proximal contact aureole of the
anorthosite (b, 48MR), and quartzite from the country rock outside the anorthosite
contact aureole (¢, 2502-2). Sample 50MR (a) consists of porphyritic coarse aggregates
of interlobate to amoeboid quartz grains, which reflect relatively advanced static
recrystallization, related to UHT contact metamorphism, overprinting a relict foliation.
Static recrystallization is also widespread in the contact-metamorphic quartzite
(b), which shows a coarse grain size and random orientation. The country rocks
away from the anorthosite locality (c), preserve a well developed foliation defined by
large elongate and flattened quartz grains and sillimanite needles. Static recrystalliza-
tion is only incipient producing just a few coarser grains with lobate grain boundaries.
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of randomly oriented minute hexagonal blades of intergrown hematite
and ilmenite, interpreted to be exsolution features. Locally, some grains
have euhedral carbonic inclusions along planar arrays and abundant
trails of predominantly multiphase H,0-CO, inclusions. The latter
indicate localized fluid infiltration from a thick pegmatite dyke that
occurs west of the exposure.

Sample 48MR was collected from a quartzite ridge in the contact
aureole of the anorthosite (N 10° 33.477’ E 78° 09.463’, Fig. 1b). The
quartzites preserve a relict foliation defined by stretched quartz
grains and well aligned grains of kyanite, sillimanite and ilmenite,
which has been largely replaced by an inequigranular-lobate mosaic
of strain-free quartz grains (Fig. 2b). The relict quartz grains host
trails of monophase carbonic inclusions, most of them having well-
defined negative crystal forms. The recrystallized grains are free of
fluid inclusions. Kyanite occurs in similar textural relations as silli-
manite and shows retrograde alteration to fine-grained micaceous
aggregates. Locally, coarser sheets of secondary white mica appear
to have grown at these sites.

Sample 2502-2 was collected from the middle part of a thick
sequence of quartzites exposed in the Sirumalai Ghats, ca. 20 km to
the south of the anorthosite (N 10° 18.785’ E 78° 12.404/, Fig. 1b).
The sequence is characterized by an upward gradation from fine-
grained quartzite interbanded with fine sillimanite- and biotite-rich
layers, through broader bands of medium-grained quartzite to thick
bands of very coarse-grained quartzite. Sample 2502-2 has
a pronounced foliation defined by large elongate and flattened
dynamically-recrystallized quartz grains (Fig. 2c) that include linea-
tion-parallel sillimanite needles as well as boudinaged platy minerals
of the hematite-ilmenite group. In contrast to quartzites from near
the anorthosite intrusive, there is only little evidence for static recrystal-
lization overprinting the strong schistosity in this sample (Fig. 2c).

Sample 2502-1 was collected from an outcrop of folded metape-
lites, quartzites, and calc-silicate rocks (N 10° 45.953’ E 78° 05.647’,
Fig. 1b), ca. 20 km north of the anorthosite. The rock is a bt + sill +
Kfs 4+ crd + qtz+ pl +hem+ky bearing metapelite having a faint
compositional banding defined by alternating aluminous and
quartzo-feldspathic layers. The aluminous layers comprise polycrys-
talline sillimanite aggregates (pseudomorphic after porphyroblastic
kyanite), cordierite grains replacing sillimanite and biotite, perthitic
feldspar, minor quartz, hematite, and magnetite. The quartzo-feld-
spathic layers are composed of weakly-aligned subhedral biotite
grains in granoblastic to interlobate aggregates comprising perthitic
feldspar, quartz, and minor plagioclase. The rock contains folded
quartz segregation veins with aluminous selvages representing an
early foliation defined by the assemblage bt + ky + Kfs + qtz + hem.
This foliation is refolded into shallow-plunging open folds. Profuse
growth of cordierite at the expense of biotite and aluminosilicate
occurred after kyanite was pseudomorphed by polycrystalline silli-
manite. The lack of any evidence for melting suggests that cordierite
formed via the model dehydration reaction bt + sil 4+ qtz — crd + Kfs +
V, which occurs at P-T conditions of <5 kbar and >800 °C (e.g., Spear
and Cheney, 1989; Spear, 1999).

4. Analytical methods

Zircon grains were separated from the samples by crushing,
followed by magnetic and heavy liquids separation. Representative
grains were handpicked under a binocular microscope, taking care
to include all sizes and morphologies. For each sample approximately
150 grains were selected and mounted on one inch epoxy
disks. These were polished to approximately half the thickness of
the grains and internal structures were imaged by CL and BSE
techniques using a JEOL JXA-8900 M Superprobe at the Institut fiir
Mineralogie, Westfdlische Wilhelms-Universitdt, Miinster. The U-Pb
isotope and trace element analyses were performed using a

Thermo-Finnigan Element2 sector field ICP-MS coupled to a New
Wave UP193HE ArF Excimer laser system at the same institute.

The U-Pb analyses and data reduction were largely carried out
following the method of Kooijman et al. (in press). The operating con-
ditions for the laser and the ICP-MS are listed in Table 1. A laser spot
size of 12, 25 or 35 pm was used depending on the width of the ana-
lyzed zircon zones. The reference zircons were analyzed using a spot
size of 25 um. All spots were pre-ablated by three laser pulses using a
45-um spot size to remove possible surface common Pb introduced
during sample handling. External standardization was done by
bracketing groups of five unknowns with two measurements of the
GJ-1 reference zircon (Jackson et al., 2004). The raw data were pro-
cessed offline using an in-house Excel® spreadsheet. The 2°’Pb/2%Pb
and 2%6Pb/238U were carefully monitored to exclude anomalous parts
of the signal related to inclusions or different age zones. Correction for
common Pb was done using the two-stage terrestrial Pb evolution
model by Stacey and Kramers (1975) if the contribution of the estimated
common 2%Pb to the total measured 2°°Pb exceeded 1%. The 2°Pb/?*’Th
was not measured, because of large analytical errors associated with the
ratio. Moreover, measuring additional isotopes using a single-collector
ICP-MS leads to larger uncertainties on the other ratios due to
longer scanning times. Measurements of the 91500 standard zircon
(Wiedenbeck et al., 1995) as unknowns gave an external reproducibility
(20, n=234) of 2.5% for 2°Pb/>*8U and 3.5% for 2°’Pb/>*Pb. All uncer-
tainties are reported at the 20-level. The U contents were estimated rela-
tive to the GJ-1 reference. Concordia diagrams were constructed using
Isoplot 3.00 (Ludwig, 2003). The U-Pb isotope and age results are listed
in Appendix A.

Trace elements were analyzed in some zircon grains of samples
50MR and 48MR adjacent to spots where the U-Pb dating was done
in the same CL zone. The same LA-ICP-MS set-up was used, but abla-
tion parameters were 5 Hz and ca. 9 J/cm?. Correction for instrumen-
tal drift was done by bracketing groups of five unknowns with two
measurements of the NIST612 glass calibration standard using
GeoReM preferred values (MPI, Mainz, Germany, version 11/2006).
Concentrations were calculated using GLITTER software (Griffin et
al., 2008). The 2°Si content, which was calculated from the stoichiom-
etry of zircon, was used as an internal standard. The results are listed
in Appendix B. The precision was usually better than 10% depending
on the element concentration. Analyses with anomalously high LREE
contents possibly related to the presence of inclusions were dis-
carded. The accuracy was monitored by analyzing the 91500 zircon
standard (Wiedenbeck et al., 1995) as an unknown. The average con-
centration determined for each element was usually within error
(2 0) of the preferred values for this standard (last two rows of
Appendix B). The U concentrations presented in Appendix A are
based on direct comparison of count rates with the GJ-1 reference zir-
con to provide estimates for all samples. Both this approach as well as
U concentration analysis using an internal standard were applied to

Table 1

LA-ICP-MS details and operating parameters.
Laser ablation ICP-MS
system
Model New Wave Model Element2,

Research UP193HE ThermoFinnigan
Type Excimer Type Magnetic sector field
Wavelength 193 nm Forward power 1330 W
Spot size 12,25 or 35 um Scan mode E-scan
Repetition rate 10 Hz Scanned masses 202, 204, 206,
207, 238

Laser fluence ~5]/cm? Cooling gas (Ar) 16 I/min
Laser warmup 20s Auxilliary gas (Ar) 1.0 1/min
Ablation time 355 Sample gas (Ar) 0.9 I/min
Washout time 455 Carrier gas (He) 0.6 1/min
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individual zircon grains of samples 48MR and 50MR providing results
that are identical within error (Appendix A; B).

5. Results

In the following section, the morphology, internal structure and
U-Pb ages of zircon grains in the four samples are described in
order of increasing distance from the anorthosite intrusion. The CL
and BSE images of the zircon grains usually show complementary fea-
tures. Because the internal structures are more clearly visible in CL
images, only these are presented (Fig. 3). The U-Pb isotope data and
calculated ages for the analyzed zircon grains are listed in Appendix
A, and illustrated in Figs. 4 and 5. The ages are also indicated on the
corresponding CL zones (Fig. 3).

5.1. Quartzite 50MR

Zircon grains from this roof pendant quartzite sample are round to
slightly elongate and sub- to anhedral. They are relatively small rang-
ing from 150 to 250 um. Most grains are colorless to light brown and
composed of two zones: a CL-weak, sub-rounded core that is either
featureless or shows a faint growth, sector or patchy zonation, and a
highly luminescent rim that generally shows no internal structure
in CL images. The boundaries between the two zones are straight as
well as irregular and truncate the core zonation (Fig. 3a).

U-Pb dating of the cores provided a wide range of mostly concor-
dant ages between 3.4 and 1.8 Ga (Figs. 3a, 4a, 5a). For the rims, two
younger concordant age populations can be distinguished: one of ca.
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950 Ma and a more dominant one of ca. 810 Ma. Few cores show dis-
cordance towards the cluster of younger ages found in the zircon rims
(Fig. 4a).

Trace elements were analyzed in a few large enough zircon grains
(Appendix B). The weakly luminescent cores show a large variation in
the concentrations of the rare-earth elements (REE) with Luy/Gdy
ranging from 5 to 25. The younger (ca. 950 Ma and ca. 810 Ma) zircon
domains have more tightly clustered REE abundances (Luy/Gdy of 13
to 30). The cores display a relatively large variation in Th/U (0.2-1.7)
compared to the narrow range in the younger age zones (0.2-0.7;
Appendix B).

5.2. Quartzite 48MR

Zircon grains in this sample from the proximal contact aureole are
relatively large (up to 500 pm) and are colorless to pink or light
brown. Most grains are slightly elongate and euhedral and have
three internal zones: (i) a CL-weak, rounded core that is either fea-
tureless or has faint growth, sector or patchy zonation, similar to sam-
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The weakly luminescent cores provide a range of old ages from ca.
3.3 to 1.8 Ga of which most (~75%) are concordant (Fig. 4c). In
contrast, the strongly luminescent cores yielded a much younger
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Fig. 3. Cathodoluminescence images of zircon grains from samples 50MR (a), 48MR (b), 2502-2 (c), and 2502-1 (d). Numbers to the lower left of grains indicate grain number. Ages
younger than 1100 Ma are cited as 2°°Pb/?33U ages, whereas for older zircon, the 2°”Pb/?°°Pb ages are given. Textural characteristics of zircon from quartzites within the anorthosite
contact aureole (a, b) are similar (weakly luminescent, patchy or oscillatory-zoned cores having thin rims of higher luminescence). In contrast, zircon from the country rocks away
from the anorthosite locality (c, d) is texturally variable and commonly shows volumetrically large rims.
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Fig. 4. Concordia diagrams showing the results of U-Pb analyses of zircon from samples 50MR (a, b), 48MR (c, d), 2502-2 (e, f), and 2502-1 (g-h). Zircon in quartzites from the
contact aureole provided a relatively wide range of U-Pb ages, some of them showing discordance. Sample 2502-2 provides similar ages, but concordant results exclusively. Sample
2502-1 yielded young concordant ages and an additional age population at 490 to 590 Ma.

mean age of 9554 16 Ma. This early Neoproterozoic population is
also found in the strongly luminescent mantles and rims of some
grains. The growth-zoned rims that are moderately luminescent rep-
resent the youngest zone yielding a well-defined age of 810+ 7 Ma
(Figs. 3d, 4d, 5b).

Zircon grains in the sample were large enough to allow trace ele-
ment measurements adjacent to spots used for U-Pb dating. The
three zircon zones in the sample have distinct trace element charac-
teristics. The weakly luminescent cores show a large variation in
trace element concentrations including the REE (Luy/Gdy=7 to 32;
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quartzite 2502-2 (c) are similar, the metapelite (d) shows a different age distribution.

Fig. 6a). They have variable negative to slightly positive Eu and posi-
tive Ce anomalies. In contrast, the younger (ca. 955 Ma and ca.
810 Ma) age domains have a narrower range of REE concentrations
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Fig. 6. Chondrite-normalized REE diagrams showing the REE content of detrital cores
(a) and younger zircon zones (b) of sample 48MR. Chondrite values are after Taylor
and McLennan (1985). The detrital zircon population shows a large variability in REE
content, whereas zircon that yielded ages of ca. 955 Ma and, in particular, 810 Ma
shows a narrow range of REE patterns.

that overlap with those of the weakly luminescent cores (Fig. 6b).
The 955-Ma zones have slightly higher REE abundances than the
810-Ma zones, but their Luy/Gdy are similar (15.8 to 25.4 for 955-
Ma zones and 12.6 to 22.4 for 810-Ma zones; Appendix B). Both
younger zones consistently display negative Eu and positive Ce
anomalies. The weakly luminescent cores show a large variation in
Th/U (0.2-1.8) compared to the narrower range in the ca. 810-Ma
zones (0.6-1.2). However, the largest spread in Th/U is found in the
ca. 955-Ma zones (0.5-4.3; Fig. 7, Appendix B). Noteworthy is the
fact that the discordant cores on average have twice the U concentra-
tions (ca. 440 ppm) of the concordant ones (ca. 200 ppm; Appendix
A; B).

5.3. Quartzite 2502-2

Most zircon grains in this quartzite sample, collected from the
country rock far away from the anorthosite complex, are rounded to
slightly elongate and have subhedral faces. Few grains are more elon-
gate and euhedral. They have sizes between 150 and 200 um and are
either colorless or orange. The internal structures are complex con-
sisting of up to four zones: (i) a rounded to elongate luminescent
core with prominent growth or sector zoning (Fig. 3c), which furnish
clusters of old concordant ages at ca. 2.6 Ga, 2.0 Ga and 1.75Ga
(Figs. 4e, f, 5¢); (ii) a highly luminescent mantle of irregular thickness
that (partly) surrounds some of the cores. These zones are commonly
too narrow to be analyzed. One such zone could be dated and gave an
age of ~1020 Ma, similar to the luminescent zones in zircon from the
other quartzites (Fig. 3¢); (iii) a low-luminescent homogeneous thick
zone rimming the cores or mantles yielding a tightly clustered age of
ca. 810 Ma; (iv) a thin CL-dark or -bright zone that usually rims one
or more of the above zones and yielded ages of ca. 590 Ma (Fig. 3c).

5.4. Metapelite 2502-1

Zircon grains in the country-rock metapelite sample 2502-1 from
outside the anorthosite contact aureole are elongate having subhedral
crystal shapes. The average grain size ranges from 100 to 200 pm and
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Fig. 7. Th/U versus 2°’Pb/2°Pb age plot for different zircon age zones of sample 48MR.
The detrital components show slight variation in Th/U. In contrast to the ca. 810 Ma
zircon overgrowths, which show only minor variability in Th/U, ca. 955 Ma zircon
shows a wide range of Th/U. This mostly reflects the relatively low U contents of this
type of zircon.

the color ranges from orange or pink to colorless. In CL images, up to
three zones can be identified in these grains (Fig. 3d): (i) a rounded
core, displaying mostly oscillatory growth- or patchy zonation, hav-
ing variable CL, and yielding ages between 1020 and 920 Ma with
the exception of two that are much older at ca. 2.6 to 2.5Ga
(Figs. 3g, 5d); (ii) a weakly-luminescent wide zone rimming the
cores, which is featureless or shows patchy zonation and is dated at
ca. 810 Ma; (iii) featureless moderately-luminescent zones that are
mostly thin and of variable shape and thickness, form rims around
cores or the 810-Ma zones (Fig. 3d), and have late Neoproterozoic
ages (590-490 Ma; Fig. 5d).

6. Discussion
6.1. Regional geological history

The weakly-luminescent rounded cores of zircon from the quartz-
ites are characterized by a variety of relict zoning patterns, a wide
range of old ages (3.4 to 1.8 Ga; Figs. 4, 5) and a large variation in
trace element abundances (Fig. 6). Fine-scale growth zoning in
some of these cores is interpreted to reflect a primary igneous charac-
ter (e.g., Vavra, 1990; Hanchar and Miller, 1993), whereas sector zon-
ing may be either indicative of an igneous growth history (Hanchar et
al.,, 2001) or a metamorphic parentage (Watson and Liang, 1995).
These characteristics of the cores indicate that they are of detrital
origin. This is further supported by the fact that their internal struc-
tures are commonly truncated, which typically occurs as a result of
mechanical abrasion during sediment transport. The 3.4 to 2.4 Ga
zircon may have been derived from the Western and Eastern Dharwar
cratons (e.g., Peucat et al., 1993; Jayananda et al., 2006), whereas the
1.8-2.0 Ga detrital zircon may have had sources in the Highland
Complex of Sri Lanka (Braun and Kriegsman, 2003; Dobmeier and
Raith, 2003). The lack of detrital zircon ages from metapelite sample
2502-1 reflects the fact that its protolith was deposited in a deep
marine sedimentary environment where detrital zircon is rare. The
three younger age populations i.e., at ca. 955 Ma, ca. 810 Ma and ca.
590-490 Ma are interpreted to be of metamorphic origin. These are
discussed further in the following sections.

The intrusion of anorthosite into the sedimentary package and the
accompanying contact metamorphism represents an important geo-
logical event in the Kadavur area. Unfortunately, the lack of zircon
or other potentially datable minerals in the anorthosite does not
allow direct determination of its emplacement age. Therefore, the
timing of anorthosite emplacement has to be constrained from
litho-structural relationships and U-Pb ages from the country rocks.

The oldest metamorphic event recorded by zircon in the country-
rock quartzite and metapelite is of Grenville age (ca. 955 Ma). This
early Neoproterozoic age domain is seen in zircon from all samples,
clearly indicating that the ca. 955-Ma ages date a major episode of re-
gional metamorphic zircon formation. Similar ages have been reported
from the Madurai block (Santosh et al., 2003; Braun and Appel, 2006;
Braun et al, 2007), which suggests that this part of the Southern
Granulite Terrane together with the neighboring Eastern Ghats Belt
(e.g., Simmat and Raith, 2008; Upadhyay et al., 2009) and the Wanni
Complex of Sri Lanka (Braun and Kriegsman, 2003) underwent early
Neoproterozoic HT metamorphism and igneous activity during Rodinia
assembly. In the Kadavur area, relics of this earliest metamorphic event
are preserved as bt 4 ky + Kfs + qtz + hem assemblages in the metape-
lites and as dynamically recrystallized quartz lenticules, kyanite pseu-
domorphs and ilmenite in the quartzites (Fig. 2c). In quartzites
within the anorthosite contact aureole (50MR and 48MR), fabrics of
Grenville age are extensively recystallized to form a granoblastic aggre-
gate of interlobate quartz grains (Fig. 2a, b). The static recrystallization
can be related to contact heating during anorthosite intrusion. By im-
plication, the anorthosite was emplaced after the early Neoproterozoic
metamorphism, i.e., either at 810 Ma or 590-490 Ma.

Late Neoproterozoic (590-490 Ma) ages obtained from zircon
rims of the country rocks cover the concordia from ca. 590 to
490 Ma. Although the number of analyses is small, two denser clus-
ters can be observed at ca. 590 and 520 Ma (Fig. 4h). These ages cor-
respond well to those obtained from rocks at Ayyarmalai, north of
Kadavur (6154 11 and 529 4+ 9 Ma; Raith et al., 2010) and are inter-
preted to represent renewed HT metamorphism during the Pan-
African orogeny, the imprints of which are widespread throughout
the Southern Granulite Terrane (e.g. Braun and Kriegsman, 2003;
Ghosh et al., 2004). The youngest of these age clusters is well repre-
sented among gneisses of the Palghat Cauvery Shear Zone, possibly
dating heating and decompression of the rocks during the collapse
of the East African orogen (e.g., Clark et al., 2009). It is unlikely that
the anorthosite was emplaced during this event, because Pan-African
ages are not found in zircon from within the anorthosite contact
aureole. Moreover, anorthosite bodies of such young age have not
been reported thus far.

The 81047 Ma age population can be identified in all samples,
but in contrast to the ca. 955-Ma age population, it is statistically
more dominant in quartzites collected close to the anorthosite body
(Fig. 5). This feature of the age spectrum is unlikely to be due to sam-
pling bias or selective analyses, because care was taken to include zir-
con of all shapes, sizes and morphologies, and one spot per zircon
zone was analyzed in all four samples. The combination between
the prevalence of the ca. 810-Ma ages in the samples from the aureole
and their strong static recrystallization fabric (due to contact heating)
suggests that this age best approximates anorthosite emplacement
and associated regional and contact metamorphism. Rapakivi granit-
oids closely associated with the Kadavur anorthosite in the wider
Kadavur area have also been dated at ca. 0.8 Ga (e.g., Santosh et al.,
2003; Ghosh et al., 2004; S. Brandt, pers. comm.). Such magmatic
rock associations typically occur in Precambrian crystalline terranes,
e.g., in the Proterozoic North Atlantic Shield orogen (e.g., Hubbard
and Whitley, 1978; Ashwal, 1993; Moore et al, 1993), marking
zones of crustal extension with increased heat input from the
ascending asthenospheric mantle through a thinned continental
lithosphere.

6.2. The U-Pb isotope and trace element systematics in metamorphosed
zircon

The metapelite 2502-1 preserves a sil + bt + qtz paragenesis that
did not cross the biotite-melting reaction. This is also the case for
quartzite 2502-2 from the Sirumalai Ghats, where sil + bt + qtz is
found in the thin metapelitic layers of the banded quartzites. The
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occurrence of these mineral assemblages indicates that temperatures
during the regional metamorphic events did not exceed 750 to 800 °C
(Sengupta et al., 2009; Raith et al., 2010). In contrast, rocks from
within the anorthosite contact aureole must have been exposed to
significantly higher temperatures during magma intrusion and con-
tact metamorphism. The almost mono-mineralic quartzites do not
provide a mineral assemblage that could be used for thermometry.
Titanium concentrations in zircon were analyzed, but due to the
evident undersaturation for TiO, and the lack of a valid constraint
on arjo in these quartzites, Ti-in-zircon thermometry does not pro-
vide a reasonable peak T estimate for the intrusive event. The con-
trasting microtextures of the contact aureole and country rock
quartzite (viz., strong static overprint in contact aureole quartzite
vs. lack of it in the country rock quartzite) nevertheless suggests
that the quartzite proximal to the anorthosite underwent significant
contact metamorphism and hence must have experienced elevated
temperature conditions.

Intrusion temperatures of anorthosites are estimated to be on the
order of 1200 °C (e.g., Berg, 1977; Duchesne, 1984; Fuhrman and
Lindsley, 1988; Ashwal, 1993; Markl et al., 1998; Westphal et al.,
2003; Sengupta et al., 2008; Gleiner et al., 2010). Sample 50MR
was taken from a quartzite outcrop surrounded by anorthosite. The
observed field relations do not unambiguously establish whether
the quartzite is a large xenolith within the anorthosite or represents
an erosional remnant of a once continuous quartzite roof. In either
case, quartzite in such close proximity to the anorthosite magma
should have attained temperatures equal or close to that of the
magma, independent of the heat transfer mechanism, i.e. tempera-
tures of at least 1000 °C. For sample 48MR, which was taken from a
quartzite ridge 600 m from the contact, T during contact metamor-
phism would have depended on the thermal state before intrusion,
the distance to the contact, the thermal conductivity of the country
rocks, and the efficiency of advective heat flow (e.g., Westphal et al.,
2003). This is more difficult to estimate accurately, but models on
conductive heat dissipation in such aureoles predict that, if the
ambient T before emplacement was ca. 800 °C, crystalline rocks
from ca. 600 m of the contact are estimated to have reached temper-
atures of >1000 °C within 5 Myr after the time of anorthosite intru-
sion (Westphal et al., 2003).

Based on the differences in thermal regimes affecting the rocks at
the time of anorthosite emplacement, zircon from the samples can be
divided into two groups: (1) zircon from country rock samples of the
wider environs (samples 2502-1 and 2502-2), (2) zircon from
quartzites within the contact aureole (48MR and 50MR).

6.2.1. Zircon in the country rocks of the wider environs

The textural characteristics of zircon grains from quartzite 2502-2
are different from those of quartzites from near the anorthosite in the
following respects: (i) Detrital cores in zircon from quartzite 2502-2
commonly preserve their internal zonation, whereas zircon from
quartzite in close proximity to the anorthosite are either featureless
or show a faint growth, sector or patchy zonation (Fig. 3a,b,c). This
may reflect different source rock characteristics, or could indicate a
greater degree of recrystallization undergone by zircon from within
the contact aureole due to the higher temperatures that were
attained during contact heating; (ii) zircon in quartzite 2502-2
yielded ages between 590 and 490 Ma, which occur in very thin
rims with growth zonation. These newly grown rims occur in many
grains around zones having ages of ca. 810 Ma suggesting that this
generation of zircon is omnipresent and dates a prominent late Neo-
proterozoic to Paleozoic zircon forming event. This age population is
absent in zircon grains from quartzites within the contact aureole
indicating that the contact aureole quartzites had very limited reac-
tivity during the late Neoproterozoic event. This difference could
have kinetic or kinematic causes. The quartzites of the contact aureole
may have been entirely dehydrated during the earlier (ca. 810 Ma)

contact metamorphism limiting the reactivity of the rocks. Alterna-
tively, late Neoproterozoic zircon growth may have occurred in
response to deformation from which the contact aureole quartzites
were shielded by the competent anorthosite body.

Zircon grains from the biotite- and sillimanite-rich metapelite
sample 2502-1 record a prominent Grenville age. In contrast to the
quartzites, in which such ages occur exclusively in luminescent over-
growths, the Grenville ages in sample 2502-1 occur in growth-zoned
low-luminescent cores (Fig. 3d). These cores reflect primary zircon
growth during Grenville-age regional metamorphism, presumably
as a product of prograde dehydration reactions. The widespread
occurrence of volumetrically large zircon rims having ages of ca.
810 Ma or 590 to 490 Ma suggest a much higher reactivity of the
metapelitic rocks compared to the quartzites. This difference in reac-
tivity may be due to the release of fluids during dehydration of
hydrous phases such as chlorite, muscovite, and biotite during pro-
grade metamorphism in the metapelites and the essentially anhy-
drous nature of the quartzite.

6.2.2. Zircon in the contact aureole

Many detrital zircon cores from quartzites within the anorthosite
contact aureole have rims that exhibit high luminescence and have
uniform REE abundances. The rims are continuous and fully encapsu-
late the cores indicating that they formed in situ after the deposition
of the sedimentary detritus. The rims provide concordant ages, show
little or no internal structures, are poor in trace elements (e.g., U)
relative to the cores, and are separated from these by convex inter-
faces (e.g., Fig. 3a, grain 1.58; Fig. 3b, grain 3.096). These characteris-
tics suggest that the rims represent replacements of older, chemically
unstable (i.e., metamict or internally strained) zircon (e.g., Pidgeon et
al., 1998; Schaltegger et al., 1999; Rubatto et al., 2001; Geisler et al.,
2007). Textures indicate that recrystallization involved an interface
coupled replacement process, presumably through fluid assisted dis-
solution and reprecipitation (e.g., Fig. 3a, grain 1.43). The sub- to
anhedral geometry of recrystallized zones is similar to—and appears
inherited from—the detrital precursor reflecting the typical pseudo-
morphic nature of such replacement processes. In most grains the
volumetric fraction of the recrystallized rims is small, suggesting
only partial replacement. However, few grains lack detrital compo-
nents and contain a luminescent core (e.g., Fig. 3b, grain 4.127),
which could indicate that the replacement reaction locally went to
completion. The U-Pb ages of the recrystallized zones provide a bi-
modal distribution of concordant ages. Mantles and cores comprising
this type of zircon exclusively provide ca. 955-Ma ages, whereas rims
of this type of zircon around cores yield ages of either ca. 955 Ma or
810 Ma. This shows that coupled dissolution-reprecipitation of zircon
occurred both during the Grenville-age regional metamorphism and
UHT contact metamorphism. The ca. 955-Ma zircon replacements
show higher trace element content than recrystallized zones formed
around 810 Ma. It is assumed that this reflects the difference in for-
mation temperature and the depletion of the rocks during repetitive
(U)HT metamorphism and extraction of REE-enriched fluids.

In addition to occurring as recrystallized rims that are highly lumi-
nescent and featureless, some of the ca. 810-Ma old zones in zircon
from samples 50MR and 48MR show oscillatory growth zonation
and remarkably well developed euhedral shapes (e.g., Fig. 3b, grain
4107, 5.113). These zones are interpreted to represent newly
grown zircon. Because no evidence of melting is observed in these
rocks, this zircon is interpreted to have crystallized from fluids gener-
ated either by dehydration reactions occurring in the metapelites
interlayered with the quartzites in response to contact heating, or
by advective fluid flux into the contact aureole. The newly grown
rims exclusively occur around high-luminescent cores or mantles.
This shows that, in contrast to the detrital cores, the ca. 955-Ma
zones were chemically stable and not susceptible to recrystallization
during contact metamorphism. The chemical stability of these zones
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relative to the detrital cores is presumably due to its low U contents
(Appendix B) and young age, which would have caused only little ra-
diation damage at the time of anorthosite magmatism and thus sus-
tained relatively inert behavior at the ingress of fluids.

6.3. The robustness of the U-Pb chronometer in zircon under UHT
conditions

The majority of the detrital cores (ca. 75%) preserve concordant
ages (Fig. 4; Appendix A) despite being exposed to several episodes
of HT metamorphism including the contact metamorphic UHT condi-
tions of >1000 °C. This provides strong evidence that no significant
Pb loss occurred from these domains and indicates that the T. for Pb
in zircon is even higher than previously estimated from experiments
(950-1000 °C; Lee et al., 1997; Cherniak and Watson, 2001). Our re-
sults thus support the proposition made in earlier studies (e.g.,
Krogh, 1973; Mezger and Krogstad, 1997) that the loss of Pb from
pristine zircon by volume diffusion is insignificant under crustal con-
ditions and cannot be the cause of discordance of U-Pb ages.

Approximately 25% of the analyzed detrital zircon cores yielded a
range of discordant ages (Fig. 4; Appendix A). It is unlikely that these
analyses are the result of mixing of material from different age zones
during laser ablation, because drilling into a different age zone results
in a significant change in the isotope ratios during analysis. This is
easily detectable by monitoring signal intensities and isotope ratios
during an individual analysis. Analyses of some thin CL zones show-
ing such anomalies were discarded. A mixed age can only remain
unnoticed when equal amounts of the different zones are sampled
throughout the analysis, the chances of which are quite small.

Below approximately 600 °C (e.g., Mezger and Krogstad, 1997), the
recoil of a-particles and fission products of 22°U and 28U decay dam-
ages the crystal structure of zircon leading to metamictization. Experi-
mental studies have shown that Pb is relatively mobile and may be
lost even from partially metamict zircon if the radiation-damaged
zones are interconnected (e.g., McLaren et al, 1994; Geisler et al.,
2002). At temperatures above 600 to 650 °C, the metamict domains
get rapidly erased by structural recovery (Mezger and Krogstad,
1997). Some of the radiogenic Pb may become trapped in these
domains, causing them to be discordant. The U concentrations in the
discordant cores are on average a factor of two higher than in the
concordant ones resulting in greater radiation damage in the former.
This facilitates partial Pb loss from these domains upon annealing
(Silver and Deutsch, 1963).

The annealing of radiation-damaged zircon may change local BSE
and CL intensity (e.g., Nasdala et al., 2003; Nasdala et al., 2006). In
our study, the discordant cores typically show a modified relict pri-
mary growth or sector zoning (e.g., compare Fig. 3b, grain 5.113 to
Fig. 3a, b), reflecting the structural strain that was accommodated
during annealing. In contrast to volume diffusion of Pb through crys-
talline grains, which produces ‘smooth’ age profiles from core to rim
that can be described with an error function (e.g., McFarlane and Har-
rison, 2006; Kooijman et al., 2010), Pb loss associated with annealing
is expected to only affect parts of single zircon zones having high U
concentrations. The spatial resolution during laser ablation does not
allow characterization of age heterogeneity within single zones. How-
ever, Flowers et al. (2010) clearly demonstrate heterogeneous Pb loss
from annealed domains. Although interpreted differently, their age
data and CL observations are consistent with the mechanisms de-
scribed here.

The discordant core analyses define a discordia having a lower
intercept age in the range of 1000 to 750 Ma, which suggests that
Pb loss probably occurred during the HT metamorphic episodes at
ca. 955 Ma and 810 Ma. It is noteworthy that only a small fraction of
the analyses is discordant and the degrees of discordance are low,
which indicates that most of the detrital zircon grains were pristine
or were only weakly metamict. Our data confirm that volume

diffusion of Pb through such pristine zircon lattices is insignificant,
even at UHT metamorphic conditions, and does not cause significant
discordance of U-Pb isotopes. This is consistent with experimental re-
sults that advocate a high T, of Pb in zircon (Lee et al., 1997; Cherniak
and Watson, 2001). In concurrence with the observations of Krogh
(1973) and Mattinson (2005), discordance of zircon analyses is due
to heterogeneous Pb loss from formerly metamict domains. Thus,
the loss of Pb from zircon during (U)HT metamorphism only affects
radiation-damaged crystals and results from temperature and fluid-
or melt-assisted recrystallization and annealing. The results of this
study thus provide an explanation for the success of the chemical
abrasion technique developed by Mattinson (2005), which should
promote dissolution of polycrystalline parts of zircons that formed
by annealing of chemically unstable, metamict parts of individual
zircon grains.

7. Conclusions

A large number of zircon cores from samples that underwent
several episodes of HT metamorphism including UHT (>1000 °C)
contact metamorphism preserve concordant detrital ages, confirming
that Pb loss by volume diffusion cannot be the dominant mechanism
by which the U-Pb isotope systematics in zircon are disturbed. Dis-
cordance of some high-U cores can be attributed to entrapment of
radiogenic Pb in these zones upon annealing. Textural evidence indi-
cates that metamorphic rims around detrital cores are either new
overgrowths crystallized during (U)HT metamorphism or completely
re-equilibrated parts of detrital grains. The latter type of domains may
have formed through recrystallization or fluid-assisted dissolution
and reprecipitation processes. Such zircon provides concordant ages
and is characterized by a higher structural or compositional stability.
In addition to old U-Pb ages, detrital cores preserve a wide range of
REE concentrations reflecting their heterogeneous provenance. Our
study demonstrates that U-Pb- and REE systematics in pristine zircon
are extremely robust to diffusive re-equilibration and provide reliable
ages and genetic information in spite of their exposure to multiple HT
and UHT metamorphic episodes.

Supplementary materials related to this article can be found
online at doi: 10.1016/j.chemgeo0.2011.09.013.
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