Downloaded by [Lulea University of Technology] at 08:00 18 September 2013

International Geology Review, Vol. 48, 2006, p. 619-638.
Copyright © 2006 by V. H. Winston & Son, Inc. All rights reserved.

Ultrahigh-Temperature Metamorphism in the Palni Hills,

South India: Insights from Feldspar Thermometry
and Phase Equilibria

D. PRAKASH,!
Department of Geology, Banaras Hindu University, Varanasi-221005, India

M. ARIMA,
Geological Institute, Yokohama National University, 79-7 Tokiwadai, Hodogaya-ku, Yokohama 240-8501, Japan

AND A. MOHAN
Department of Geology, Banaras Hindu University, Varanasi-221005, India

Abstract

The Southern Indian shield is a classic terrain that may be regarded as a model for Precambrian
crustal evolution. The Palni Hills represent a portion of the granulite-facies terrain of the Madurai
block. Determination of ultrahigh temperature (UHT) in granulites requires re-integration of anti-
perthite, perthite, and mesoperthite to yield original hypersolvus feldspar compositions, which then
yield peak metamorphic temperatures by feldspar solvus geothermometry. Backscattered electron
images were used to calculate modal proportions of host and exsolved lamellae in feldspars. These
data were combined with quantitative point chemical analyses of both host and lamellae to obtain
re-integrated feldspar compositions, providing consistent ultrahigh temperatures in excess of
900°C. The feldspar compositions coexisting during closure of intercrystalline Al-Si exchange were
calculated by reversing the K-Na exchange through shifts of Ab and Or contents of both feldspars at
constant An contents until the equilibrium tie-line and the common isotherm on the ternary feldspar
solvus were found. Besides, UHT metamorphic conditions were also obtained using the convergence
method in exchange thermometers, suggesting peak metamorphism conditions at > 900°C at 9 kbar
for the Palni granulites. Prevalence of UHT conditions in the many parts of the world could be useful

in deducing Proterozoic tectonometamorphic processes along the deep crust-mantle interface.

Introduction

ULTRAHIGH-TEMPERATURE metamorphism with a
peak at 900-1100°C, 7-13 kbar implies extreme
conditions of metamorphism for the granulite facies
rocks of the lower continental crust (Harley, 1998a).
Corona and symplectitic reaction textures in granu-
lites have been used to deduce reaction histories
and P-T paths of UHT terrains (Harley, 1989,
1998a). Ulirahigh temperature metamorphism has
been increasingly reported in granulites using feld-
spar thermometry from several Precambrian
regional terrains around the world (Hayob et al.,
1989; Braun et al., 1996; Raase, 1998; Yoshimura et
al., 2000; Hokada, 2001).

The Palni Hills and adjoining areas have

attracted the attention of petrologists on account of

!Corresponding author; email: dprakash_vns@rediffmail.com

UHT granulites that serve as a window into the mid-
lower continental crust. The study area, situated in
the Palni Hills of the Madurai block, lies 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, metasediments,
hornblende gnesises, and discrete bodies of granite
comprise the principal lithologies of the Palni Hills.

Common mineral assemblages of constituent
metapelites include garnet, cordierite, sapphirine,
orthopyroxene, spinel, and sillimanite. The garnet-
cordierite-sapphirine-bearing assemblages domi-
nantly occur in the central part of the highland
massif, whereas garnet-sillimanite-bearing assem-
blages prevail in the Ganguvarpatti-Andipatti-Usil-
ampatti lowland massif. Marble and calc-silicate are
carbonate lithologies that in addition locally contain
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FIG. 1. A. Gerneral geologic map of South India, showing different granulite blocks and major Proterozoic shear

zones (modified from Harris et al., 1994). Inset shows an index map of India. B. Geological map of the Madurai block

and part of the Palghat-Cauvery shear zone.
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quartzites and ultramafics. Sapphirine-bearing
granulites have been reported previously from a
number of localities in the central and northern
parts of the Madurai block. These sapphirine-bear-
ing granulites revealed UHT metamorphism (see
Fig. 1B) in several localities, e.g. Rajapalaiyam
(Sriramguru et al., 2002; Tateishi et al., 2004), Peru-
malmalai (Mohan et al., 1996; Raith et al., 1997;
Prakash and Arima, 2003), Ganguvarpatti (Sajeev et
al., 2004; Tamashiro et al., 2004; Das et al., 2005;
Mohan et al., 2005), Usilampatti (Prakash and
Arima, 2003), Lachmanapatti (Tsunogae and
Santosh, 2003), Malappatty (Tsunogae and Santosh,
2003), and Paramatti, in the Palghat-Cauvery zone
(Koshimoto et al., 2004). Previous studies of UHT
metamorphism of rocks of the Madurai block were
inferred only from the sapphirine-granulites using
phase equilibria and textural relationships. Exsolu-
tion textures of feldspars from granulite terrains
potentially record information about UHT metamor-
phism, but have been little studied as yet. The
results presented here suggest that the ternary feld-
spar solvus is an effective tool for estimating peak
metamorphic condition. This paper aims at deter-
mining metamorphic peak conditions of the granu-
lites using feldspar thermometery and retrieval
calculations. We report for the first time the exist-
ence of UHT metamorphic conditions from other
rock types of the Palni Hills besides the sapphirine-
granulites mentioned above.

Textural Relations

Sapphirine-bearing granulites

Sapphirine-bearing granulites have been
reported from the several localities from the Palni
Hills and adjoining area (Fig. 1B). The granulites
display granoblastic textures consisting of a mosaic
of hypersthene—cordierite-sapphirine-spinel. In a
few samples, one set of prominent foliation is
defined by the parallel orientation of phlogopite,
hypersthene, and sillimanite. Locally, two sets of
foliation are present at oblique angles. Textural rela-
tions of sapphirine-bearing granulites from Usilam-
patti and Perumalmali have been extensively
described by Prakash and Arima (2003). A typical
feature of the Palni granulites is the preservation of
feldspar exsolution textures.

Two types of feldspar assemblage can be distin-
guished: (I) antiperthite and alkali feldspar; and (II)
mesoperthite. Generally, assemblage I predominates
in the granulites of the Ganguvarpatti and Usilam-

patti areas, but the feldspars of the Perumalmali
area are regular mesoperthitic belonging to the type
I assemblage (Figs. 2A and 2B). Regular and irreg-
ular exsolution textures (Figs. 3A and 3B), typical of
mesoperthite, are interpreted as evidence for slow
cooling from the thermal peak of regional metamor-
phism. Mesoperthite with fine K-feldspar lamellae
(1.0-12 pm wide) is replaced by an oblique set of
plagioclase lamellae (Figs. 3C and 3D). The average
re-integrated compositions of mesoperthite domains
for the sapphirine-bearing granulites cluster in the

range of Ory ,,Ab,s o Ang |, (Table 1).

Garnet-orthopyroxene—bearing gneisses

Banded garnet-orthopyroxene—bearing gneisses
are foliated with alternating layers of dark and light
colored minerals. The quartzofeldspathic bands are
rich in potash-feldspar, with minor quartz and gar-
net. Feldspar is the main constituent, which imparts
a flesh color to the rock apart from the quartz,
spinel, apatite, and magnetite, which are common
accessories. Plagioclase is antiperthitic and
unzoned. Patches of K-feldspar are elongated and
parallel (Figs. 2C and 2D). Lamellae of the K-rich
phase are generally 10-30 pm thick (Figs. 3E
and 3F).

Garnet-sillimanite + cordierite gneisses

The most abundant antiperthite texture is found
in all garnet-cordierite gneisses. A crude foliation is
defined by elongated hypersthene prisms and biotite
flakes. Rods and lamellae of K-rich phase are gen-
erally ~50 pm thick (Figs. 3G and 3H). Antiper-
thites in garnet-cordierite gneisses display greater
widths of K-feldspar lamellae.

Charnockites

The majority of these rocks are characterized by
granoblastic textures with perthite and antiperthite
(Figs. 2E and 2F). Equigranular texture and pre-
dominance of alkali-feldspars (perthite > plagio-
clase) are conspicuous features of the charnockites.
They are composed of crystalline aggregates of
quartz and alkali-feldspar, with subordinate oligo-
clase, hypersthene, and iron oxides.

Feldspar Geothermometery

Evaluation of the reliability of conventional
exchange thermometry shows that even core compo-
sitions of grains in contact with exchangeable neigh-
bors may be reset, and may not record peak
temperatures of metamorphism (Pattison and Begin,
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FIG. 2. Photomicrographs showing textures of exsolved feldspar in granulites from the Palni Hills. A and B. Photo-
micrographs showing mesoperthites in sapphirine-bearing granulites. C and D. Antiperthitic plagioclase containing

exsolved rods of K-feldspar in garnet-orthopyroxene—bearing gneisses. Antiperthitic plagioclase grains containing

exsolved patches of K-feldspar are elongated and parallel. E. Perthitic alkali feldspar with plagioclase in charnockites.

F. Antiperthite with alkali feldspar in charnockites.

1994). The blocking effect in the granulites as
observed in the empirically calibrated exchange
thermometry indicates significant departures from
the thermal peak of metamorphism. Such conven-
tional thermometry is fraught with the problem that
they record invariably lower temperature conditions
than that attained during peak granulite metamor-

phism. For a meaningful interpretation of tempera-
tures obtained from these thermometers, it is
essential to consider the effect of closure tempera-
ture and also the extent of re-equilibration during
cooling. Frost and Chacko (1989) suggested re-inte-
gration of exsolved lamellae to overcome this prob-
lem. Re-integration of the original composition of
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FIc. 3. A and B. Backscattered electron images of a typical mesoperthite, showing the regular and continuous nature
of exsolved plagioclase. C and D. Backscattered electron images of a mesoperthite with fine K-feldspar lamellae (1.0—

12 pm wide) replaced by an oblique set of plagioclase lamellae. E and F. Backscattered electron images of antiperthite,

with rods and lamellae of K-rich phase generally ~50 pm in thickness.

with lamellae of K-rich phase,
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antiperthite, mesoperthite, and perthite was done by
image analysis. Backscattered electron images were
used to calculate the modal proportion of host and
lamellae feldspar in the different exsolutions. These
data were combined with quantitative analysis of
individual spots on the host and the lamellae to
obtain re-integrated feldspar compositions.

The re-integrated bulk compositions of the anti-
perthites coexisting with unexsolved alkali feldspars
and perthites coexisting with unexsolved plagio-
clase are listed in Table 2. The re-integration proce-
dure was applied to core compositions of the
feldspars because it minimizes the possibilities of
resetting during retrogression and cooling. The
recalculated compositions obtained by reversing the
intercrystalline K-Na exchange (Kroll et al., 1993)
and subsequently two-feldspar temperatures calcu-
lated with Margules parameters (Fuhrman and Lind-
sley, 1988; Lindsley and Nekvasil, 1989; Elkins and
Grove, 1990) are given in Table 2. Recalculation
was done by the computer programs F-THERM,
L-THERM, and E-THERM (Kroll et al., 1993). Al-
Si exchange between plagioclase (antiperthite) and
alkali feldspar ceases at relatively high tempera-
tures, whereas alkali exchange continues during
cooling, from which a minimum temperature of feld-
spar equilibration can be obtained. The composition
of the feldspars at the time of closure of intercrystal-
line Al-Si exchange is obtained through shifts of Ab
and Or contents of both feldspars at constant An
contents until the equilibrium tie-line and the com-
mon isotherm on the ternary feldspar solvus are
found (cf. Raase, 1998 and the references therein).
The calculated temperatures should be close to
those of the peak metamorphism, because Al-Si
exchange is very slow, even at high temperature
(Grove et al., 1984; Yund, 1986; Liu and Yund,
1992; Raase, 1998).

Sapphirine-bearing granulites

Core composition of the feldspars from the
sapphirine-bearing granulites gave a temperature of
968°C using the Margules parameters of Fuhrman
and Lindsley (1989). Temperature estimates
obtained from Fuhrman and Lindsley (1989) and
Lindsley and Nekvasil (1989) yield broadly similar
results, but are relatively higher (50-60°C) compare
to the model of Elkins and Grove (1990) (see Table
2). Variations in temperature estimates are conse-
quences of differences in the activity-composition
relations and the input thermodynamic data used in
these models. By reversing K-Na exchange, the Or

component of the plagioclase changes slightly,
whereas the alkali feldspar becomes much more Ab
rich. Such variation in composition could be related
to the low ratio of alkali feldspar to plagioclase in
the sapphirine-bearing granulites. Analyzed and
calculated compositions of sapphirine-granulites
are plotted in the An-Ab-Or diagram (Fig. 4). The
ultrahigh temperatures obtained for the sapphirine-
bearing granulites are compatible with temperatures
(900-1000°C) reported from the Palni Hills (Raith
et al., 1997; Prakash and Arima, 2003) as well as
those derived from the garnet-orthopyroxene Al-
solubility based thermobarometry corrected for late
Fe-Mg exchange in the present study.

A few samples of sapphirine-bearing granulites
contain mesoperthite, which do not coexist with
plagioclase. The re-integrated composition of
mesoperthite suggests a temperature range of 900—
1000°C (using isotherms calculated after Fuhrman
and Lindsley, 1988). These temperature values must
be taken as minimum because the composition of
mesoperthite was obtained by integrating results of
electron-microprobe analyses (Fig. 5).

Garnet-orthopyroxene bearing gneisses

The calculated temperatures with the Margules
parameters of Fuhrman and Lindsley (1989) for
garnet-orthopyroxene bearing gneisses are 930—
945°C (Table 2). Temperatures calculated using the
Margules parameters of Lindsley and Nekvasil
(1989) provide 45-50°C lower T estimates. Simi-
larly, the Elkins and Grove (1990) model yields
comparatively higher T values (~30-35°C). The
analyzed and calculated compositions of garnet-
orthopyroxene—bearing gneisses were plotted in the
An-Ab-Or diagram (Fig. 4). Analyzed plagioclase
and alkali feldspar do not match the calculated tie
lines, suggesting that the plagioclase lost most of its
Or content. By reversing the K-Na exchange with
fixed An content for both feldspars, the plagioclase
becomes more Or rich, whereas alkali feldspar
becomes more Ab rich. These observations reflect
the effect of retrograde intercrystalline K-Na
exchange between plagioclase and alkali feldspar.

Garnet-sillimanite + cordierite gneisses

Two-feldspar temperatures of 939 and 956°C
were computed with antiperthite and alkali feldspar
for fixed An contents of both feldspar (Kroll et
al., 1993), using the Margules parameters of Fuhr-
man and Lindsley (1998) (Table 2). As shown in Fig-
ure 4, the analyzed plagioclase and alkali-feldspar
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CaAl,Si0,0g

NaAl S150q

Isotherms 600° - 1000°
— Fuhrman and Lindsley (1988)

Isotherms 1000°

— Fuhrman and Lindsley (1988)

— — Lindsley and Nekvasil (1989)
----  Elkins and Grove (1990)

FIG. 5. Ternary feldspar diagram showing the location of the 600-1100°C solvi at 9 kbar and the composition of

mesoperthites in sapphirine-bearing granulite (solid circles).

compositions do not plot on the same isotherm. Cal-
culated compositions of the alkali feldspars are
richer in Ab than the analyzed composition. This
deviation has resulted from retrograde K-Na
exchange.

Charnockites

Grains of alkali feldspar in the charnockites con-
sist of string perthite, whereas coexisting plagio-
clase laths do not show any exsolution (Fig. 2E). In
other domains, antiperthite coexists with alkali feld-
spar (Fig. 2F). The analyzed compositions do not
plot on the same isotherm, but the calculated com-
positions obtained by reversing the K-Na exchange
according to Kroll et al. (1993) with the fixed An-
content of both feldspars do plot on the same
isotherm (Fig. 4). By reversing the K-Na exchange,
alkali feldspars (perthite) become much more albite
rich, and plagioclase becomes much more ortho-
clase rich.

Garnet-Orthopyroxene Al-Solubility-Based
Thermobarometry Corrected
for Late Fe-Mg Exchange

It is well known that because of intensive reset-
ting and non-simultaneous closure of equilibria in
such rocks during slow cooling, the thermal peak
conditions and P-T trajectories cannot be reliably
assessed by conventional thermometric techniques.
Development of convergence techniques proposed
by Pattison and Begin (1994) and Fitzsimons and
Harley (1994) and refined by Chacko et al. (1996)
has definite advantages because it not only aids
retrieval of peak P-T conditions from high-grade
metamorphic rocks, it also enhances our ability to
characterize the P-T paths followed by individual
rocks. Recently Pattison et al. (2003) reported a
method using more recent thermodynamic data and
applied it to a large number of granulites worldwide.
Their approach is based on Al-solubility in Opx in
equilibrium with garnet that corrects for the effects
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of late Fe-Mg exchange. Al concentrations in ortho-
pyroxene are expected to be preserved from peak
granulite conditions because of extremely slow dif-
fusion of Al. In view of these arguments, we have
applied the convergence method of Pattison et al.
(2003) from the garnet-orthopyroxene-plagioclase-
quartz assemblage, involving the following mineral
equilibria: (1) almandine + 3 enstatite = pyrope + 3
ferrosilite; (2) almandine = 3 ferrosilite + Al-ortho-
pyroxene; (3) almandine + grossularite + 3 quartz =
6 ferrosilite + 3 enstatite; (4) pyrope = 3 enstatite +
Al-orthopyroxene; (5) 2 pyrope + grossularite + 3
quartz = 6 enstatite + 3 anorthite; and (6) grossular-
ite + 2 Al-orthopyroxene + 3 quartz = 3 anorthite.
Among the six possible equilibria that can be
written for the selected end-member phases, there
are three independent equilibria shown in bold lines
(Fig. 6). P-T plots of the unadjusted and adjusted
core compositions of garnet/orthopyroxene along
with the mineral equilibria are shown in this figure.
The intersection of Fe-Mg exchange equilibrium 1
with the net-transfer equilibrium 3 represents the
uncorrected Fe-Mg P-T estimate (Figs. 6A, 6C, and
6E). Intersection of equilibrium 2 with equilibrium
3 represents the uncorrected Fe-Al P-T estimate
(Figs. 6A, 6C, and 6E). Equilibrium 2, based on Al
solubility in orthopyroxene in the Fe-end member
system, is a good method to retrieve peak tempera-
tures because it is relatively robust to late exchange
of Fe-Mg (Aranovich and Berman, 1997). Figures
6B, 6D, and and 6F show intersections of the min-
eral equilibria curves through adjustment of Fe-Mg
ratios of garnet and orthopyroxene according to mass
balance constraints, so that all equilibria intersect
at a point referred as the corrected Fe-Mg-Al P-T
estimate. The P-T estimated from the equilibria 1 to
6 for the UHT sapphirine-granulites from the Palni
Hills is 1007°C, which is consistent with those
derived from petrogenetic grid in the FMAS system
(Raith et al., 1997). Using the same set of equilibria,
core compositions for garnet orthopyroxene-bearing
gneisses give intersection at 9.89 kbar and 937°C.
Using the above equilibria, garnet-orthopyroxene
core compositions for garnet-cordierite gneisses
give a precise intersection at ca. 9.1 kbar and
914°C, thus lending support for the described UHT

conditions.

Temperature and pressure values obtained from
the intersection of mineral equilibria are computed
in Table 3. No significant variation in peak P-T con-
ditions is observed using different X,; models.
Model A and Model B provide maximum estimates

for X,, Opx (see Fitzsimons and Harley, 1994;
Aranovich and Berman, 1997). The temperature of
metamorphism was probably buffered by solid-melt
equilibria. For the post-peak exhumation history,
the textures and mineral reactions preserved in
these granulites are consistent with decompression
followed by cooling (Mohan et al., 1996; Prakash,
1999; Prakash and Arima, 2003; Prakash et al.,
2006b). The convergence method presented in this
study indicates that granulites of the Palni Hills
experienced maximum temperatures up to 1000°C
(core), which is compatible with feldspar themome-
tery discussed above.

Discussion and Conclusions

The data presented in this study further supports
the prevalence of ultrahigh-temperature conditions
in the Palni Hills. With the recent re-estimation of
metamorphic condition based on the Al-orthopyrox-
ene thermometer, there are clear indications that
earlier P-T estimates (700-800°C and 5-7 kbar)
underestimated the metamorphic conditions in this
region. We believe that the proposed calculation
procedure enables us to recover close-to-peak meta-
morphic conditions successfully. The re-integrated
ternary feldspar compositions and retrieval calcula-
tions suggest UHT in the range of 900-1000°C at
9 kbar for the metamorphism of Palni Hills rocks.
These high temperatures are consistent with the
garnet-bearing mafic granulites observerd in Panri-
malai (Palni Hills; Prakash et al., 2006a). This UHT
metamorphism implies that the metapelites proba-
bly underwent extensive melting (Vielzeuf and
Montel, 1994; Patino Douce and Beard, 1995).
Prakash and Arima (2003) recorded evidence for
melting and decompression reactions from the Palni
Hills that are preserved in individual samples. The
UHT assemblage opx-crd-sil-grt-kfs-qtz-spr and bt
coexisted with melt in equilibrium at the thermal
peak. These observations are confirmed by the
present study.

UHT terrains distributed in Eurasia, Africa,
Antarctica, North and South America, and Australia
are shown in Figure 7. These UHT terrains lie
within major Archean continental orogenic belts
and Proterozoic shield areas. UHT granulites have
been reported from a number of higher grade crustal
segments around the world (Table 4). The tectonic
setting required for the UHT metamorphism is still
debated, and a great deal of current research
revolves around this issue. Ultrahigh temperatures
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the typical spread in equilibria without adjustment of the mineral compositions. Of the six equilibria shown, only three
are independent, and these are indicated in bold. B, D, and F show intersection of the curves of the mineral equilibria
through adjustment of Fe-Mg ratios of garnet and orthopyroxene according to mass balance constraints so that all equi-
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TABLE 3. Grt-Opx-P1-Qtz P-T Estimates Corrected for Late Fe-Mg Exchange

Mode Grt = 10.00

X Grt = 0.502
X, Opx = 0.266
X Bt = 0.239
X, Crd = 0.079
X Pl = 0.461

Fe Al GOPQ
GrtOpx GOPQ
GrtBt GOPQ
GrtCrd GOPQ

M/FM Grt
M/FM Opx
M/FM Bt

M/FM Crd

X4 Opx = 0.273

Fe Al GOPQ
GrtOpx GOPQ
GrtBt GOPQ
GrtCrd GOPQ

M/FM Grt
M/FM Opx
M/FM Bt

M/FM Crd

Rock type: Sapphirine-bearing granulites
L. Model A X, Opx (1-site Opx) = (Al/2) /2
X} Opx = Fe?*/ 2, XMgOpx =Mg/2

ModeOpx = 10.00
Xy, Grt = 0.449
Xy Opx = 0.614

Xy Bt = 0.650

Xy, Crd = 0.920
X Pl =0.508

Converted (Final)
1007°C 9.69 Kbar
1007°C 9.69 Kbar
1007°C 9.69 Kbar
1007°C 9.69 Kbar

0.553
0.691
0.699
0.780

Mode Bt = 10.00
Xy, Grt = 0.012
X4 Opx = 0.094
X Bt =0.049
Xy, Crd = 0.001
X, PL=0.030

Initial and converted P-T estimates and mineral compositions

Initial
900°C 9.70 Kbar
688°C 7.17 Kbar
715°C 7.48 Kbar
533°C 5.43 Kbar

0.472
0.698
0.731
0.921

II. Model B X, Opx (1-site Opx) = (Al/2) / sum

Xy, Opx = 0.630

Converted (final)
1019°C 9.80 Kbar
1019°C 9.80 Kbar
1019°C 9.80 Kbar
1019°C 9.80 Kbar

0.555
0.691
0.698
0.778

Where sum = Fe?* + Mg + Mn + Ca + (Al/2). X;, Opx = Fe?*/ sum

X, Opx = 0.097

Initial and converted P-T estimates and mineral compositions

Initial
906°C 9.51 Kbar
684°C 6.90 Kbar
714°C 7.23 Kbar
532°C 5.24 Kbar

0.472
0.698
0.731
0.921

Mode Crd = 10.00
X, Grt =0.037
TotOpx = 0.974

X Bt =0.062

Difference
108°C —0.01 Kbar
319°C 2.53 Kbar
292°C 2.22 Kbar
475°C 4.27 Kbar

0.081
—0.007
-0.032
—0.140

TotOpx = 1.000

Difference
113°C 0.29 Kbar
335°C 2.90 Kbar
306°C 2.57 Kbar
487°C 4.56 Kbar

0.083
-0.007
-0.033
-0.143

Table continues
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TABLE 3. Continued

Mode Grt = 10.00
XpGrt = 0.517
X4 Opx = 0.228
Xp Bt =0.190
XpCrd =0.179

X, Pl =0.451

Fe Al GOPQ
GrtOpx GOPQ
GrtBt GOPQ
GrtCrd GOPQ
M/FM Grt
M/FM Opx
M/FM Bt
M/FM Crd

X, Opx = 0.228

Fe A1 GOPQ
GrtOpx GOPQ
GrtBt GOPQ
GrtCrd GOPQ
M/FM Grt
M/FM Opx
M/FM Bt
M/FM Crd

Rock type: Garnet-orthopyroxene bearing gneisses

I. Model A X, ,0px (1-site Opx) = (Al/2) / 2

Xy Opx = Fe?* /2, X Opx = Mg/ 2

ModeOpx = 10.00
Xy Grt = 0.409
Xy Opx = 0.691

Xy Bt = 0.667
Xy Crd = 0.821

X Pl = 0.524

Converted (final)
937°C 9.89 Kbar
937°C 9.89 Kbar
937°C 9.89 Kbar
937 oC 9.89 Kbar
0.553
0.707
0.706

0.805

Mode Bt = 10.00
Xy, Grt = 0.024
X,Opx =0.070
X,,Bt = 0.054
Xy, Crd = 0.000

X, Pl = 0.025

Initial and converted P-T estimates and mineral compositions

Initial
735°C 9.83 Kbar
496°C 6.54 Kbar
516°C 6.80 Kbar
751°C 10.06 Kbar

0.442

0.752

0.779

0.821

II. Model B X, Opx (1-site Opx) = (Al/2) / sum

Xy, 0px = 0.691

Converted (final)
940°C 9.92 Kbar
940°C 9.92 Kbar
940°C 9.92 Kbar
940°C 9.92 Kbar
0.554
0.707
0.705

0.805

Where sum = Fe?* + Mg + Mn + Ca + (Al/2). X Opx = Fe?*/ sum

X, Opx = 0.070

Initial and converted P-T estimates and mineral compositions

Initial
735°C 9.77 Kbar
495°C 6.48 Kbar
515°C 6.76 Kbar
751°C 10.00 Kbar

0.442

0.752

0.779

0.821

Mode Crd = 10.00
X, Grt = 0.050
TotOpx =1.007

X;Bt = 0.089

Difference
202°C 0.07 Kbar
441°C 3.35 Kbar
421°C 3.09 Kbar
186°C —0.16 Kbar

0.111
—0.044
-0.073

-0.015

TotOpx = 1.007

Difference
205°C 0.15 Kbar
445°C 3.44 Kbar
425°C 3.17 Kbar

189° C —0.07 Kbar
0.112
—0.044
-0.073

-0.016

Table continues
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TABLE 3. Continued

Mode Grt = 10.00
XpGrt = 0.529
X4 Opx = 0.285
Xp Bt =0.255
XpCrd = 0.182

X,,Pl=0.416

Fe Al GOPQ
GrtOpx GOPQ
GrtBt GOPQ
GrtCrd GOPQ
M/FM Grt
M/FM Opx
M/FM Bt
M/FM Crd

X, Opx = 0.288

Fe A1 GOPQ
GrtOpx GOPQ
GrtBt GOPQ
GrtCrd GOPQ
M/FM Grt
M/FM Opx
M/FM Bt
M/FM Crd

Rock type: Garnet-sillimanite + cordierite gneisses

I. Model A X, ,0px (1-site Opx) = (Al/2) / 2

Xy Opx = Fe?*/ 2, X Opx = Mg/ 2

ModeOpx = 10.00
Xy 1t = 0.407
Xy Opx = 0.633

Xy Bt =0.626
Xy Crd = 0.816

X, Pl =0.572

Converted (final)
914°C 9.10 Kbar
914°C 9.10 Kbar
914°C 9.10 Kbar
914°C 9.10 Kbar
0.500
0.669
0.671

0.783

Mode Bt = 10.00

Xy, Grt = 0.019

X, Opx = 0.065
X,;Bt =0.022
X, Crd =0.001

Mn

X, Pl =0.011

Initial and converted P-T estimates and mineral compositions

Initial
813°C 9.06 Kbar
641°C 6.84 Kbar
659°C 7.06 Kbar
748°C 8.20 Kbar

0.435

0.690

0.711

0.817

II. Model B X, Opx (1-site Opx) = (Al/2) / sum

Xy, Opx = 0.641

Converted (final)
919°C 9.15 Kbar
919°C 9.15Kbar
919°C 9.15 Kbar
919°C 9.15 Kbar
0.501
0.669
0.670

0.782

Where sum = Fe?* + Mg + Mn + Ca + (Al/2). X Opx = Fe?*/ sum

X, Opx = 0.066

Initial and converted P-T estimates and mineral compositions

Initial
814°C 8.97 Kbar
640°C 6.73 Kbar
658°C 6.96 Kbar
748°C 8.10 Kbar

0.435

0.690

0.711

0.817

Mode Crd = 10.00
X, Grt = 0.044
TotOpx = 1.010

X;Bt = 0.096

Difference
101°C 0.05 Kbar
273°C 2.26 Kbar
256°C 2.04Kbar
166°C 0.90 Kbar

0.066
—-0.021
-0.040

—0.034

TotOpx = 1.021

Difference
104°C 0.18 Kbar
279°C 2.41 Kbar
261°C 2.19 Kbar
117°C 1.04 Kbar

0.067
—-0.022
-0.040

-0.036
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FIG. 7. Global distribution of UHT regionally metamorphosed terrains.

signify anomalously high thermal input, which is of
fundamental importance in understanding the P-T
structure and related petrological processes of the
lower crust. Speculations regarding the cause of
the high thermal input range from influx of man-
tle-derived, hot CO,-rich fluids (Newton et al.,
1980) to radioactive heating (with or without mag-
matic input) in an overthickened continental crust
(Thompson and England, 1984; Hodges, 1991;
Huerta et al., 1999), magmatic under/intraplating
(Bohlen, 1987) to lithospheric/crustal thinning with
or without magmatic input (Oxburgh, 1990). Each
individual area requires careful study to test the
applicability of these models, inasmuch as many
new concepts are offered for ultrahigh-temperature
metamorphism (Harley, 2004). Although it has long
been established that what drives metamorphism
and metamorphic processes is heat, the thermal
source remains enigmatic (Jamieson et al., 1998).
The distribution and transport of heat through

crustal rocks have not been ascertained in much
detail (Treloar and O’Brien, 1998). Identifying the
source of adequate heat to achieve the peak temper-
atures that is required by UHT metamorphism has
been the real concern for metamorphic petrologists.
It is now generally accepted that regional granulite-
facies metamorphism requires an input of extra heat
over and above that which is available from a thick-
ened crust (Ashwal et al., 1991). P-T-t paths recov-
ered from high-grade granulites are controlled by:
(a) thermal perturbation and (b) relaxation of ther-
mal perturbation toward a steady state. In order to
produce temperatures in excess of 900°C, syn-post
accretion of mantle-derived magma is necessary to
enhance the total heat buget. Models of magmatic
underplating in crust of normal thickness involving
the dominance of mafic magmatic intrusives in the
lowermost crust would also produce elevated geo-
therms. Moreover, dehydration melting experiments
on hydrous silicates require an exira heat input, and
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TABLE 4. UHT Terrains in the World

UHT terrains UHT rock types Reference(s)
Southern granulite belt, India Sapphirine-granulites Raith et al.,1997
Marble Satish Kumar, 2000

Eastern Ghats belt, India

Napier Complex, Antarctica

Raur Group, East Antarctica

Ouzzal Complex, Algeria

Andriamena, Madagascar

Mollendo-Camana, Peruvian Andes

Andpolis-Itaugu Complex, Brazil

Rogaland, Norway

Saxon Massif, Germany
Schwarzwald, Germany
Epupa Complex, Namibia

Highland Complex, Sri Lanka

Garnet-granulites
Sapphirine-granulites
Sapphirine-granulites

Mafic granulites

Spinel-granulites
Sapphirine-granulites
Sapphirine-granulites

Garnet-granulites

Sapphirine-granulites
Garnet-granulites
Sapphirine-granulites
Sapphirine-granulites

Sapphirine-granulites

Garnet-Opx-Sill gneisses

Corundum-granulites

Magnesian-granulites

Aluminous-gneisses

Sapphirine-granulites

Granitic gneisses

Sapphirine-granulites
Garnet-granulites

Garnet-Opx granulites

Sapphirine-granulites

Garnet-granulites

Nandakumar and Harley, 2000
Prakash and Arima, 2003
Sajeev et al.,2004
Prakash et al., 2006a

Dasgupta et al., 1995
Mohan et al., 1997
Sarkar et al., 2003
Santosh et al., 2004

Harley and Motoyoshi, 2000
Hokada, 2001
Tsunogae et al., 2002
Hokada et al., 2004
Hokada and Harley, 2004

Harley,1998b

Ouzegane et al., 2003

Paquette et al., 2004

Martingole and Martelat, 2003

Moraes et al., 2002

Moller et al., 2002

Rotzler and Romer, 2001
Marschall et al., 2003
Brandt et al., 2003

Sajeev and Osanai, 2004
Santosh et al., 2004

Kontum Massif, Vietnam Garnet-Opx-Sill-Crd gneisses Osanai et al., 2004
Lewisian Complex, Scotland Sapphirine-granulites Baba, 2003,2004
dehydration melting plays a vital role during the Acknowledgments
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