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Abstract: The Palni hills form part of the granulite facies terrain of the south
Indian shield which contains a variety of rock types. The Mg-Al granulites of the
Palni hill display evidence of metamorphic reactions involved in the formation of
diverse mineral assemblages documented in di#erent types of reaction textures, coronas
and symplectites. Petrographic studies show evidence for melting and decompression
reactions that are preserved in individual samples. The UHT assemblage includes
some of Opx, Crd, Sil, Grt, Kfs, Qtz, Spr and Bt which coexisted with melt in
equilibrium at the thermal peak. In a later stage, the majority of the reactions involve
cordierite formation at the expense of partial or complete breakdown of garnet. A
possible correlation of similar post-peak decompression textures in the high-grade
granulites in the continental fragments of southern India, Sri Lanka, Madagascar and
East Antarctica support the probability that they share similar lithologies and thus
form an integral part of a megacontinent.
key words: Mg-Al granulites, reaction textures, decompression, South India

+.

Introduction

The southern granulite terrane of the south Indian shield presents an admixture of
massive charnockites, Mg-Al granulites, migmatitic gneisses, leptynites, maﬁc granulites
and metasedimentary gneisses. The Palni hills, located south of the Palghat-Cauvery
shear zone, comprises granulite facies rocks representing deep levels of the crust (Fig.
+a).
Commonly found mineral assemblages of metapelites include garnet, cordierite,
sapphirine, orthopyroxene, spinel and sillimanite. The garnet-cordierite-sapphirinebearing assemblages dominantly occur in the central part of the highland massif while
garnet-sillimanite-bearing assemblages prevail in lowland massifs such as
Ganguvarpatti-Andipatti-Usilampatti. Marble and calc-silicates constitute carbonate
lithologies that locally contain quartzites and ultramaﬁcs. Two pyroxene maﬁc
granulites are generally interlayered with metasediments. Quartzo-feldspathic
charnockites (generally without garnet) are the most abundant lithologies. In places,
pink granite sheets occur as discrete bodies and net vein complexes within charnockites.
The widespread occurrence of Mg-Al granulites of several di#erent origins and ages in
the southern part of India has been known for many years (see summary in Grew +32,,
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Fig. +. a῍ Map of South India showing di#erent granulite blocks and major Proterozoic shear zones
(modiﬁed from Harris et al., +33.).
b῍ Map of the Palni hill ranges showing the di#erent Mg-Al granulite locations. The area
marked by a discontinuous line represents highland Charnockites. The blank area
represents the ﬂat area, where there is no exposure.
InsetῌSouth India showing di#erent granulite blocks and major Proterozoic shear zones
(modiﬁed from Anto et al., +331).

+32.). The occurrence of Mg-Al granulites has been recorded from the Palni hills and
adjoining area (See Fig. +b; Panrimalai: Grew, +32,; Ganguvarpatii: Mohan and
Windely, +33-; Perumalmalai: Mohan et al., +330; Raith et al., +331; Kambam: Anto et
al., +331 and Usilampatti: Subba Rao et al., +331). Analysed samples were collected
from Perumalmali and Usilampatti area (Fig. +b). Mg-Al granulites are located at +/
km milestone NE of Kodaikanal, near Perumalmalai in an abandoned quarry having the
width of c. / m running -* m in length. The Mg-Al granulites are sandwiched between
charnockites on the one hand and migmatitic gneisses on the other. The leucosome are
rich in feldspar with minor quartz and euhedral garnet. Melanosome is rich in
ferro-magnesian minerals, such as garnet, biotite and orthopyroxene. Melanosome
may be evidence of where melt formed and leucosome most probably is evidence of
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where it collected (Sawyer, +333). Megascopic features record evidence for dehydration melting in the Mg-Al granulites. In the Usilampatti area Mg-Al granulites occur
as layers in between charnockites.
Remarkable textural relations reveal multiphase reactions responsible for the
formation of diverse mineral paragenesis during the prolonged metamorphic history of
the area. Development of reaction texture and symplectitic intergrowth in Mg-Al
granulites has preserved a record of their evolutionary stages because of strong refractory nature and varied mineralogy. The main aim of this paper is to describe the
mineral assemblages and the important textures encountered in the Mg-Al granulites of
the Palni hills. Examination and interpretation of such arrested textures in high-grade
granulites presented here should be helpful for the assessment of retrograde P-T
trajectory in other granulitic terranes.
,.

Petrography of Mg-Al granulites

Megascopic characters
Detailed petrographic study has revealed the presence of diverse mineral assemblages in di#erent thin sections which are grouped as follows: A-I, A-II and A-III. The
less common assemblage A-I is dark in colour which is mainly due to the predominance
of orthopyroxene and biotite. The assemblage A-II is coarse-grained, light coloured
and typically massive, however, in the sample containing signiﬁcant modal amounts of
biotite and sillimanite, a crude foliation is seen. Blue crystals of sapphirine are
recognizable in the hand specimen. In addition, assemblage A-II also contains sillimanite needles intergrown with biotite and coarse porphyroblasts of cordierite as granular
aggregate with bluish-ink colour.
,.+.

,.,. Microscopic characters
Mineral assemblages
A-I Sapphirine-spinel-garnet granulites (Samples No. P+,1+; P+,10; P+-*0, P+-*2;
P+--0)
garnet-sapphirine-orthopyroxene-spinel-cordierite῍biotite῍plagioclase῍quartz
A-II Garnet-absent sapphirine-sillimanite granulites (Samples No. P+,1-; P+,1.; P++*2;
P++*-; U 0./; U101; U113; U12+)
sapphirine
- orthopyroxene
- sillimanite- cordierite- potash feldspar-biotite῍plagioclase῍
quartz
A-III Sapphirine-free spinel-cordierite granulites (Samples No. P+,**; P+,+*)
orthopyroxene-spinel-cordierite-biotite-plagioclase῍garnet῍quartz
Besides the minerals listed above, the assemblages may include minor amounts of
magnetite, rutile, apatite and zircon.
The similarity in reaction textures suggests a greater a$nity between the
Perumalmali and Usilampatti areas. Both areas are chracterised by the sapphirineῌ
cordierite symplectite formed at the expense of orthopyroxeneῌsillimanite i.e. A-II
assemblage. In the Perumalmali area, decompression textures are formed through the
breakdown of garnet and charecterised by the assemblage A-I. Further, biotite and
potash-feldspar are part of the reactions in both areas. Therefore, we clubbed both

152
areas.

D. Prakash and M. Arima

We report for the ﬁrst time the reaction textures from the Usilampatti area.

Fabric
The Mg-Al granulites display granoblastic texture consisting of mosaic of
orthopyroxene-cordierite-sapphirine-spinel etc. In assemblage A-II, one set of prominent lineation is deﬁned by parallel orientation of biotite, orthopyroxene and sillimanite.
Sometimes two sets of lineation are present at oblique angles. Development of coronas,
reaction textures and symplectites are common in these Mg-Al granulites which have
been used to describe the reaction history. Sapphirine usually nucleates on the aggregate of sillimanite needles in assemblage A-II. In assemblage A-I, vermicular intergrowth of (sapphirine/spinel)-cordierite-orthopyroxene is noted around the garnet
porphyroblasts.
,.-.

,... Minerals
,...+. Orthopyroxene
Orthopyroxene is characterized by strong pleochroism, X῍pale yellow, Y῍bluish
green, Z῍pink; Z῎Y῎X. Coarse prisms of orthopyroxene show grain contact with
sapphirine, spinel, cordierite and plagioclase. In assemblage A-II, euhedral to subhedral orthopyroxene with mesoperthite (alkali feldspar) or antiperthitic plagioclase
suggests the dehydration- melting reaction:
biotiteῌsillimaniteῌquartz῍orthopyroxeneῌK-feldsparῌmelt.

(+)

In some thin sections it is rimmed by cordierite-spinel symplectite (Fig. ,a) or
engulfed in cordierite matrix (Fig. ,b). These textural features point to the reaction
Mg-tschermaks῍spinelῌcordierite.
(in opx)

(,)

Besides coarse prisms, orthopyroxene also occurs as ﬁne to medium grained,
xenoblastic crystals and as symplectitic intergrowths which belong to a later generation.
The occurrence of orthopyroxene-spinel-cordierite symplectites (Fig. ,c) around
resorbed garnet is a common textural feature. A-I assemblage shows the presence of
garnet in contact with biotite and it is replaced by orthopyroxene-cordierite symplectites
in a silica-saturated domain (Fig. ,d) suggesting the reaction
biotiteῌgarnetῌquartz῍orthopyroxeneῌcordieriteῌmelt.

(-)

In some samples orthopyroxene is corroded and replaced by biotite ﬂakes. Also
noted are biotite-cordierite symplectites around orthopyroxene and potash-feldspar
(Fig. ,e), suggesting the melt-present reaction
orthopyroxeneῌK-feldsparῌmelt῍biotiteῌcordierite.

(.)

,...,. Cordierite
Cordierite with distinct pleochroic haloes around inclusions of zircon (Fig. ,f)
shows characteristic polysynthetic and sector twinning. Petrographically it is found to
contain coarse porpyroblasts, granular aggregates along the interstices of sapphirineorthopyroxene grains. Besides occurring as porphyroblasts, textural observation
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Fig. ,. Photomicrographs illustrating textural relations in Mg-Al granulites from the Palni hills.
a) Development of cordierite-spinel symplectites around earlier coarse orthopyroxene prism
(A-III; Sample No. P+,**).
b) Rim of cordierite on orthopyroxene mantled by spinel (A-III; Sample No. P+,**).
c) Symplectitic intergrowth of orthopyroxene-cordierite-spinel around corroded garnet blast
(A-I; Sample No. P+,1+).
d) Intergrowth of orthopyroxene-cordierite symplectites replacing biotite and garnet (A-I;
Sample No. P+,10).
e) Orthopyroxene and potash-feldspar are isolated from each other by the biotite-cordierite
symplectitic intergrowth (A-II; Sample No. U0./).
f) Rim of cordierite on orthopyroxene mantled by sapphirine (A-II; Sample No. U113).
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Fig. , (Continued).
g) Relics of sillimanite are separated from megacrystic orthopyroxene by a moat of cordierite
and broad rim of feldspar (A-II; Sample No. U101).
h) Prograde biotite occurring as inclusions in megacrystic orthopyroxene (A-II; Sample No.
P+,1.).
i) Common Mg-Al growth texture showing biotite and sillimanite being separated by band or
zone of sapphirine and cordierite. Grains of potash-feldspar seen in the close vicinity of
biotite (A-II; Sample No. P++*2).
j) Radial replacement of garnet by biotite sheets mantled by plagioclase (A-I; Sample No.
P+-*0).
k) Symplectitic intergrowth of orthopyroxene and cordierite that has partly replaced a
lamellar intergrowth of biotite with plagioclase (A-II; Sample No. U113).
l) Intergrowth of sapphirineῌorthopyroxene and elongate sapphirine-cordierite symplectite
domains (A-II; Sample No. P++*-).
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Fig. , (Continued).
m) Both coarse crystals and symplectitic sapphirine occurring in the same thin section,
embedded in a cordierite groundmass (A-II; Sample No. U12+).
n) Rib like skeletal sapphirine showing interlocking packing within cordierite matrix (A-II;
Sample No. U12+).
o) Coarse orthopyroxene prism separated from blocky sillimanite where sapphirine nucleates
on sillimanite while cordierite rims orthopyroxene (A-II; Sample No. U101).
p) Biotite is detached from sillimanite; Sillimanite is in the cordierite matrix and biotite is
rimmed by potash feldspar (A-II; Sample No. P+,1-).
q) Megacrystic spinel completely rimmed by cordierite. Prominent pleochroic haloes in
cordierite are seen (A-III; Sample No. P+,**).
r) Symplectitic intergrowths of cordierite-sapphirine-orthopyroxene (A-I; Sample No. P+--0).
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Fig. , (Continued).
s) Elongate inclusion of sapphirine-cordierite symplectite that are separated from orthopyroxene by a moat of cordierite (A-II; Sample No. P++*2).
t) Double layer of orthopyroxene-cordierite and orthopyroxene-spinel-cordierite symplectites
replacing garnet (A-I; Sample No. P+,1+).
u) Mega crystal of garnet surrounded by plagioclase, spinel-cordierite and orthopyroxenecordierite symplectites (A-III; Sample No. P+,**).
v) Corroded garnet blast partly rimmed by plagioclase, orthopyroxene cordierite and spinel
(A-III; Sample No. P+,+*).
w) Symplectites of orthopyroxene-cordierite; Coarse prisms of an earlier generation orthopyroxene are also present (A-II; Sample No. P+,1-).
x) Highly corroded garnet blast surround by vermicular intergrowth of orthopyroxenecordierite (A-I; Sample No. P+-*2).
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reveals symplectites of sapphirine-cordierite, spinel-cordierite and orthopyroxenecordierite in a variety of reaction textures. Embayed sillimanite aggregates, engulfed in
cordierite, are separated from orthopyroxene by plagioclase and mesoperthitic kfeldspar (Fig. ,g). Development of this texture in assemblage A-II is a result of a
melt-present reaction, via the following reaction
sillimanite῍orthopyroxene῍melt῎cordierite.

(/)

,...-. Biotite
The early formed minerals were deﬁnitely used in the formation of later assemblages. Inclusions of prograde biotite (Fig. ,h) and sillimanite within orthopyroxene
and perthitic k-feldspar are interpreted as being part of primary paragenesis and are
related through the reaction
biotite῍sillimanite῎Mg-tschermaks῍K-feldspar῍melt.
(in Opx)

(0)

Another prograde reaction is evident from the textural relationship where biotite
relics are seen as inclusions in orthopyroxene, potash-feldspar and cordierite.
biotite῍cordierite῎orthopyroxene῍K-feldspar῍melt.

(1)

In general, increasing biotite abundance correlates with increasing cordierite content, decreasing potash feldspar content, and the appearance of coarse sapphirine. In
sapphirineῌsillimanite associated granulites, biotite and sillimanite are distinctly
separated by a zone of sapphirine and cordierite (Fig. ,i). During the late stage, a few
samples show evidence of retrograde biotite or biotite-cordierite symplectites which
replace orthopyroxene via. melt consuming or back reaction
orthopyroxene῍K-feldspar῍melt῎biotite῍cordierite.

(.)

In assemblage A-I radial replacement of garnet by biotite mantled by plagioclase
(Fig. ,j) in a silica saturated domain suggests the melt consuming or back reaction
garnet῍melt῎biotite῍plagioclase῍quartz.

(2)

Symplectitic intergrowth of cordierite and orthopyroxene that has been partially
replaced by biotite with plagioclase (Fig. ,k) suggests the reaction
biotite῍plagioclase῍quartz῎orthopyroxene῍cordierite῍melt.

(3)

,..... Sapphirine
Sapphirine is bluish in colour and is strongly pleochroic, X῎pale yellow, Y῎light
blue, Z῎sapphire blue; X῏Y῏Z. None of the samples contain feebly pleochroic or
colourless matter as reported by Zotov (+300) and Lal et al. (+312). Herd (+31-)
suggested that pleochroism in sapphirine increases with rise in its Fe-content, which is in
agreement with the analytical data presented by several workers (Lal et al., +312;
Mohan et al., +330; Raith et al., +331 etc.). Thus the strongly pleochroic sapphirine of
Palni hills may be due to a higher Fe-content (up to ++..* wtῌ).
Sapphirine occurs as coarse idioblastic to subidioblastic grains (Fig. ,m). Later
generation sapphirine forms symplectites with cordierite and orthopyroxene (Fig. ,l).
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Both sapphirine varieties are also noted in the same thin section (Fig. ,m). Fine rib
like skeletal growth of sapphirine shows random orientation and a close packing
arrangement in the cordierite matrix (Fig. ,n). In assemblage A-II, sapphirine formation is texturally consistent with the following main reactions:
orthopyroxeneῌsillimanite῍sapphirineῌcordierite.

(+*)

biotiteῌsillimanite῍sapphirineῌcordieriteῌK-feldsparῌmelt.

(++)

Mg-tschermaks῍sapphirine1:3:-ῌcordieriteῌenstatite.
(in Opx)

(+,)

Mg-tschermaks῍sapphirine,:,:+ῌcordierite.
(in Opx)

(+-)

Texturally coarse prisms of orthopyroxene are separated from blocky sillimanite,
where sapphirine nucleates on sillimanite while cordierite rims on orthopyroxene (Fig.
,o). These textural features favour the sapphirine forming reaction:
orthopyroxeneῌsillimanite῍sapphirineῌcordierite.

(+*)

Elongated sapphirineῌcordierite symplectite that are separated from orthopyroxene by a moat of cordierite (Fig. ,s) also suggest reaction (+*).
This reaction is also given by Schreyer (+31*), Droop and Bucher-Nurminen
(+32.), Bertrand et al. (+33,), Mouri et al.(+330), Kriegsman and Schumacher (+333),
and Bhattacharya and Kar (,**,). According to Newton et al. (+31.) this reaction
has a positive dP/dT slope in the P-T vector.
The sapphirine forming reaction (++) involves biotite and K-feldspar in a number
of thin sections. Petrographically, biotite ﬂakes and sillimanite needles which deﬁne a
prominent foliation are separated from each other by a zone of sapphirineῌcordierite
(Fig. ,i). Perthitic K-feldspar grains are noticed in the vicinity of biotite (Fig. ,p).
The above textural evidence favours the reaction
biotiteῌsillimanite῍sapphirineῌcordieriteῌK-feldsparῌmelt.

(++)

Coarse prisms of orthopyroxene (earlier generation) rimmed by cordierite and
sapphirine (Fig. ,f) are consistent with the reaction
Mg-tschermaks῍sapphirine,:,:+ῌcordierite.
(in Opx)

(+-)

Petrographic evidence also shows that sapphirine and orthopyroxene crystals are
separated by partial corona of spinel and cordierite. In assemblage A-I, spinel nucleates on sapphirine and cordierite rim orthopyroxene. These textural features may be
attributed to the reaction:
sapphirineῌorthopyroxene῍spinelῌcordierite.

(+.)

The reaction corona for reaction (+.) has been texturally described by Mohan
(+32/) and also found in the granulites from In Ouzzal, Hoggar, Algeria (Bertrand et
al., +33,).
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,.../. Spinel
Dark green spinel is found in the garnet-bearing sapphirine granulites (A-I). It
commonly shows numerous small grains of exsolved magnetite. Spinel forms symplectitic intergrowth with orthopyroxene and cordierite, besides having sharp grain
contact with them. Grains of spinel are commonly surrounded by cordierite (Fig. ,q).
Cordierite-spinel symplectites that rim coarse orthopyroxene prisms (Fig. ,b) may be
related to the reaction:
Mg-tschermaks῍spinelῌcordierite.

(,)

Successive rims of cordierite and spinel over orthopyroxene crystals provide additional
textural evidence in support of reaction (,). Spinel could be produced through the
reaction
sapphirineῌorthopyroxene῍spinelῌcordierite.

(+.)

which has been described earlier.
,...0. Garnet
Garnet occurs in sapphirine-spinel bearing assemblage (A-I). It is found as
coarse-grained xenoblastic crystals. Garnet porphyroblasts contain inclusions of
orthopyroxene, biotite, rutile and sapphirine. Garnet also shows textural evidence of
breakdown to cordierite, sapphirine, orthopyroxene and spinel.
In assemblage A-I, xenoblasts of garnet are rimmed by ﬁne symplectitic intergrowths of cordierite-spinel-orthopyroxene (Fig. ,c and ,t) and cordierite-sapphirineorthopyroxene (Fig. ,r; garnet is almost consumed in this domain) which may be
attributed to a reaction such as
garnet῍cordieriteῌsapphirineῌorthopyroxene.

(+/)

and in Fe-rich samples
garnet῍cordieriteῌspinelῌorthopyroxene.

(+0)

A similar textural breakdown of garnet to cordieriteῌorthopyroxeneῌspinel
charecteristic of decompressional regime has also been reported by Droop and BucherNurminen (+32.), Harley et al. (+33*), Mohan et al. (+330), Mouri et al. (+330),
Raith et al. (+331), Moraes et al. (,**,). Sometimes plagioclase is also present in
these symplectites or near the vicinity of corroded garnet (Fig. ,u). Hence, the above
reaction may also include plagioclase on the product side presumably because of small
grossular content of the garnet. These textural relations may be related to the reaction
pyropeῌgrossular῍enstatiteῌanorthiteῌspinel.

(+1)

In assemblage A-III, garnet is rimmed by cordierite as well as plagioclaseorthopyroxene-spinel crystals (Fig. ,v). These textural features suggest the reaction
pyropeῌgrossularῌcordierite῍orthopyroxeneῌspinelῌanorthite.

(+2)

Orthopyroxene forms the rim around resorbed garnet, which may be related to the
garnet breakdown reaction characteristic of decompression
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pyrope῍enstatiteῌMg-tschermaks.

(+3)

Orthopyroxene is present as smaller prisms in the symplectite and also as coarse
prisms in the matrix (Fig. ,w). Coarse cordierite grains are also present in the matrix
as well as within symplectite. In assemblage A-III, embayed relict grains of garnet are
surrounded by spectacular radial symplectites of orthopyroxene; and cordierite with no
preferred orientation (Fig. ,t and ,x) in the silica saturated domain may be related
through a continuous Fe-Mg reaction:
garnetῌquartz῍orthopyroxeneῌcordierite.

(,*)

The above reaction has a positive dP/dT slope in the P-T vector (Fig /b). The
reaction presumably continued untill quartz was completely used up, followed by the
breakdown of garnet. Prakash (+333) and Osanai et al. (,**+) have also reported
similar textural breakdown of garnet in producing orthopyroxene-cordierite symplectites from pelitic granulites.
,...1. Sillimanite
Laths of sillimanite are present in areas of cordierite adjacent to sapphirine. It is
quite likely that in the investigated area, an orthopyroxene-sillimanite association was
originally present. Later, the coarse prisms of orthopyroxene were separated from
blocky sillimanite and sapphirine nucleates on sillimanite (Fig. ,o) while cordierite rims
orthopyroxene.
,...2. Feldspar
Potash-feldspar is hair perthite (Fig. ,p). It is coarse-grained and forms a mosaic
texture with other minerals. Coarse-grained plagioclase is subidioblastic to idioblastic.
Mesoperthite and antiperthitic plagioclase intergrowths are commnly noted.
,...3. Minor constituents
These include magnetite, apatite, rutile and zircon. Magnetite occurs as exsolved
grains within spinel. Apatite is generally found as inclusions within feldspar. Rutile
is present as reddish-brown xenoblastic grains. Medium grained zircon inclusions
within cordierite show pleochroic haloes.
-.

Mineral chemistry

Electron microprobe analyses were carried out on an automated energy-dispersive
electron micro analyzer JEOL JSM-/-** and LINK QX,***J system, operated at an
acceleration voltage of +/ kV and a specimen current of *.+/ nA at the Geological
Institute, Yokohama National University, Japan. Analyses were reﬁned using the
LINK ZAF-./FLS correction program. The representative microprobe analyses of
various minerals from Usilampatti and Perumalmalai are listed in Table +.
Sapphirines are fairly iron-rich (up to ++..* wtῌ) and highly aluminous (up to 00.+- wt
ῌ). The sapphirine analyses are calculated on the basis of +. cations. Ferric iron
(*.-2.ῌ*.*/-) is present in analyses using the ferrous-ferric recalculation scheme
described by Higgins et al. (+313). The XMg values after Fe-ῌ extraction range from
*.12 to *.3,.
Biotite analyses show a range of XMg (*.1-ῌ*.20) and the TiO, and F content varies from

Table +. Representative microprobs analyses (oxide wtῌ) from Usilampatti and Perumalmali area, Palni Hills.
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Table + (Continued).
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Table + (Continued).
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Table + (Continued).
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,.0ῌ..1 and *..*ῌ,.,+ wtῌ, respectively.
Orthopyroxenes have cation totals close to ..** per 0 oxygens, implying that little Fe-ῌ
is present based on the method of Hamm and Vieten (+31+). The highest Al, Ocontent reaches up to 2.1. wtῌ. XMg shows a slightly rimward decrease (av. XMg῍
*.11Coreῌ*.1/Rim) in the Perumalmalai.
Cordierite is richer in magnesium than other coexisting phases (XMg: *.21ῌ*.3,) and does
not reveal any signiﬁcant zoning. The analytical totals are less than +**ῌ indicating
the presence of channels ﬁlling molecular species such as H, O and CO,, probably the
latter (Armbruster and Bloss, +32*; Santosh et al., +33-).
Garnet is mainly almandine (..ῌ/* molῌ)-pyrope (./ῌ/, molῌ) solid solutions with
low MnO and CaO content. Garnets show minor rim ward compositional zoning with
retrograde rims having slightly low pyrope (av. Xpy῍*./-Coreῌ*..3Rim). The XMg values
range from *..1ῌ*./..
Spinel shows XMg in the range of *..,ῌ*./* and is generally spinel-hercynite solid
solution. Calculation of Fe-ῌ, based on stoichiometric considerations (Bohlen and
Essene, +311) ranges from *.*3.ῌ*.+, atoms p.f.u. based on - cations.
Plagioclase is unzoned. Maximum anorthite content reaches up to *.--.
..

Phase equilibria in MAS diagram

The reactions involved in the formation of these minerals can be easily deduced
from the disposition of the lines in the [(FM) AS] diagram (Fig. -). As biotite and
potash-feldspar are part of the reactions inferred from the petrographic studies, a
projection from potash feldspar is used in the triangular plot (Fe, Mg)O:(Al, O--K, O):

(MgO+FeO)

Spl

Fig. -. The minerals from the Mg-Al granulites are plotted in the (MgῌFe,ῌ)Oῌ(AlῌFe-ῌῌCr), OῌSiO, diagram. Crossed tie lines reﬂect the higher variance of the assemblages due to
fractionation of Mg and Fe,ῌ, as well as the presence of Al, Cr and Fe-ῌ among phases.
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(SiO,-0K, O) (Fig. .a, b).
Reaction (+*) is a discontinuous non-terminal reaction in the (FM) AS system as
is evident from cross-cutting of orthopyroxene-sillimanite and sapphirine-cordierite
joins (Fig. -). Harley et al. (+33*) have explained this as a continuous reaction in the
FMAS system for a sillimanite consuming reaction texture.
As mentioned earlier, biotite and potash feldspar are essentially involved in the
sapphirine forming reaction (++). The compositional plot of the garnets within the
three phase ﬁelds of spinel/sapphirine-orthopyroxene-cordierite (Fig. -) attest to reac-

•

Cordierite

•

Mg-Ts
2:2:1 "'- Sapphirine
7:9:3�
3:5:1
Spinel

MgO+FeO

Fig. .. a. Ideal compositions of phases in the MgOῌ(SiO,-0K, O)ῌ(Al, O--K, O) diagram.
b. Phase relations for Mg-Al granulites shown in the (SiO,-0K, O)ῌ(Fe, Mg)Oῌ((Al, Fe-ῌ, Cr),O-K, O) projection from K-feldspar. Solid circles and thick solid lines show the plot of the analyzed
mineral compositions.
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tions (+/ and +0). Such a garnet breakdown reaction has been interpreted to reﬂect a
decompressional regime. Considering the rather ﬂat positive slope for the reactions +/
and +0 with garnet on the high pressure side of the reaction, it is most likely that the
resorption of garnet took place on account of the fall in pressure (Fig. /c). Reaction
+3 provides an additional example of garnet resorption with decreasing pressure.
Biotite was involved in a series of dehydration melting reactions (e.g. Reactions: +,
-, 0, 1, ++). This resulted in the UHT assemblage Opx-Crd-Kfs-Sil-Grt-Qtz-Spr (Spr in
Qtz-absent domain only) and Bt coexisted with melt in equilibrium at the thermal peak.
The stabilizing components Ti and F in the natural biotite increase the melting
temperature (Petrson et al., +33+; Hensen and Osanai, +33.; Dooley and Patino Douce,
+330). The Palni hills biotites are characterized by high F and Ti wtῌ up to ,.,+ and
..01, respectively. The thermal peak was followed by an isothermal decompression
(ITD) path which resulted in decompression of -ῌ. kbar. The sequence of reactions
deduced from coronas and symplectites suggest an ITD path passing through (Spl, Spr),
(Qtz, Spl), (Qtz, Opx) and (Qtz, Sil) reactions in the FMAS grid of low f-O, on the
higher temperature side of the [Qtz] absent invariant point (see Fig. 0). The symplectite assemblages formed during ITD with decreasing pressure are related to reactions +*, +., +/, +0 and ,*. The ITD path mentioned above is followed by cooling at
lower pressure and temperature. Biotite, formed by hydration or melt-solid reactions,
replaces garnet, orthopyroxene etc. Late biotite crystallized through back-reactions
(.) and (2).
In assemblage A-I, xenoblasts of garnet are rimmed by ﬁne symplectitic intergrowths of cordierite-spinel-orthopyroxene or cordierite-sapphirine-orthopyroxene. This
may be explained by the reactions:
garnet῍cordieriteῌsapphirineῌorthopyroxene

(Qtz, Sil, Spl)

and in Fe-rich samples
garnet῍cordieriteῌspinelῌorthopyroxene.

(Qtz, Sil, Spr)

In assemblage A-II, orthopyroxene and sapphirine are separated to form cordierite
and spinel, which respectively nucleate on orthopyroxene and sapphirine, suggesting the
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Fig. 0. P-T petrogenetic grid for low f-O, in the FMAS system involving Spr (1:3:-), Spl, Sil, Grt, Crd, Opx and Qtz based on Hensen (+320). (a) Plot of
mineral composition in the MgO-Al, O--SiO, (MAS) system. (b) P-T of [Qtz] at ca. 3/*῍C/2ῌ3 kbar based on Hensen (+321) and [Spl] at ῌ+***
῍C/ca. +* kbar from experimental data of Hensen and Green (+31-) and Bertrand et al. (+33+) where the cordierite is hydrous. The ITD path is
shown together with the reaction textures from divariant mineral equilibria that are expected to be present along the path.
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reaction:
orthopyroxeneῌsapphirine῎cordieriteῌspinel.

(Qtz, Sil, Grt)

The above three reactions emanate from the univariant (Qtz, Sil) in the petrogenetic
grid of low fO, (Fig. 0).
Coarse prisms of orthopyroxene are separated from blocky sillimanite, where
sapphirine nucleates on sillimanite while cordierite rims on orthopyroxene. The reactions emerging from (Spl, Qtz), are:
orthopyroxeneῌsillimanite῎sapphirineῌcordierite,

(Spl, Qtz, Grt)

garnetῌsillimanite῎sapphirineῌcordierite.

(Spl, Qtz, Opx)

Formation of orthopyroxene and cordierite symplectites through breakown of
garnet and cordierite between orthopyroxene and sillimanite, respectively, are formed
through the divariant reactions emanating from the univariant reaction (Spl, Spr) in
quartz bearing lithologies (Fig. /a,b and 0)
garnetῌquartz῎orthopyroxeneῌcordierite,

(Spl, Spr, Sil)

orthopyroxeneῌsillimaniteῌquartz῎cordierite.

(Spl, Spr, Grt)

Slopes of the di#erent reactions were also obtained using the internally consistent
thermodynamic data sets of Berman (+322) and Holland and Powell (+33*). The end
member phases used in the calculations include pyrope, cordierite, sillimanite, enstatite,
spinel and quartz. The mineral equilibria are calculated using both hydrous and
anhydrous cordierite form TWQ for comparison. The P-T plots of di#erent mineral
equilibria are depicted in Fig. / and the value of DS and DV are shown in Table ,.

Table ,. TWQ results for the equilibria plotted in Fig. /.

a)
b)
c)

Enstatiteῌ, SillimaniteῌQuartz῎Cordierite
, Pyropeῌ- Quartz῎Cordieriteῌ, Enstatite
/ Pyrope῎/ Enstatiteῌ- SpinelῌCordierite

/.

DS (JK῍+)

DV (Jbar῍+)

῍.24+
῍+*43
῍+4.

῍.41+
῍04++
῍+*4*

Discussion and further correlation

All retrogressive reactions are observed which have positive P-T slopes (for ex. Fig.
/) suggest that the resulting textures could form during decompression. The decompression is not essentially isothermal in many cases. Such reaction textures which by
their mutual relationship developed during decompression, represent the post-peak
portion of the P-T path. Possibly, a retrograde P-T path with a moderate dP/dT slope
would appropriately explain these cordierite producing symplectites and reaction textures (for ex. Fig. /a, b).
Ultra high temperature (UHT) conditions have been recorded in the Southern
Granulite Terrain, India (Ravindra Kumar and Chacko, +33.; Satish Kumar, ,***;
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Nandakumar and Harley, ,***) but the best evidence is described from quartzdeﬁcient assemblages at Ganguvarpatti (Mohan et al., +320) and adjoining areas
(Perumalmalai, Raith et al., +331) in the Palni Hill ranges (cf. Harley, +332a). Sajeev
et al. (,**+) reported Kornerupine in sapphirine-bearing granulite from Ganguvarpatti
and recorded evidence for UHT metamorphism. UHT metamorphism also has been
recognized from Sri Lanka (Sajeev and Osanai, ,**,), Madagascar (Nicollet et al.,
+33+; Goncalves et al., ,***) and East Antarctica (Foreﬁnger Point: Harley et al., +33*,
Motoyoshi et al., +33.; Rauer Islands: Harley and Fitzsimons, +33+; Harley, +332b;
Rundrågshetta: Motoyoshi and Ishikawa, +331).
Raith et al. (+331) use reaction textures and petrogenetic grid constraints to deduce
extreme P-T conditions (++ Kbar, 3/*ῌ+***ῌC) and a high tempeature decompression
path for a sapphirine-bearing granulites from the Perumalmali area only. They
recorded a clockwise P-T evolution with four stages. We described the P-T path from
Perumalmali as well as from the Usilampatti area. Our interpretation is based on the
fact that reaction textures and mineral data used to determine the P-T path are
consistent with ITD (Raith et al., +331) but are considered to be related to a single
metamorphic cycle rather than two or more unrelated metamorphic events. This study
also indicated that ITD is regional (at least two localities; Perumalmali and
Usilampatti). Raith et al. (+331) suggested that stages + to - are presumably coeval
with the early Proterozoic, while the stage . occurred only during a Pan-African event.
This assumption is di$cult or impossible to prove conclusively without detailed
geochronological data. For this reason we favour the single cycle model for the Palni
hills, but the support for this hypothesis awaits detailed geochronological work.
Decompressional P-T histories have been interpreted using reaction textures
developed in similar rock types in many other Proterozoic terranes. They are
documented extensively in a suit of granulite facies rocks from East Antarctica, e.g.
Foreﬁnger Point (Harley et al., +33*; Ishikawa et al., +33.a; Motoyoshi et al., +33/),
Rauer Islands (Harley and Fitzsimons, +33+), Sostrene Islands (Thost et al., +33+),
Reinbolt Hills (Nichols and Berry, +33+), Larsemann Hills (Stuwe and Powell, +323),
Lützow-Holm Bay (Motoyoshi et al., +323; Ishikawa et al., +33.b; Motoyoshi and
Ishikawa, +331) and Prydz Bay (Harley and Hensen, +33*).
Knowledge of the petrology of these continental fragments has vastly increased
over recent years, but further advancement in understanding the age of the pervasive
high-grade metamorphism has been restrained by insu$cient geochronological constraints. However, reliable isotopic age data now available from the Madurai block
(Bartlett et al., +332; Jayananda et al., +33/; Unnikrishnan-Warrier et al., +33/)
conﬁrm a major Pan-African granulite-facies event that has a#ected the southern
granulite terrane. Reports on U-Pb geochronological evidence from zircon within
high-grade rocks from the Lützow-Holm Bay area (Shiraishi et al., +33.) and new
Sm-Nd garnet whole-rock age data (//*ῌ.3* Ma) from the Prydz Bay region, East
Antarctica, also attest that the main granulite-facies event in this part of Antarctica is of
the Pan-African age (Hensen and Zhou, +33/; Fitzsimons et al., +331). Delineation of
a Pan-African orogen or a suture at Larsemann Hills (Fitzsimons, ,***; Boger et al.,
,**+; Zhao, ,**+) has resulted in a drastic change from the classical idea that East
Gondwana was assembled during ca +.* Ga. Several other workers (cf. Fitzsimons,
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,*** for more detailed discussion) have suggested that there were strong Pan-African
events in Lützow-Holm Bay, Prydz Bay, and Central Dronning Maud Land.
The consistency of texturally determined P-T paths can, therefore, be successfully
employed for the purpose of correlation. A possible correlation of similar post-peak
decompression texture and comparable metamorphic conditions in high-grade granulites
in the continental fragments of Southern India, Sri Lanka (cf. Hiroi et al., +33.),
Madagascar (Nicollet, +33*) and East Antarctica (Motoyoshi and Ishikawa, +331;
Harley et al., +33*; Harley and Fitzsimons, +33+) support the possibility that they share
a common metamorphic P-T history and form an integral part within the east
Gondwana framework.
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