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Abstract

The Panrimalai area constitutes part of the granulite-facies rocks of the Madurai block in the Southern Granulite Terrain (SGT),
India. Garnet-bearing mafic granulites in Panrimalai occur as small enclaves within charnockite. The common stable assemblage during
peak metamorphism contains hornblende, garnet, orthopyroxene, clinopyroxene, quartz and plagioclase. The resorption of garnet in var-
ious reaction textures and the development of spectacular orthopyroxene–plagioclase and hornblende–plagioclase symplectites charac-
terize the subsequent stages of metamorphism. Application of multi-equilibrium calculation procedures for mineral core compositions of
the early assemblage yields near peak conditions at � 900 �C at 9 kbar. These estimates are the highest yet reported in mafic granulites
from the Madurai block. The post-peak P–T path is constructed for the mafic granulites based on observed microstructural relations and
thermobarometric results is characterized by a steep clockwise decompressional P–T segment from � 9 to < 4.5 kbar. Constraints from
model Nd ages provide evidence for Paleoproterozoic magmatism restricted to the Madurai block in the Southern Granulite Terrain. The
early part of the crustal evolution of the Panrimalai granulites could be coeval with the Paleoproterozoic event. Subsequent development
of symplectitic assemblages via near-isothermal decompression can be ascribed to a distinctly later tectonic event. Available U–Pb and
Sm–Nd mineral dates suggest a widespread Pan-African tectonothermal event in the SGT. Given the general recognition of ultrahigh-
temperature (UHT) and isothermal decompression (ITD) in Pan-African age metamorphism in the East-African–Antarctic Orogen
(EAAO) , the Panrimalai UHT history is considered to be part of this record.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Ultrahigh-temperature (UHT) regional metamorphism
is defined as metamorphism in which crustal rocks are sub-
jected to temperatures of 900–1100 �C at moderate pres-
sures of 7–13 kbar (Harley, 1998). Reports of such UHT
conditions are increasingly common in southern India
(Ravindra Kumar and Chacko, 1994; Nandakumar and
Harley, 2000). Strong evidence for UHT metamorphism
is described from sapphirine-bearing granulites that occur
at Perumalmalai (Raith et al., 1997), Usilampatti (Prakash
1367-9120/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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and Arima, 2003) and Rajapalaiyam (Tateishi et al., 2004)
localities in the Palni hill ranges. Panrimalai, well known
for the occurrence of sapphirine granulites (Grew, 1984;
Mohan and Windley, 1993), represents a portion of the
granulite-facies terrain of the Palni hills in the Madurai
block, southern India. Mafic granulites of the study area
that preserve its metamorphic history in the form of reac-
tion textures and symplectites have high potential to eluci-
date the conditions of HT/UHT metamorphism. These
mafic granulites occur in several localities in the Southern
Granulite Terrain (SGT) of India (Mohan et al., 1985;
Ravindra Kumar and Chacko, 1994; Prakash, 1999a).
P–T vectors indicating retrograde decompressive PT paths
in HT/UHT granulites are prolific in mafic granulites
from several Precambrian regional terrains of the world
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including Eastern Ghats belt, Rauer Islands, Northern
Labrador, Søstrene Island, Central Finland, Algeria, Ger-
many and NE Greenland (Harley, 1988; Mengel and Riv-
ers, 1991; Thost et al., 1991; Dasgupta et al., 1993;
Brodie, 1995; Attoh, 1998; Zhao et al., 2000; Holtta and
Paavola, 2000; Ouzegane et al., 2001; Rotzler and Romer,
2001; Jones and Escher, 2002; Bhowmik and Roy, 2003).

In the present communication, we describe spectacular
textural features and mineral chemical data from garnet-
bearing mafic granulites of the Panrimalai area. Based on
phase equilibria and thermobarometric constraints, a
Fig. 1. (a) Map of South India showing different granulite blocks and major P
map of the Palni hills (modified from GSI, 1995). (c) Geological sketch map o
UHT decompressional P–T path for the Panrimalai mafic
granulites is proposed. We also address the implication of
these UHT granulites in light of East Gondwana assembly.

2. Geological background

The Panrimalai area (77�45 0E, 10�19 02300N to
77�50 03000E, 10�23 0700N) is an integral part of SGT and
has elicited a good deal of interest on account of its inter-
esting rock types and varied mineralogy. The study area,
situated in the Palni hills of the Madurai block, lies
roterozoic shear zones (modified from Harris et al., 1994). (b) Geological
f the study area showing major rock types and sample locations.



Fig. 2. (a) Field photograph showing banded (thickness of bands 1–2 m)
texture in charnockite from Solaikkadu. (b) Field photograph showing
mafic enclaves in charnockite at Kannivadi. These enclaves are of mafic
(darker) material having 2–6 in. width and 3–11 in. length.
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between the Palghat–Cauvery and the Achankovil shear
zones (Fig. 1a). The Palni hills form part of the Kodaikanal
massif, one of the largest highland blocks of granulites in
southern India (Fig. 1b). Charnockites, mafic granulites,
metasedimentary rocks, hornblende gneiss and discrete
bodies of granite comprise principal lithologies of the Palni
hills. Common mineral assemblages of metapelites include
garnet, cordierite, sapphirine, orthopyroxene, spinel and
sillimanite. The garnet–cordierite–sapphirine-bearing
assemblages dominantly occur in the central part of the
highland massif while garnet–sillimanite-bearing assem-
blages prevail in the lowland massif such as Ganguvarpat-
ti–Andipatti–Usilampatti. Marbles and calc-silicates
constitute carbonate lithologies that locally contain quartz-
ites and ultramafic rocks. Sapphirine-bearing granulites
have been reported previously from a number of localities
in the central and northern parts of the Madurai block.
Many of these sapphirine granulites have registered UHT
conditions (see Fig. 1b) from various localities, e.g. Rajap-
alaiyam (Sriramguru et al., 2002; Tateishi et al., 2004),
Perumalmalai (Mohan et al., 1996; Raith et al., 1997; Prak-
ash and Arima, 2003), Ganguvarpatti (Sajeev et al., 2004;
Tamashiro et al., 2004; Mohan et al., 2005), Usilampatti
(Prakash and Arima, 2003), Lachmanapatti (Tsunogae
and Santosh, 2003), Malappatty (Tsunogae and Santosh,
2003), and Paramatti at the Palghat–Cauvery zone
(Koshimoto et al., 2004).

The area investigated is predominantly composed of char-
nockites, mafic granulites and sapphirine-bearing granulites
(Fig. 1c). Charnockites are common in Panrimalai and the
upper Palni hill ranges. Exposures of garnet-bearing mafic
granulites are scattered throughout the area. The regional
strike of the foliation of the rocks in the area is dominantly
NE–SW with high angle dips due SE. In their present pattern
of exposure, the foliations of the mafic rocks and charnock-
ites are parallel to the regional strike of the terrain and,
hence, could be coeval. Large bands (thickness �1–2 m) of
mafic rocks occur near Solaikkadu (Fig. 2a). In places, the
mafic granulites occur as smaller enclaves extending for 3–
11 in. and having widths of 2–6 in. within charnockitic coun-
try rock (Fig. 2b). The rock is medium to coarse grained and
dark coloured with granulitic fabric.

3. Textural relations and interpretation of metamorphic

reactions

The mafic granulites of the Panrimalai area are com-
posed mainly of orthopyroxene, clinopyroxene, and
plagioclase±garnet±hornblende±biotite±quartz.

The variety of mineral associations observed in mafic
granulites is summarized below:

A-I Garnet–orthopyroxene–clinopyroxene–plagioclase–
hornblende–quartz, (sample nos P1, P4, P5, P9,
P13).

A-II Orthopyroxene–clinopyroxene–hornblende–plagio-
clase–quartz (sample nos P2, P3, P8, P12, P24).
A-III Garnet–orthopyroxene–hornblende–plagioclase–
quartz (sample nos P7, P10, P11).

A-IV Garnet–orthopyroxene–clinopyroxene–plagioclase–
biotite–quartz (sample nos P6, P14).

Minor amounts of magnetite, ilmenite and apatite are
also present. Mainly, two varieties of mafic granulites
occur in the area, which include garnet-free and granetifer-
ous mafic granulites. Mineral abbreviations used are taken
from Kretz (1983).

Dark brown–green hornblende inclusions occur as
rounded grains within orthopyroxene (Fig. 3a) and may
be relicts of the prograde stage. Similar textural features
reported elsewhere (Prakash, 1999a; Zhao et al., 2001)
are inferred to record the prograde reaction that may have
occurred during peak metamorphism:

Hbl1 þ qtz ¼ opx1 þ cpxþ grtþmelt ðLÞ ð1Þ
Embayed garnet porphyroblasts, engulfed in plagio-

clase, are separated from quartz by orthopyroxene prisms
(Fig. 3b). Development of this texture is most likely the
result of solid–solid vapour-absent reaction between garnet
and quartz, via the following reaction:

Grtþ qtz ¼ opx1 þ pl1 ð2Þ
Textural features and compositional plots in the Al2O3–

(CaO + Na2O)–(FeO + MgO)–SiO2 projection (Fig. 4a)
support the interpretation of reaction (2).



Fig. 3. Photomicrographs illustrating textural relations in the Panrimalai mafic granulites. For photographs b, c and e the width is 3 mm, whereas for
photographs a, d and f the width is 1.5 mm. Locations of the analysed rim, core and symplectite mineral compositions are shown on the
photomicrographs. (a) Prograde hornblende and quartz occurring as inclusions in megacrystic orthopyroxene (sample no. P12). (b) Garnet and quartz are
separated by orthopyroxene and plagioclase (sample no. P6). (c) Orthopyroxene–plagioclase symplectite around embayed garnet (sample no. P1). (d)
Garnet and clinopyroxene are isolated from each other by orthopyroxene–plagioclase symplectite (sample no. P4). (e) Development of orthopyroxene–
plagioclase symplectite around corroded garnet–porphyroblast and hornblende (sample no. P5). (f) Hornblende–plagioclase symplectite around irregularly
shaped garnet grain (sample no. P9).
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Fig. 4. Possible reactions are shown in Al2O3–(CaO + Na2O)–(FeO + MgO)–SiO2 projections for mafic granulites. Small solid circles show the plot of the
analyzed mineral compositions. Mineral symbols after Kretz (1983).
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Texturally, two types of orthopyroxene are present.
Coarse orthopyroxene grains (up to 7 mm) are idioblastic
to xenoblastic (Opx1). The second variety of orthopyrox-
ene (Opx2) shows worm-like (vermicular) symplectitic
intergrowths of orthopyroxene + plagioclase±magnetite
(Fig. 3c–e). Embayed relicts of garnet are surrounded by
spectacular radial symplectites of orthopyroxene and plagio-
clase without any preferred orientation (Fig. 3c–e). These tex-
tures are consistent with progress of some, or all, of the
following reactions (3)–(5) (Harley, 1989; Mengel and Riv-
ers, 1991; Thost et al., 1991; Ravindra Kumar and Chacko,
1994; Zhao et al., 2000; Ganguly et al., 2001):

Grtþ qtz ¼ opx2 þ pl2 �mag ð3Þ

Grtþ cpxþ qtz ¼ opx2 þ pl2 �mag ð4Þ

Grtþ hbl1 ¼ opx2 þ pl2 þmelt ðLÞ ð5Þ
The fine-grained orthopyroxene–plagioclase symplectite

in P4 (see enlarged Fig. 3d) mark the breakdown of garnet,
according to reaction (3), which may be attributed to decom-
pression at high T (ITD) or heating/overprinting by high
T/low P. The above petrographic evidence and composition-
al plot of participating phases in the Al2O3–(CaO + Na2O)–
(FeO + MgO)–SiO2 system (Fig. 4a) further verify reactions
(3) and (4). The presence of magnetite in the above reactions
suggests that ferric iron was probably present in the reacting
phases. Thost et al. (1991) proposed an oxidation reaction
(4), where quartz instead of being a reactant, is a product.
The presence of magnetite in the orthopyroxene–plagioclase
symplectites after garnet, suggests that such symplectites
may result via reaction (4), promoted by oxidizing fluids.
Texturally, quartz is commonly absent in symplectites or is
present only in minor amounts, suggesting that a silica-bear-
ing fluid was a reactant rather than a product phase.

Clinopyroxene is colourless to faint green in colour.
Medium to coarse grained clinopyroxenes display similar
textural relations as orthopyroxene (Opx1).
Symplectites of orthopyroxene–plagioclase–hornblende
occur around highly corroded garnet, clinopyroxene and
quartz (Fig. 3f) that mark the following complex reaction
(Ouzegane et al., 2001):

Grtþ cpxþ qtzþ v ¼ opx2 þ pl2 þ hbl2 ð6Þ

Hornblende–plagioclase symplectites around garnet
porphyroblasts and clinopyroxene matrix is seen in two
samples of mafic granulites. A few sections document
relicts of garnet megacrysts, largely replaced by horn-
blende–plagioclase symplectites that may be ascribed to a
garnet-consuming reaction (Mengel and Rivers, 1991;
Zhao et al., 2000; Rotzler and Romer, 2001) such as:

Grtþ cpxþ qtzþmeltðLÞ ¼ pl2 þ hbl2 �mag ð7Þ

Reaction (7) is also corroborated chemographically in
the Al2O3–(CaO + Na2O)–(FeO + MgO)–SiO2 projection
(Fig. 4b). Zhao et al. (2001) and Norlander et al. (2002)
have also reported similar textural breakdown of garnet
to producing hornblende–plagioclase symplectites.

In some sections, the presence of hornblende–quartz
symplectites and hornblende bordering orthopyroxene
and clinopyroxene (Fig. 10a) are consistent with solid–melt
back reaction, such as:

Opxþ cpxþ pl2 þmeltðLÞ ¼ hbl2 þ qtz ð8Þ

Plagioclase occurs as medium to coarse-grained laths
and is randomly oriented. Minute grains of plagioclase
are noted in the orthopyroxene–plagioclase and horn-
blende–plagioclase symplectites.

It is evident from the above textural relations that the
mafic granulites contained a primary assemblage of grt,
opx1, cpx, hbl1, qtz and pl1 that was stable during an early
stage of metamorphism. The resorption of garnet through
a sequence of reaction textures characterizes the subse-
quent symplectite stage. The presence of ubiquitous mag-
netite with opx2–pl2 symplectite indicates that some of
these symplectitic textures could be ascribed to oxidation



46 D. Prakash et al. / Journal of Asian Earth Sciences 29 (2007) 41–61
rather than to decompression (Harley, 1989). The principal
evidence favouring significant decompression comes from
symplectitic pl2 with distinctly higher anorthite—content
(An72–74) compared to matrix pl1 (An41–46) in the Panrim-
alai mafic granulites. This implies decompression as the
main cause of the symplectitic texture found in the Panrim-
alai mafic granulites.

4. Mineral chemistry

Electron microprobe analyses were carried out on an
automated energy-dispersive electron microanalyzer JEOL
JSM-5300 and LINK QX2000J system, operated at an
acceleration voltage of 15 kV and a specimen current of
15 nA at the Geological Institute, Yokohama National
University, Japan. Analyses were refined using the LINK
ZAF-4/FLS correction program. Seven representative sam-
ples were chosen for detailed analyses in order to evaluate
mineral chemistry and for P–T calculations. The represen-
tative microprobe analyses of various minerals are listed in
Tables 1a–e. Elemental maps were obtained for the ele-
ments Mg, Mn and Ca using a JEOL JCXA-8800M elec-
tron microprobe operating at 15 kV with a dwell time of
30 ms at NIPR, Tokyo. These colour coded maps are used
in combination with the quantitative analytical data to
demonstrate the compositional variation. The distribution
of Mg, Mn and Ca in the garnet porphyroblast and ortho-
pyroxene–plagioclase symplectite is depicted in Fig. 5a–c.
Table 1a
Representative analyses of Garnet (12 oxygen basis)

Sample No.            P1            P1            P4            P4            P5            P5          
Spot No. 6 13 24 2 3 7
Assemblage No.           A-I

        Core          Rim         Core          Rim         Core          Rim          R
                                                   THERMAL PEAK  STAGE

SiO2 38.62 38.52 38.34 38.76 38.06 38.51 38
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0
Al2O3 21.87 20.75 21.93 21.08 21.77 21.41 21
Cr2O3 0.26 0.00 0.00 0.00 0.00 0.00 0
FeO 25.38 26.73 25.56 25.17 24.43 24.74 25
MnO 1.95 2.71 1.69 2.58 3.08 3.07 2
MgO 5.27 5.07 6.09 5.78 5.85 5.51 4
CaO 6.38 5.92 6.14 5.92 6.01 6.60 6
Na2O 0.00 0.31 0.00 0.00 0.00 0.00 0
K2O 0.21 0.00 0.00 0.00 0.00 0.00 0

Total 99.94 100.01 99.75 99.29 99.19 99.84 99

Si 3.01 3.02 2.99 3.04 2.99 3.01 3
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0
Al 2.01 1.92 2.01 1.95 2.01 1.97 2
Cr 0.02 0.00 0.00 0.00 0.00 0.00 0
Fe2+ 1.65 1.66 1.66 1.65 1.59 1.61 1
Fe3+ 0.00 0.10 0.01 0.00 0.01 0.01 0
Mn 0.13 0.18 0.11 0.17 0.21 0.20 0
Mg 0.61 0.59 0.71 0.68 0.69 0.64 0
Ca 0.53 0.50 0.51 0.50 0.51 0.55 0
Na 0.00 0.05 0.00 0.00 0.00 0.00 0
K 0.02 0.00 0.00 0.00 0.00 0.00 0
XMg 0.21 0.20 0.24 0.23 0.23 0.21 0

XMg = Mg/(Mg + Ca + Mn + Fe2 + ), Fe2 + and Fe3 + calculated by the sch
4.1. Garnet

Mafic granulites reveal that garnet is essentially alman-
dine (54–57 mol%)–pyrope (18–24 mol%) rich. Grossular
(16–18 mol%) and spessartine (4–10 mol%) components
are rather low. On the basis of stoichiometric consider-
ations, the andradite component was found to be negligi-
ble. We analyzed garnet porpyroblasts (up to 8 mm
diameter) through selected compositional profiles. Gener-
ally, all garnets show minor rimward compositional zoning
with narrow ( < 250 lm) retrograde rims having slightly
lower pyrope (av. Xpy ¼ 0:23Core � 0:20Rim; where XPy ¼
Mg=Mgþ Feþ CaþMn). The variation in Mg within
megacrystic garnet was confirmed through slight variation
in colour (Fig. 5a). Spessartine component shows a minor
rim-ward increase (av. Xsps ¼ 0:040Core � 0:060Rim; Xsps ¼
Mn=Mgþ Feþ CaþMn) that was confirmed by coloured
elemental maps for sample P4 (Fig. 5b). In Fig. 5b, a dark
green area depicts the normal distribution of Mn in the gar-
net, while an enrichment of Mn was visible at narrow rims
( < 350 lm) showing red and yellow colour bands. The
abrupt kick-up near the rim provides evidence for the ret-
rograde net transfer reaction (ReNTR) that can cause net
growth and garnet dissolution (cf. Kohn and Spear, 2000;
Prakash et al., 2006b). The most calcic plagioclase (An70)
occurs in symplectites, whereas the most sodic plagioclase
occurs away from the garnet porphyroblast (Fig. 5c). A
complete scanning profile of porphyroblastic garnet shows
  P1            P4            P9          P13
2 3 19 14

im          Rim          Rim          Rim
  SYMPLECTITE  STAGE 

.60 38.62 37.89 38.55

.00 0.00 0.00 0.00

.88 21.53 21.56 20.82

.00 0.00 0.00 0.44

.32 24.76 25.01 24.42

.92 3.42 4.34 4.07

.73 5.56 4.66 5.02

.01 5.95 5.96 5.97

.31 0.00 0.00 0.00

.00 0.00 0.00 0.21

.77 99.84 99.41 99.50

.02 3.02 3.00 3.04

.00 0.00 0.00 0.00

.02 1.98 2.01 1.93

.00 0.00 0.00 0.03

.66 1.62 1.65 1.61

.00 0.00 0.00 0.00

.19 0.23 0.29 0.27

.55 0.65 0.55 0.59

.50 0.50 0.51 0.50

.05 0.00 0.00 0.00

.00 0.00 0.00 0.02

.19 0.22 0.18 0.20

eme of Droop (1987).



Table 1b
Representative analyses of Orthopyroxene (six oxygen basis)

Sample No.            P1            P1            P4            P4            P5            P5            P1            P4            P9          P13 P8 P24
Spot No. 6 9 11 13 8 7 26 34 18 14 19 21
Assemblage No. A-I A-II

        Core          Rim         Core          Rim         Core          Rim         Sym         Sym         Sym         Sym Rim Rim
                                                     THERMAL PEAK  STAGE                 SYMPLECTITE STAGE

SiO2 51.72 51.72 51.12 51.16 50.65 51.21 51.26 50.97 51.01 50.70 51.62 51.63
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.36 0.00 0.19 0.20
Al2O3 1.08 1.02 1.40 1.20 1.50 1.17 0.59 1.27 1.33 1.79 1.37 1.33
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.15
FeO 28.96 29.35 27.88 27.73 27.12 27.53 29.30 27.80 27.82 27.63 28.26 28.29
MnO 0.76 0.57 1.10 1.62 1.62 1.75 0.71 1.17 1.71 1.52 0.29 0.30
MgO 16.37 15.87 16.92 16.72 16.95 17.01 16.71 16.82 16.59 16.65 17.29 17.30
CaO 0.56 0.88 0.90 0.82 1.51 0.53 0.90 0.73 0.71 0.90 0.11 0.10
Na2O 0.36 0.46 0.33 0.36 0.00 0.00 0.00 0.00 0.39 0.00 0.00 0.00
K2O 0.00 0.00 0.00 0.00 0.00 0.24 0.12 0.17 0.00 0.00 0.03 0.00

Total 99.80 99.86 99.65 99.60 99.33 99.44 99.60 99.34 99.93 99.20 99.30 99.30

Si 1.99 2.00 1.97 1.97 1.96 1.98 1.99 1.97 1.97 1.97 1.99 1.99
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01
Al 0.05 0.05 0.06 0.05 0.07 0.05 0.03 0.06 0.06 0.08 0.06 0.06
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.93 0.95 0.87 0.87 0.87 0.89 0.95 0.90 0.88 0.90 0.91 0.91
Fe3+ 0.00 0.00 0.02 0.02 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Mn 0.02 0.02 0.04 0.05 0.05 0.06 0.02 0.04 0.06 0.05 0.01 0.01
Mg 0.94 0.91 0.97 0.96 0.98 0.98 0.97 0.97 0.95 0.96 0.99 0.99
Ca 0.02 0.04 0.04 0.03 0.06 0.02 0.04 0.03 0.03 0.04 0.00 0.00
Na 0.03 0.03 0.02 0.03 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00
XMg 0.50 0.49 0.53 0.52 0.53 0.52 0.50 0.51 0.52 0.52 0.52 0.52

XMg = Mg/(Mg + Ca + Mn + Fe2 + ), Fe2 + and Fe3 + calculated by the scheme of Droop (1987).

Table 1c
Representative analyses of Plagioclase (eight oxygen basis)

Sample No.            P1            P1            P4            P4            P5            P5            P1            P4            P9          P13 P8 P24
Spot No. 32 36 7 11 19 21 16 21 14 34 21 6
Assemblage No. A-I A-II

        Core          Rim         Core          Rim         Core          Rim         Sym         Sym         Sym         Sym Rim Rim
                                                   THERMAL PEAK  STAGE                  SYMPLECTITE  STAGE

SiO2 57.24 56.96 58.07 56.32 56.62 57.01 49.25 48.81 48.50 49.45 48.57 48.54
TiO2 0.00 0.27 0.00 0.00 0.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 26.82 27.08 25.79 27.44 27.27 26.98 32.28 32.91 33.21 32.40 33.11 33.22
Cr2O3 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 0.00 0.51 0.00 0.00 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00
MnO 0.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 8.63 8.38 8.52 9.46 8.65 8.69 14.96 14.66 14.59 14.53 14.60 14.63
Na2O 6.25 6.21 6.31 5.74 6.11 6.37 2.87 3.06 2.86 2.88 2.87 2.88
K2O 0.47 0.53 0.63 0.76 0.44 0.46 0.12 0.00 0.00 0.26 0.00 0.00

Total 99.77 99.95 99.61 99.71 99.45 99.51 99.79 99.44 99.15 99.51 99.15 99.27

Si 2.58 2.56 2.61 2.54 2.55 2.57 2.26 2.24 2.23 2.26 2.23 2.23
Ti 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.42 1.43 1.37 1.46 1.45 1.43 1.74 1.78 1.80 1.75 1.79 1.80
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.42 0.40 0.41 0.46 0.42 0.42 0.73 0.72 0.72 0.71 0.72 0.72
Na 0.54 0.54 0.55 0.50 0.53 0.56 0.25 0.27 0.25 0.26 0.26 0.26
K 0.03 0.03 0.04 0.04 0.03 0.03 0.01 0.00 0.00 0.02 0.00 0.00
XAn 0.42 0.41 0.41 0.46 0.43 0.42 0.74 0.73 0.74 0.72 0.74 0.74
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Table 1d
Representative analyses of Clinopyroxene (six oxygen basis)

Sample No.            P1            P1            P4            P4            P5            P5            P1            P4            P9          P13 P8 P24
Spot No. 13 7 17 19 23 26 11 23 17 24 6 11
Assemblage No. A-I A-II

        Core          Rim         Core          Rim         Core          Rim          Rim          Rim          Rim          Rim Rim Rim
                                                 THERMAL PEAK STAGE               SYMPLECTITE  STAGE

SiO2 52.14 52.06 51.78 51.63 51.03 51.38 52.52 52.15 51.48 51.66 52.50 52.49
TiO2 0.00 0.00 0.39 0.55 0.71 0.45 0.00 0.29 0.00 0.00 0.00 0.00
Al2O3 1.88 2.11 1.89 2.57 2.71 2.54 2.24 2.89 2.56 2.54 2.21 2.22
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 13.11 13.63 12.40 12.44 11.81 12.16 12.88 12.55 11.87 11.83 12.86 12.90
MnO 0.00 0.00 0.41 0.00 0.74 0.84 0.33 0.84 0.71 0.83 0.32 0.32
MgO 11.46 11.05 11.51 11.74 11.32 11.49 12.24 12.72 11.73 11.70 12.21 12.23
CaO 19.99 19.81 20.84 19.27 21.06 20.17 18.85 17.74 20.75 20.14 18.87 18.90
Na2O 0.69 0.59 0.57 0.86 0.43 0.54 0.69 0.75 0.67 0.65 0.67 0.63
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 99.27 99.25 99.79 99.07 99.81 99.56 99.75 99.93 99.76 99.33 99.64 99.69

Si 1.98 1.98 1.96 1.96 1.93 1.95 1.98 1.96 1.94 1.96 1.98 1.98
Ti 0.00 0.00 0.01 0.02 0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Al 0.08 0.09 0.08 0.12 0.12 0.11 0.10 0.13 0.11 0.11 0.10 0.10
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.42 0.43 0.38 0.40 0.37 0.39 0.41 0.39 0.32 0.36 0.41 0.41
Fe3+ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.05 0.02 0.00 0.00
Mn 0.00 0.00 0.01 0.00 0.02 0.03 0.01 0.03 0.02 0.03 0.01 0.01
Mg 0.65 0.63 0.65 0.66 0.64 0.65 0.69 0.71 0.66 0.66 0.69 0.69
Ca 0.81 0.81 0.85 0.78 0.86 0.82 0.76 0.71 0.84 0.82 0.76 0.76
Na 0.05 0.04 0.04 0.06 0.03 0.04 0.05 0.05 0.05 0.05 0.05 0.05
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
XMg 0.61 0.59 0.63 0.62 0.63 0.63 0.63 0.64        0..67 0.65 0.63 0.63

XMg = Mg/(Mg + Fe2 + ), Fe2 + and Fe3 + calculated by the scheme of Droop (1987).

Table 1e
Representative analyses of Hornblende (23 oxygen basis)

Sample No. P12 P12            P1            P1            P4            P4            P5            P5            P9          P13 P8 P24
Spot No. 7 8 8 13 16 23 17 21 16 8 11 27
Assemblage No. A-II A-I A-II

CORE CORE         Core          Rim         Core          Rim         Core          Rim         Sym         Sym Sym Sym
PROGRADE STAGE   THERMAL PEAK STAGE               SYMPLECTITE  STAGE

SiO2 41.83 42.27 43.06 42.96 43.65 42.62 42.25 42.41 41.40 40.35 41.74 41.75
TiO2 3.07 3.24 2.95 2.64 2.28 2.35 2.82 2.51 0.77 1.88 0.84 0.86
Al2O3 12.10 11.81 12.44 12.40 13.43 12.74 12.59 13.12 13.56 13.42 13.44 13.46
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.36
FeO 19.18 18.13 15.45 17.02 14.95 17.47 16.70 16.78 18.81 18.00 17.75 17.79
MnO 0.00 0.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.63 0.00 0.00
MgO 8.49 8.70 9.26 9.10 9.47 8.56 9.69 9.49 10.00 9.59 9.51 9.52
CaO 10.56 10.91 10.63 10.99 9.94 11.04 11.14 11.07 10.68 10.90 11.53 11.50
Na2O 1.34 1.47 3.07 1.99 2.61 1.97 1.85 1.99 1.86 1.67 1.56 1.56
K2O 1.92 1.64 1.69 1.97 1.62 1.91 1.81 1.58 1.73 2.31 1.85 1.85

Total 98.48 98.99 98.54 99.06 97.95 98.65 98.84 98.95 98.80 98.76 98.55 98.65

Si 6.24 6.28 6.40 6.39 6.46 6.38 6.27 6.27 6.07 6.00 6.20 6.20
Ti 0.34 0.36 0.33 0.30 0.25 0.26 0.31 0.28 0.08 0.21 0.09 0.10
Al 2.13 2.07 2.18 2.18 2.34 2.25 2.20 2.29 2.35 2.35 2.35 2.35
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04
Fe2+ 1.83 1.82 1.92 2.12 1.84 2.19 1.86 1.83 1.18 1.39 1.66 1.64
Fe3+ 0.56 0.43 0.00 0.00 0.02 0.00 0.22 0.24 1.12 0.84 0.56 0.57
Mn 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00
Mg 1.89 1.93 2.05 2.02 2.09 1.91 2.14 2.09 2.19 2.12 2.11 2.11
Ca 1.69 1.74 1.69 1.75 1.58 1.77 1.77 1.75 1.68 1.74 1.84 1.83
Na 0.39 0.42 0.88 0.57 0.75 0.57 0.53 0.57 0.53 0.48 0.45 0.45
K 0.37 0.31 0.32 0.37 0.31 0.37 0.34 0.30 0.32 0.44 0.35 0.35

Name        Tschermakite  Pargasite     Ferro- Pargasite    Ferro-  Pargasite  Pargasite Magnesio- Magnesio- Magnesio- Magnesio-
Pargasite  Pargasite Hastingsite Hastingsite Hastingsite Hastingsite

Fe2 + and Fe3 + calculated by the scheme of Droop (1987).
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Fig. 5. Colour-coded compositional maps showing the element distribu-
tion in the garnet porpyroblast and orthopyroxene–plagioclase symplec-
tites. (a)–(c) Display the distribution of Mg, Mn and Ca, respectively
(sample no. P4).
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minor decrease in grossular component from core to rim
located close to the orthopyroxene–plagioclase intergrowth
(av. XGrs ¼ 0:18Core � 0:17Rim; where XGrs ¼
Ca=Mgþ Feþ CaþMn; Fig. 5c).

4.2. Pyroxene

Orthopyroxene forms a solid-solution between enstatite
and ferrosilite with a maximum XMg of 0.53 (where
XMg ¼Mg=ðMgþ Fe2þÞ). The Al and Fe3 + contents of
orthopyroxene are usually low. The highest Al2O3 content
reaches 1.79 wt%. The low values makes it difficult to apply
Al-in-Opx thermobarometery with precision, and also ren-
ders retrival calculations to be model-dependent. Prismatic
orthopyroxenes do not show distinct compositional zoning.
No significant difference in composition between matrix
and the symplectitic orthopyroxene is noted. The plot of
orthopyroxene composition lies close to the hypersthene
(En48–56) composition while the coexisting clinopyroxenes
occupy the diopside–augite field. XMg of clinopyroxene
ranges from 0.59 to 0.67.

4.3. Plagioclase

Plagioclase shows compositional variation with respect to
An-content. The matrix plagioclase is andesine (An41–46) for
both rim and core composition. Plagioclase with the
orthopyroxene/hornblende±magnetite symplectites is more
calcic (An72–74) than the matrix plagioclase, which is further
confirmed by coloured elemental maps (Fig. 5c). The red to
yellow coloured areas depict lower Ca—content in the
plagioclase, while enrichment of Ca is visible in regions
showing white.

4.4. Hornblende

Hornblende analyses have been normalized to the 13ex
CNK scheme of Robinson et al. (1982) and the nomencla-
ture used follows (Leake et al. 1997). The Fe3 + -content
calculated from Droop (1987) Eq. no. (6) gives a maximum
Fe3 + estimate and reaches 1.123. The XMg values after
Fe3 + extraction range from 0.47 to 0.65. Typically, the
brown prograde hornblende is Tschermakite containing a
higher amount of TiO2. The matrix compositions of the
hornblende are pargasite to ferro-pargasite; whereas, the
symplectite compositions are magnesio-hastingsite. Their
molecular Si-content is different for the matrix hornblende
(av. 6.36) and the symplectite hornblende (av. 6.11). Com-
pared to matrix hornblende, higher FeO and Al2O3 and
significantly lower TiO2 are noted in the symplectitic
hornblende. The TiO2 content of the prograde hornblende
is relatively high (�3.0 wt%) in contrast to the Ti content
of later hornblende (commonly > 2 wt% for matrix
and < 2 wt% for symplectite). Hornblende grains in contact
with ilmenite contain less Ti than those associated with
orthopyroxene, clinopyroxene and plagioclase. These
variations in Ti-content are also dependent on the Fe–Mg
ratio of the hornblende.

5. Petrogenetic grid

A petrogenetic grid for the mafic granulites in the model
system CaO–(FeO + MgO)–Al2O3 + SiO2–H2O (CMASH),
modified after Pattison (2003) is depicted in Fig. 10a. The
topology of the divariant fields is shown in the ACF dia-
gram. Considering quartz and melt as excess phases, the
system CaO–(FeO + MgO)–Al2O3–SiO2–H2O reduces to
a three component system Al2O3–CaO–(FeO + MgO).



Table 2
Simultaneous calculation of P–T by TWQ program (version 2.02)

Equilibria plotted in Figs. 6 and 7 DS

(J K�1)
DV

(J bar�1)

1. Qtz + Hd + Alm = An + 4 Fsl �24.6 �2.57
2. Qtz + Di + Alm = An + 3 Fsl + En �28.1 �2.59
3. 3 Qtz + 3 Di + 4 Alm = 3An + 12

Fsl + Prp
�103.5 �8.04

4. En + Hd = Di + Fsl 3.5 0.02
5. Alm + 4 Di + Qtz = 4 En + 3 Hd + An �38.7 �2.66
6. Alm + 3 Di = Prp + 3 Hd �29.6 0.34
7. Qtz + Prp + 4 Hd = An + 3 Di + 4 Fsl 5.0 �2.23
8. Alm + 3 En = Prp + 3 Fsl �19.1 �0.27
9. Qtz + Prp + Di = An + 4 En �9.1 �2.32

10. 3 Qtz + 4 Prp + 3 Hd = Alm + 3 An + 12
En

2.4 �6.62

11. Qtz + Prp + Hd = An + Fsl + 3 En �5.6 �2.30

Phases used in calculation: Alm, almandine; Prp, pyrope; Fsl, ferrosilite;
En, orthoenstatite; Hd, hedenbergite; Di, diopside; An, anorthite; Qtz,
beta-quartz. DS and DV are calculated at 1 bar and 298 K.
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The P–T slopes of the reactions in Fig. 10a are schematic
but consistent with that of experiments and thermodynam-
ic modeling (Pattison, 2003). Arrow shows the P–T path
for the prograde and retrograde reactions deduced from
the textural and the phase compatibility relations.

6. Geothermobarometric calculations

The P–T evolution of the garnet-bearing mafic granulites
has been constrained through the use of conventional ther-
mobarometry as well as the internally consistent TWQ pro-
gram (versions 2.02 and 1.02; Berman, 1991; updated 1997).
For a characterization of the P–T regime during metamor-
phism, the garnetiferous lithologies are most suitable, since
a set of reasonably well-calibrated geothermobarometers
based on Fe–Mg exchange equilibria and pressure-sensitive
net-transfer reactions are available. Mineral thermobarome-
try may give unreliable P–T because of post-peak diffusional
and closure effects (Frost and Chacko, 1989; Harley, 1998).
Where quartz is not present, the temperatures indicate a
maximum, and the pressures a minimum. In the TWQ pro-
gram, P and T were determined from the intersection of three
or more independent reactions in P–T space, using the ther-
modynamic datasets of Berman (1988), Berman et al. (1995)
and Berman and Aranovich (1996) for end-member phases.
The different mineral equilibria have been calculated using
ideal solution models for orthopyroxene and clinopyroxene
(Newton, 1983) and the solution models of Berman (1990),
Fuhrman and Lindsley (1988) and Madar et al. (1994) for
garnet, plagioclase and amphibole, respectively. For preci-
sion, only those P–T values from the equilibria intersection
which yield r < ±0.5 kbar and ±20 �C were considered.

6.1. Prograde stage

In a few cases, relict brown hornblende inclusions occur
as rounded grains within the coarse prisms of orthopyrox-
ene (Fig. 3a). The brown Tschermakitic hornblende with
distinctly higher TiO2 content is interpreted as part of the
primary paragenesis. It is difficult to quantitavely estimate
P–T conditions for the prograde stage. However, the pres-
ence of sillimanite pseudomorph after kyanite blades (Pal-
ni: Raith et al., 1997), coexistence of kyanite + staurolite
(Kiranur: Lal et al., 1984) and oval gedrite inclusions with-
in coarse orthopyroxene prisms (Ganguvarpatti: Mohan
and Lal, 1986) recorded from the adjoining areas within
the Madurai block lend support for the prograde CW limb
passing through kyanite and sillimanite equilibrium. The
textural evidence from adjacent areas and from the present
study help in interpreting the onset of the plagioclase-ab-
sent reaction (1) within the kyanite stability field (Fig. 10a).

6.2. Thermal peak stage

The end-member phases used in the TWQ calculation
were pyrope, almandine, ferrosilite, orthoenstatite, heden-
bergite, diopside, anorthite and beta-quartz. Among the
11 possible equilibria that can be written for the selected
end-member phases, only three are linearly independent
(Table 2). Core compositions for samples P1, P4 and P5
give a precise intersection using these equilibria (Fig. 6),
suggesting near-thermal peak conditions of granulite-facies
metamorphism > 900 �C at 9 kbar. The pressure values
8.5–9.5 kbar at the thermal maxima give an upper limit,
but the actual peak pressures may be lowered by 1 kbar.
The P–T conditions calculated using the TWQ program
(version 2.02) compare well with those obtained from
conventional thermobarometry (Table 3) and feldspar
thermometery. We have used the Fe–Mg garnet–orthopy-
roxene thermometer of Harley (1984); calculated tempera-
tures for the core and the rim compositions for mafic
granulites are 800±10 and 790±20 �C, respectively. Har-
ley’s calibration (1984) gives 100–200 �C lower T estimates,
unlike the peak metamorphic temperatures (Harley, 1998).
The thermometric models of Sen and Bhattacharya (1984),
Aranovich and Podlesskii (1989) and Lal (1993) provide
average temperatures of 900±20 and 890±30 �C for core
and rim, respectively. However, the temperature values
are raised by a minimum of 50–100 �C using the model
of Lee and Ganguly (1988). The estimated temperatures
using the calibrations of Ellis and Green (1979) and Patti-
son and Newton (1989) are 842±16 �C (core) and
840±15 �C (rim).

Pressure estimates were obtained from garnet–orthopy-
roxene–plagioclase–quartz assemblages employing five
different calibrations (Table 3). These yielded differences
of 0.3–0.8 kbar in pressure values for PMg and PFe,
respectively. Such variation in absolute pressure values
could be related to the uncertainties associated with ther-
mochemical data in locating the end-member reactions.
Our pressure estimates for mafic granulites (calculated
at 900 �C) range from 8.4 to 10 kbar with most pressure
values falling between 8.8 and 9.6 kbar. These indepen-
dent pressure estimates overlap with the results obtained
from the TWQ program.
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Fig. 6. TWQ (version 2.02) results for close-to-peak metamorphic stage. The specific equilibria are listed in Table 2. Errors are shown by dotted ellipses.
The bold lines show independent reactions.
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The garnet–clinopyroxene–plagioclase–quartz assem-
blage permits the use of the calibrations of Moecher
et al. (1988) and Eckert et al. (1991) to estimate pres-
sure conditions of chemical equilibration. The calculated
pressures from the model of Moecher et al. (1988) yield
higher values by 0.4–0.6 kbar compared to the calibra-
tion of Eckert et al. (1991), probably representing an
overestimation (see Table 3). Variations in pressure esti-
mates are a consequence of the difference in the activity-
composition relations and the thermodynamic data uti-
lized in these models.

The different closure temperatures in exchange ther-
mometers and net-transfer reactions have limitations on
the reliability of conventional thermobarometery to calcu-
late the thermal peak of HT/UHT rocks. The reasonable
convergence from the above thermobarometers would be
> 900 �C at � 9 kbar.
6.3. Symplectite stage

P–T calculations for symplectite assemblages were
attempted on re-equilibrated garnet rims adjacent to orth-
opyroxene–hornblende–plagioclase symplectites. End-
member phases and their solid solution models used for
the early stage assemblage were also selected for these
symplectites, and 11 possible equilibria for the end-mem-
ber phases (three independent) are shown in Table 2.
Using these equilibria, garnet rims and orthopyroxene–
plagioclase symplectite compositions for samples P1, P4,
P9, P13 give a precise intersection at ca. 6.5 kbar at
820 �C, thus lending support for a decompressional path
(Fig. 7).

We also used the garnet–orthopyroxene–plagioclase–
quartz barometer for estimating pressure conditions of
orthopyroxene–plagioclase symplectites. Calibrations of



Table 3
P–T results using preferred models of geothermobarometery

P1, Core P1, Rim P4, Core P4, Rim P5, Core P5, Rim P1, Sym P4, Sym P9, Sym P13, Sym

Thermometry (�C)

Grt–Opx

Sen and Bhattacharya (1984) 902 904 937 931 921 870 797 877 754 820
Harley (1984) 790 791 816 812 806 769 713 772 682 731
Lee and Ganguly (1988) 959 970 980 976 992 951 885 959 868 923
Aranovich and Podlesskii (1989) 903 903 919 913 901 876 838 876 792 832
Lal (1993) 856 854 875 870 858 830 785 827 746 786

Grt–Cpx

Ellis and Green (1979) 832 835 843 845 842 832 756 786 700 755
Ganguly (1979) 910 925 928 924 936 918 852 886 811 862
Pattison and Newton (1989) 834 864 850 859 850 824 720 769 634 719
Barometry (kbar)

Grt–Opx–Pl—Qtz

Bohlen et al. (1983) 9.3 9.0 9.4 9.7 9.3 9.4 4.1 4.1 4.2 4.1
Perkins and Chipera (1985), PMg 10.2 9.8 10.3 10.5 9.8 9.7 6.4 6.7 6.0 6.4
Perkins and Chipera (1985), PFe 9.7 9.3 9.8 10.1 9.7 9.8 5.2 5.2 5.4 5.2
Eckert et al. (1991) 9.5 9.2 9.9 10.2 9.6 9.2 6.2 6.8 5.9 6.4
Bhattacharya et al. (1991), PMg 9.3 8.8 9.3 9.6 9.0 8.9 6.3 6.7 5.7 6.2
Bhattacharya et al. (1991), PFe 8.6 8.2 8.4 8.7 8.2 8.5 4.5 4.3 4.4 4.3
Lal (1993), PMg 8.8 8.4 8.9 9.3 8.6 8.4 7.2 7.4 6.6 7.0
Lal (1993), PFe 9.4 9.1 9.2 9.6 9.2 9.4 4.4 4.5 4.4 4.4

Grt–Cpx–Pl–Qtz

Moecher et al. (1988), PMg 10.3 9.9 10.2 10.4 9.7 10.5 7.0 7.3 6.1 6.5
Moecher et al. (1988), PFe 10.3 9.6 10.1 10.2 9.7 10.5 5.2 5.3 5.0 4.9
Eckert et al. (1991) 9.8 9.3 9.8 9.9 9.3 9.9 6.7 7.2 5.9 6.4

Grt–Hbl–Pl—Qtz

Kohn and Spear (1989), PMg 8.6 8.4 8.5 8.3 8.7 9.0 – – 5.2 5.9
Kohn and Spear (1989), PFe 9.2 8.8 9.0 8.2 9.1 9.5 – – 7.0 7.0

Core and rim P–T estimates calculated at 9 kbar and 900 �C. P–T estimates from symplectitic assemblages calculated at 6 kbar and 800 �C.
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Fig. 7. TWQ (version 2.02) results for orthopyroxene–plagioclase symplectitic stage. The specific equilibria are listed in Table 2.
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Eckert et al. (1991), Bhattacharya et al. (1991) and Lal
(1993) yield broadly similar results (ca. 6.5 kbar), which
are in close agreement with P estimates obtained from
the TWQ program. Other calibrations (see Table 3) that
provide a wide P–T range for the symplectitic assem-
blage possibly relate to errors inherited in the calibra-
tions, and to a certain extent, late re-equilibration as
well.

Similarly for the hornblende–plagioclase symplectites,
the phases involved in the TWQ calculation include alman-
dine, pyrope, grossular, pargasite, ferro-pargasite, tscher-
makite, albite (low), anorthite, and beta-quartz. The
TWQ results based on the intersection of four possible
equilibria for samples P9 and P13 are given in Table 4
and shown in Fig. 8. The lower P–T conditions at ca.
5.5 kbar/780 �C resulted in the breakdown of highly cor-
roded garnet and development of hornblende–plagioclase
symplectites during decompression. For late stage horn-
blende–quartz symplectites (Fig. 8c and d), the equilibria
involved in the calculation include ferrosilite, orthoensta-
tite, hedenbergite, diopside, pargasite, beta-quartz, and
water (P8 and P24). The water activities were calculated
at the anhydrous multi-equilibrium pressure results derived
above and the activity of water obtained is 0.25. Samples
P8 and P24 yielded lower PT results for the hornblende–
quartz symplectites that fall in the range of 4.3 kbar/
740 �C to 4.5 kbar/743 �C.

7. Feldspar thermometry

Recently, Yoshimura et al. (2000) and Hokada (2001),
and Prakash et al. (2006a) and others showed that the



Table 4
Simultaneous calculation of P–T by TWQ program (version 1.02)

DS

(J K�1)
DV

(J bar�1)

Equilibria plotted in Fig. 8a and ba

1. 3 Ab + 2 Grs + Prp + 3 Tsc = 3
Parg + 6 Qtz + 6 An

�279.0 �8.66

2. 12 Tsc + 8 Grs + 4 Alm + 12 Ab = 24
An + 24 Qtz + 9 Parg + 3 FePa

�1271.1 �36.18

3. 3 Parg + 4 Alm = 4 Prp + 3 FePa � 155.1 �1.52
4. 3 Ab + 4 Alm + 2 Grs + 3 Tsc = 3

FePa + 6 Qtz + 3 Prp + 6 An
� 434.1 �10.19

Equilibria plotted in Fig. 8c and db

1. 2 Di + Fsl = 2 Hd + En 4.24 0.02
2. 2 Ab + 2 An + 2 Di + 3 En + 2 W = 2

Parg + 8 Qtz
0.84 0.79

3. 2Ab + 2 An + 4 En + 2 Hd + 2 W = 2
Parg + 8 Qtz + Fsl

� 3.40 0.76

4. 2 Ab + 2 An + 8 Di + 3 Fsl + 2 W = 2
Parg + 8 Qtz + 6 Hd

13.55 0.86

DS and DV are calculated at 1 bar and 298 K.
a Phases used in calculation: Alm, almandine; Prp, pyrope; Grs,

grsossular; Parg, pargasite; Fe Pa, ferro-pargasite; Tsc, tschermakite;
Ab, albite (low); An, anorthite; Qtz, beta-quartz.

b Phases used in calculation; Fsl, ferrosilite; En, orthoenstatite; Hd,
hedenbergite; Di, diopside; Ab, albite; An, anorthite; Parg, pargasite; Qtz,
beta-quartz; W, water.
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ternary feldspar solvus is useful in estimating peak meta-
morphic conditions. Determination of UHT temperature
in mafic granulites requires reintegration of antiperthite
to yield original hypersolvus feldspar compositions which,
in turn, provide peak metamorphic temperatures using
feldspar solvus geothermometry. We used back-scattered
electron images to calculate the modal proportion of host
and lamellae feldspar in the antiperthite. These data were
then combined with quantitative analysis of individual
spots on host and lamellae to obtain a reintegrated feldspar
composition. Temperatures were determined graphically
with the SOLVCALC 2.0 program of Wen and Nekvasil
(1994), using the feldspar solution model of Fuhrman
and Lindsley (1988) to calculate the position of isotherms.
Consistent ultra high temperatures of � 950 �C conditions
were deduced by this method (Fig. 9).
8. Discussion

The close-to-peak temperatures of > 900 �C obtained
for the mafic granulites from the Panrimalai area are com-
patible with temperatures (900–1000 �C) reported for Mg–
Al granulites from the adjoining Palni hills (Raith et al.,
1997). The near-isothermal segment of P–T path encom-
passes up to 4.5 kbar decompression from 9 kbar
(Fig. 10b). The metamorphic P–T conditions recorded in
the Panrimalai area from the present study and the adjoin-
ing regions (e.g. Kiranur: Lal et al., 1984; Ganguvarpatti:
Mohan and Windley, 1993; Usilampatti: Subba Rao
et al., 1995; Kodaikanal: Mohan et al., 1996; Prakash,
1999b; Perumalmalai: Raith et al., 1997; Kambam: Anto
et al., 1997) point strongly to a decompressional history
(Fig. 11). This stage of near-isothermal decompression
(ITD) implies ascent of the granulites possibly due to a col-
lisional tectonic setting (England and Thompson, 1984;
Harley, 1989). In the mafic granulites of the present study,
there is evidence for preservation of near-peak UHT meta-
morphic conditions following the prograde arm. Well-es-
tablished clockwise P–T paths documented in the
literature from SGT (Kiranur: Lal et al., 1984; Ganguvarp-
atti: Mohan and Windley, 1993; Perumalmalai: Mohan
et al., 1996; Raith et al., 1997) further substantiate a CW
P–T path for the Panrimalai mafic granulites, consistent
with crustal thickening followed by extensional collapse
(Harley, 1989; Brown, 2002). Such a CW ITD P–T path
is common to many mid-lower crustal granulite terrains,
e.g. Gruf complex, Italian central Alps (Droop and
Bucher-Nurminen, 1984), In Ouzzal, Algeria (Ouzegane
and Boumaza, 1996), and Lützow-Holm Bay, East Antarc-
tica (Motoyoshi and Ishikawa, 1997).

The P–T conditions of metamorphism further suggest
that the Panrimalai mafic granulites were buried to depths
of ca. 34 km. Beneath the exhumed granulite terrain in
southernmost India, the geophysical observations suggest
a crustal thickness of ca. 40 km (Radhakrishana et al.,
2003). Thus Panrimalai mafic granulites represent exhumed
lower crustal levels, an observation which is in accordance
with the views of Bohlen and Mezger (1989) that many
granulites represent exposed sections of mid-lower crustal
resident material.

8.1. Timing and duration of metamorphism

The Madurai block is now believed to be involved in a
major Pan-African tectonothermal event as indicated by
U–Pb zircon data and Sm–Nd garnet-whole rock isochron
data. U–Pb data on zircon overgrowths suggest an ancient
high- grade thermal event close 1.85 Ga (Jayananda et al.,
1995a). A charnockite sample from Kodaikanal massif
define a Sm–Nd Gt-WR isochron age of 553±15 Ma (Jaya-
nanda et al., 1995b) for the near peak metamorphism,
which is in conformity with an U–Pb zircon overgrowth
age of 547±14 Ma obtained for a sample of metagranite
(Bartlett et al., 1995). About 30 km northeast of Kodaik-
anal, another charnockite sample gave single zircon evapo-
ration ages in the range of 650–560 Ma (Jayananda et al.,
1995a). However, these zircons do not have any over-
growth or inherited cores.

These ages, therefore, could represent either zircon
growth during magmatic crystallization of their protoliths
or growth of new zircon during the Pan-African tectono-
thermal event. It appears that zircons in the original proto-
liths lost their earlier memory due to resetting of the U–Pb
clock during the Pan-African tectonothermal event. Similar
Pb-loss in zircons during Pan-African metamorphism have
also been reported from Sri Lanka (Kröner et al., 1994),
Madagascar (Paquatte et al., 1994) and East Antarctica
(Shiraishi et al., 1994).
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Fig. 8. TWQ (version 1.02) results for hornblende–plagioclase and hornblende–quartz symplectitic stages. The specific equilibria are listed in Table 4.
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A Sm–Nd Gt-WR isochron for a two pyroxene granulite
define an age of 459±19 Ma, which has been attributed to
an isothermal decompression path, as these mafic granu-
lites contain symplectitic assemblages of orthopyrox-
ene + plagioclase around garnet. A Rb–Sr biotite cooling
age of 425±55 Ma was also reported for the Madurai
gneisses (Hansen et al., 1985). In summary, the time period
from 459 to 425 Ma may represent the cooling and isother-
mal uplift path.

8.2. Evolution of magmatic protoliths

Geochronologic and isotopic studies have been recently
initiated in the Madurai block. Some Nd model ages indi-
cate that differentiation of crustal protoliths from depleted
mantle occurred during 3.2–2.0 Ga (Harris et al., 1994;
Brandon and Meen, 1995). On the contrary, single zircon
evaporation ages, together with U–Pb zircon concordia,
define ages ranging from 2.5 to 2.1 Ga for the magmatic
crystallization of protoliths (Bartlett et al., 1995; Jaya-
nanda et al., 1995a). The analysed samples show a large
variation in eNd values at 2.1 Ga forming two groups;

one group characterized by high negative eNd values

(�7.46 to �5.68 at 2.1 Ga), while the other group shows

eNd values close to zero (�0.47 to + 1.5 at 2.1 Ga), sug-

gesting derivation of magmatic protoliths from source

regions with mixed contributions from depleted mantle as

well as the ancient crust. In view of Sm/Nd fractions during

intracrustal melting and granulite metamorphism, Nd
model ages have little real meaning in that they neither
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reflect magmatic crystallization age nor the age of their
crustal source. The apparent discrepancy between Nd iso-

tope data and zircon ages indicate that continental crust

in the Madurai block represents reworked ancient crust

with significant contributions from depleted mantle (Jaya-

nanda and Peucat, 1996). Detailed geochemical data, par-

ticularly on trace elements, is needed for rocks from the

Madurai block in order to discuss petrogenetic mechanisms

involved in the genesis of magmatic protoliths of granulites.

9. Implications of Gondwana reconstruction

The study of dispersed mobile belts provides a record of
the changing map patterns of Earth through time. The
assembly and breakup of supercontinents within Gondw-
analand has stirred a revolution for conceptual thinking
on Precambrian mobile belts. UHT metamorphism of
granulites stimulates curiosity over the possible existence
of megacontinents and may provide evidence relevant to
the reconstruction of supercontinents. UHT–ITD meta-
morphism is preserved at several widely dispersed localities
in the Indo-Antarctic sector and offer key features in order
to construct a model for their correlation.

Extensive structural and petrological investigations in
conjunction with the geochronological database for East
Antarctic high-grade granulites have demarcated distinct
age provinces with exclusive tectonometamorphic histories.
The four high- grade belts of the East Antarctic shield, viz.,
the Dronning Maud Land, Lützow-Holm Bay, Prydz Bay
and Denman Glacier with distinct crustal evolution histo-
ries point to the fact that East Antarctica cannot be treated
as a single unified crustal block within either East Gondw-
ana or Rodinia until Pan-African tectonism (see review in
Harley, 2003). A similar conclusive scenario is not well doc-
umented in the southern Indian shield, viz., SGT, Dharwar
craton and the Eastern Ghats belt despite an extensive pet-
rological database (Mohan, 2003, 2004). UHT localities
from India–Srilanka–Antarctica record remarkably similar
mineral assemblages and textural relationships (cf. Harley,
2003) that provide key features in order to compare the tec-
tonometamorphic histories. Similarties in UHT metamor-
phism, tectonic styles and Neoproterozoic U–Pb ages
suggest a common Pan-African tectonothermal evolution
for the juxtaposition of southern India, Sri Lanka and Lüt-
zow-Holm Bay of Eastern Antarctica. Current researches
provide strong evidence for UHT metamorphism in parts
of the SGT (Raith et al., 1997; Nandakumar and Harley,
2000; Prakash and Arima, 2003; Tateishi et al., 2004; Prak-
ash et al., 2006a), in the Highland series of Sri Lanka
(Kriegsman and Schumacher, 1999) and in the Lützow-
Holm complex (Motoyoshi and Ishikawa, 1997) of East
Antarctica. In the given framework, the polymetamor-
phosed SGT, India, is vital for the Indo-Antarctic assem-
bly. The polyphase tectonometamorphic evolution of
SGT has gained support from isotopic studies carried out
by Jayananda et al. (1995a,b) and Bartlett et al. (1998).
Proterozoic emplacement of enderbitic intrusives in the
Palni region, in addition to the Pan-African event recorded
from Sm–Nd to U–Pb dating of garnet, monazite and
metamorphic zircon undergrowths, indicate that the SGT
was subjected to more than one metamorphic episode.
Available geochronological data suggest that the last major
thermal event in SGT took place during the late Pan-Afri-
can orogeny, concident with the assembly of the Gondw-
ana supercontinent (Santosh et al., 2003, and references
therein). The Pan-African granulite metamorphism is



Fig. 10. (a) Petrogenetic grid for mafic granulites in the CaO–(FeO + MgO)–Al2O3–SiO2–L (liquid) system after Pattison (2003). The topology in the
divariant fields is shown in the ACF diagram with quartz and melt (L) as excess phases. Inferred PT path shown by the arrow. (b) Metamorphic P–T

condition as defined by the core, rim and symplectite compositions in the mafic granulites from Panrimalai. Al2SiO5 stability relations from Hemingway
et al. (1991). Proposed P–T path is shown by arrow in conjunction with relevant microstructural evidence.
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equally well recognized in other terrains that made up part
of the supercontinent.

U–Pb geochronological evidence from zircon within
high-grade rocks from the Lützow-Holm Bay area (Shirai-
shi et al., 1994), East Antarctica, also indicate that the
main granulite-facies event in this part of Antarctica is
Pan-African (Harley, 2003 and the references therein).
Thus, correlation of the granulite grade Pan-African event
is evident by the rapid post-peak isothermal decompression
path, extensive crustal melting and comparable UHT
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from Usilampatti (Subba Rao et al., 1995); (8) Mafic granulites from
Panrimalai (this study).
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metamorphism preserved at several widely dispersed local-
ities in the Antarctic–Indian sector. Correlation models
undertaken by other workers further strengthen the East
Gondwana connection as the Pan-African activity extends
from Madagascar (cf. De Wit et al., 2001; Markl et al.,
2000), SGT (Jayananda et al., 1995a; Bartlett et al., 1998;
Mohan and Jayananda, 1999; Santosh et al., 2003) and
Sri Lanka (Baur et al., 1991; Kröner et al., 1994) to East
Antarctica (Rogers et al., 1994; Brandon and Meen,
1995; Fitzsimons, 2000; Boger et al., 2001). However, for
conclusive correlations within the Gondwana context,
more geochronological and isotopic data are needed from
the SGT.

10. Conclusions

Reaction textures in conjunction with mineral data sug-
gest that garnet consuming reactions are preserved in mafic
granulites, defining a drop from higher to lower pressures
along a nearly isothermal decompression (ITD) path. The
Panrimalai mafic granulites document a clockwise decom-
pression P–T trajectory, consistent with crustal thickening
followed by extensional collapse. A possible correlation of
similar post-peak decompressional textures and compara-
ble UHT conditions in high-grade granulites in southern
India, Sri Lanka, Madagascar and East Antarctica support
the possibility that thses continents share a common
metamorphic P–T history and formed an integral part of
the East Gondwana framework. Future isotopic data from
this region would provide important constraints on the
exhumation history of the SGT.
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