
67
The Cawlian Minzralogist
Vol. 36, pp.67-86 (1998)

FELDSPAR THERMOMETRY A VALUABLE TOOL FOR DECIPHERING THE THERMAL
HISTORY OF GRANULITE-FACIES ROCKS, AS ILLUSTRATED WITH METAPELITES

FROM SRI LANKA

PETER RAASEI

Mineralogisch-Petrographisches Insritut der llniversitdt KieI, Olshausenstn 40, D-24098 Kiel, Germany

ABSTRACT

Tlvo-feldspar geothermometry is applied to granulite-facies metapelites from the Highland Complex ofSri l,ank4 for which
very high peak temperatures of met?morphism have been inferred. TWo-feldspar thermometry can be applied, even where only
one feldspar has preserved its original bulk-composition in terms of Al-Si content, in spite of or because of unmixing to perthite
or antiperthite. Different methods of integration of the unmixed feldspars to get the original bulk-composition are evaluated.
Several types of feldspar assemblages are distinguished: (1) disequilibrium and near-equilibrium pefthire - plagioclase
pairs (several generations), (2) disequilibrium antiperthite - perthite pairs, (3) single mesoperthite, (4) near-equilibrium
antiperthite-mesoperthite pairs. The highest temperatures, above 900oC, are derived from antiperthite porphyroclasts with
evenly spaced exsolution lamellae and rods, from antiperthite - mesoperthite pairs, and from perthite inclusions in garnet
porphyroclasts. The causes for the preservation of temary feldspar compositions are discussed. Feldspar recrystallization in
response to strong deformation is related to thrusting of the Highland Complex onto the Vijayan Complex. It occurred at
about 830-900'C. In the main part of the Hightand Complex, the feldspars recrystallized at ca. 680-:760"C. Mylonitization
along the Digana shear zone took place at about 7l0oC. Late retrograde recrystallization or growth of feldspar rims occurred
in the range 460-590oC. Tlvo-feldspar geothermometry combined with published geochronological data reveal new insights in
the metamorphic evoludon of the Highland Complex of Sri Lanka.

Keywords: feldspar thermometry, antiperthite, perthite, mesopertlite, metapelites, granulite facies, metamorphic evolution,
Sri Lanka.

SoNavens

La g6othermom6trie fond6e sur la coexistence de deux feldspaths a 6t6 appliqu6e aux m6tapdlites recristallisdes i une
temFrature aPparemment trds 6ley6e, au facids granulite, dans le socle dit Highland, au Sri Lanka. Cette approche se veut utile
mOme th oi un seul des deux feldspaths pr6sents b l'origine subsiste avec sa composition globale Al-Si originelle, malgr6 les
effets d'une exsolution pour donner soit une penhite, soit une antiperthite. On peut utiliser de diff6rentes mdthodes d'int6gration
des feldspaths exsolv6s pour en oblenir 1a composition globale originelle. Plusieun types d'assemblages sont prdsents: (1) paires
perthite - plagioclase (en plusieurs gdn6rations), en d6s6quilibre ou presqu'en 6tat d'6quilibre, (2) paires antiperthite - perthite
en d6s6quilibre, (3) grains isolds de m6soperthite, (4) paires antiperthite - m6soperthite prds de 1'6tat d'6quilibre. Les
temp6ratures les plus 61ev6es, d6passant 900oC, sont ddriv6es de porphyroclastes d'antiperthite d6montrant un espacement
constant des lamelles et de batonnets d'exsolution, provenant de paires d'antiperthite et de m6soperthite, et d'inclusions de
perthite dans des porphyroclastes de grenat. Les iauses de pr3servation dis compositions ternaires sont 6valu6es. La
recristallisation des feldspaths accompagnant une forte d€formation serait li6e au chevauchement du socle Highland par dessus
le complexe de Vijayan, A une temp&atue entre 830 et 900oC. Dans la partie principale du socle de Highland, les feldspaths
6n1 lesri5tqlli5{ } environ 680-760oC. La mylonitisation le long de la zone de cisaillement de Digana a eu lieu d environ 7l0oC.
Une recristallisation tardive r6trograde ou une surcroissance de feldspath s'est form6e d environ 460-590'C. La
g6othermom6trie fondde sur la coexistence de deux feldspaths, 6valu6 tr la lumidre des donn6es g6ocbronologiques d6jtr dans
la litt6rature, rdvBle des aspects nouveaux de l'6volution m6tamorphique du socle Highland du Sri Lanka.

Mots-clds: thermom6trie des feldspaths, antiperthite, perthite, m6soperthite, m6tap6lites, facids granulite, 6volution
m6tamorphique, Sri Lanka.
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INrnooucrroN

Two-feldspar geothermometry improved by thermo-
dynamic modeling of ternary feldspars (Fuhrman &
Lindsley 1988), based on the experimental data
by Seck (l97la, b), and further modified for the
application to slowly cooled rocks by Kroll et al.
(1993), is shown to be a valuable tool for deciphering
the temperature development from high-grade to
retrograde stages of metamorphism of granulite-facies
rocks. Assuming that the Al-Si exchange between
plagioclase and alkali feldspar ceases at high
temperatures, whereas alkali exchange continues
during cooling, a minimum temperature of feldspar
equilibration or recrystallization can be derived. The
composition of the feldspars that coexisted at the time
of closure of intercrystalline Al-Si exchange may be
calculated by reversing the K-Na exchange through
shifts of the Ab,Or contents of both feldspars at
constant An content until the equilibrium tie-line and
the common isotherrn on the ternary feldspar solvus are
found (Kroll et al.1993).

During cooling below the closure temperature for
intercrystalline Al-Si exchange, the alkali feldspar
exsolves and, by intracrystalline Al-Si and coupled
Ca-K,Na exchange, the Ca partitions into the exsolved
strings of plagioclase. The plagioclase grains, while
exchanging K-Na with the exsolving alkali feldspar,
may remain homogeneous, but may also exsolve and
transform into antiperthite. In high-grade metamorphic
rocks, antiperthite is rather common (e.9., Heinrich
1956, Sen 1959); however, probably because of the
commonly coarse and irregular exsolution-related
bodies, few attempts have been made to determine the
original composition of the ternary feldspar and
the temperature of its formation (cf Sen 1959,Lamb
1993, Snoeyenbos et a\.1995, Braun et al. 1996).

In the pelitic granulites of the Highland Complex
of Sri Lanka (Fig. 1), antiperthite with evenly spaced
rods and lamellae of K-feldspar is widespread. Bulk
compositions of the antiperthite indicate very high peak
temperatures of metamorphism. Evidence for very high
temperatures (about 900"C) in different parts of the
Highland Complex is provided by the occurrence of
inverted pigeonite and other exsolved high-temperature
pyroxenes (Schenk et al. 1.988,1991), as well as the
paragenesis sapphirine + qvafiz (Osanai 1989). High
estimated temperatures also have been obtained from
alkali feldspar that recrystallized after near-peak
granulite-facies deformation in the eastern part of
the Highland Complex (about 850'C, Yoll et al. 1994)
and from garnet-orthopyroxene geothermometry
(700-900"C, Schumacher et al. 1.990, Faulhaber &
Raith 1991, Schumacher & Faulhaber 1994).

This study applies two-feldspar geothermometry to
different types of disequilibrium and near-equilibrium
feldspar pairs in metasedimentary rocks from the High-
land Complex of Sri Lanka. The highest temperatures

are derived from the bulk composition of antiperthite
with evenly spaced exsolution lamellae and rods.
Furthero pairs of ternary feldspars that unmixed into
antiperthite and mesoperthite have been found to lie
on a common isotherm near 900oC. The causes for
the preservation of high-temperature ternary feldspar
compositions are discussed.

GeoLocrcer SETTING, MsrAMoRPtilstu, aNp P-T PerH

The Highland Complex of Sri Lanka constitutes a
broad high-grade metamorphic belt through the central
part of the island, bordered by two granite-gneiss
terranes Gig. 1). It consists of a layered sequence of
metasedimentary and concordant metamorphosed
igneous rocks. In most parts of the Highland Complex,
metapelites, metapsammites, quartzites, marbles, and
calc-silicate rocks are interlayered with charnockites
and metabasites. The present paper is focussed on the
metapelites of the Highland Complex. In the western
and southwestern part, migmatitic garnet- and
cordierite-bearing metapelites and charnockitic
gneisses predominate. In the eastern part, especially
above a near-horizontal thrust boundary against the
Vrjayan Complex (Fig. 1), metasedimentary as well
as magmatic rocks were strongly deformed, with
development of a strong flattening-induced foliation,
stretching lineation, and isoclinal folds (Kriiner er aL
1994b, Voll & Kleinschrodt 1991, Kleinschrodt 1994).
The whole layered sequence was folded into km-scale
upright open folds coaxial with the older stretching
lineation. Flattening, s6e6hing and folding essentially
occurred during granulite-facies conditions. In response
to high-grade deformationo the feldspar matrix of the
rocks recrystallized thoroughly, and large plates of
quartz developed. Single crystals of platy qtartz arc
0.2-l mm thick and 5-25 mm in length, indicating a
flattening of previously isometric grains to about
l/25th of ther original thickness (Voll & Kleinschrodt
1991). In localized shear zones, ductile deformation
continued to lower temperatures.

In spite of the sffong deformation and
recrystallization of the rocks, relics of older cm-size
unmixed feldspar and orthopyroxene grains are found
and give evidence for very high temperatures of peak
metamorphism (about 900'C: Schenk et al. 1988,
1991, Raase & Schenk 1994).T\e preliminary results
given by Raase & Schenk (1994) on relict antiperthite
and mesoperthite from metapelites are elaborated in the
present study. The retrograde P-T path in the Highland
Complex is characterized by isobaric cooling from very
high temperatures prior to uplift (Schenk et al. 1988,
1991, Schumacher et al. I99O). This is indicated
by garnet + clinopyroxene coronas mantling large
grains of orthopyroxene and plagioclase, and later
orthopyroxene - plagioclase symplectites developed
between garnet and clinopyroxene in metabasites from
the eastern Highland Complex. On the other hand,
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SRI LANKA
KC - Kadugannawa Complex
KK - Kataragama Klippe
BK - Buttala Klippe
DSZ-Digana Shear Zone
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Ftc. l. Simplified geological map of Sri Lanka showing the major lithotectonic units and the sample localities. The Highland
Complex is divided into an eastern high-pressure part (>7 kbar) with garnet-sillimanite-bearing khondalitic metapelites, and
a westem low-pressure part (<7 kbar) with garnet--cordierite gneisses (heavy dashed line: Raase & Schenk 1994). The
eastern border of <2 Ga Nd model ages according to Milisenda et a l. (1994) is given by a dotted line. Other boundaries of
lithotectonic units according to the Geological Map of Sri Lanka (1982).
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patterns of inclusions in garnet porphyroblasts rn
metapelites were interpreted by Hiroi et al. (1994) to
have formed during prograde decompression, whereas
Raase & Schenk (1994) infened prograde increase in
pressure followed by temperature increase. Further,
postkinematic rims of garnet around sillimanite,
formed through the reaction biotite + sillimanite r-
qtrarLz -) garnet + K-feldspar, indicate a temperature
increase following pervasive deformation (Raase &
Schenk 1994). Autare of these conflicting lines of
evidence, Kriegsman (1993, 1996) interpreted the
garnet - clinopyroxene coronas in metabasites to have
formed during prograde increase in pressure. However,
this proposal would imply that the strong flattening-
induced deformation of the rocks occurred early during
the prograde srage, which is in contrast to the results of
Voll & Kleinschrodt (1991); turthermore, it would deny
the existence of a very-high-temperature stage prior to
the growth of the garnet - clinopyroxene coronas.

In the western part of the Highland Complex,
garnet - quartz coronas around orthopyroxene in
charnockitic rocks (Schumacher & Faulhaber 1994)
and garnet - sillimanite rims separating spinel and
quartz (Raase & Schenk 1994) indicate near-isobaric
cooling. A later corona of cordierite around garnet
indicates subsequent uplift (Raase & Schenk 1994).
Geothermobarometry on metabasic and metapelitic
assemblages suggests significantly lower pressures but
similar temperahres in the west (4-7 kbar, 600-850'C)
as in the east (7-10 kbar, 700-900oC: Schumacher &
Faulhaber 1994, Raase & Schenk I994).T1te spread in
the P-T estimates can be attributed in part to variations
reflecting different stages of the cooling path where
cation exchange was frozen in, and in part to problems
inherent in the geothermobarometric models (1.e.,
inaccurate activity models for the coexisting minerals
and local retrograde cation-exchange, which affected
different minerals to a different extent).

On the basis of Nd model ages, the Highland
Complex has been divided by Milisenda et al. (1988)
into an older (2-3 Ga) eastern-southwestern part,
and a younger (l-2 Ga) northwestern part ("Wanni
Complex" according to Kr<iner et al. 1991), which
includes the Western Granite Gneiss and the
Kadugannawa complexes (Fig. l). Most of magmatic
activity occurred at 1.8-1.9 Ga in the eastern and at
0.8-1.1 Ga in the western part (Hitlzl et al. 1994).
Sedimentary and igneous rocks of the two different Nd
age provinces were metamorphosed at about 610 Ma
(176lzl et al. 1994) and cooled to the closure temperature
for Rb-Sr exchange in biotite at about 460 Ma (116lzl et
al. l99l).

CHenacreRrzATroN oF THE Fr,Llspans

In spite of processes of deformation,
recrystallization, cation exchange and exsolution,
which modified the original feldspars in the metapelites

and semipelites from the Highland Complex, several
types of feldspar assemblages can be distinguished:
(1) recrystallized perthite and plagioclase (several
generations), (2) antiperthite porphyroclasts located
beside recrystallized perthite and plagioclase, (3)
single grains of mesoperthite, (4) antiperthite and
mesoperthite (a) in various layers of banded metapelite,
and (b) as porphyroclasts set in a recrystall2ed matrix
of perthite and plagioclase. Each type is described
below.

Recrystallized perthite and plagioclas e

This flust type of feldspar assemblages is the most
common, and several generations of perthite and
plagioclase may be distinguished within one specimen
of metapelite.

In strongly flattened garnet - sillimanite gneisses
(khondalites) near the thrust boundary toward the
Vijayan Complex, feldspars recrystallized in response
to the main high-temperature deformation. This
thrust-related deformation most probably occurred
prior to the peak of granulite metamorphism, since thin
prograde reaction rims of garnet and alkali feldspar,
which developed between sillimanite and quartz,
have not been sheared off (Raase & Schenk 1994).
Finely laminated samples of metapelite closest to
the thrust boundary display this reaction texture
and are almost unaffected by retrograde alteration,
except for exsolution of the alkali feldspar and late
recrystallization on grain boundaries. In these rocks,
perthite and plagioclase display a granoblastic-polygonal
texture with high-angle grain boundaries (Fig.2a).
Perthite and plagioclase occur in separate lenses or
layers, suggesting recrystallization of larger primary
grains. Grains of alkali feldspar consist of string
perthite, whereas plagioclase is apparently not
unmixed. Exsolution of coatse strings ofplagioclase in
the alkali feldspar occurred during cooling, probably
enhanced by late-stage deformation. Further, grain
boundaries of alkali feldspar locally became indented,
and a late generation of very fine-grained feldspar
crystallized (Fig. 2b). This fine-grained alkali feldspar
lacks coarse strings, but later exsolved very fine strings
and films oriented parallel to the commonly observed
Murchison plane (near 601). Film perthite is also found
in between the primary coarse strings and at the rim of
the coarser grains (Figs. 2b, 3b, 4b). Fine-scale strings
and films are perfectly coherent and exsolved at
300-350oC in a metastable disordered structural state
(Evangelakakis et al. 1993).

In most parts of the eastern and western Highland
Complex, the laminated texture of the metapelites,
formed during early granulite-facies metamolphism,
is more or less obscured by grain coarsening due to
static annealing (Voll & Kleinschrodt 1991), later
deformation, and recrystallization of the feldspar
matrix. Coarse string perthite is rare in such samples
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Flc. 2. Photomicrographs showing textures ofexsolved feldspars in metapelites from the Highland Complex. (a) Polygonal
aggregate of string perthite recrysr4llized in response to strong deformation at granulite-facies conditions. Laminated garner
- sillimanite gneiss from the basal part of the Highland Complex. Sample 398, oblique polars. (b) Coarse string perthite @
and low-temperature products of recrystallization (tr). Metapelite from the southeastern Higbland Complex. S"-Fle 397,
crossed polars. (c) Coarse-grained leucosome perthite (I) with locally coarsened strings and recryshiized peflhirc (tr)
yilh very fine strings. Migmatitic garnet - cordierite gneiss from the south. Sample 655, crossed polars. (d) Exsolved
K-feldspar rods cutting perpendicular to the c axes of an antiperthite porphyroclasi are rather evenly distributed though
obviously nucleated at albite twin lamellae. Garnet - cordierite gneiss, western Highland Complex. Sample 18, crossed
polars. (e) Antiperthite showing two sets of K-feldspar exsolution lame1lae, approximately parallel to (2lT) and (541), Iocal
rods parallel to c, and albite twin lamellae. Gamet - cordierite gneiss, western Highland Complex. Sample 461, crossed
polars. (f) Polygonized mesoperthite exsolved after deformation and recrystallization. Strongly hanened, laminated garnet
- sillimanite gneiss, easrern Highland Complex. Sample 331, oblique polars.
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Ftc. 3. Back-scattered electron images of ternary feldspars fiom two adjacent layers in a

sillimanite - biotite - garnet gneiss (sample 314): (a) antiperthite with 33 vol.% of

K-feldspar lamellae (light) and locatly coarsened plagioclase blebs; (b) mesoperthite
with 44 vol,Vo of exsolved plagioclase lamellae (dark) and K-feldspar lamellae (ight)

ssntaining fine films of secondary albite.

Fro. 4. Back-scattered electron images of relict gains of perthite and antiperthite from a

garnet - sillimanite gneiss (sample 391a): (a) antiperthite with bifurcating K-feldspar

lamellae (34 vol.Vo); (b) perthite with coarse plagioclase strings (4I vol.%a)' and fine

films of secondary albite (dark).

and largely replaced by alkali feldspar containing very
fine strings and films. Coarse string perthite is only
preserved in coarse feldspar in leucosome horizons
(Fie. 2c).

Antiperthite

Antiperthite porphyroclasts, though observed
as relics in all parts of the Highland Complex, are
most common in the migmatitic plagioclase-rich
cordierite - garnet gneisses from the western paft.
These rocks are deformed and partly recrystallized to

perthite and plagioclase, but large grains of antiperthite
with a rather homogeneous exsolution texture are still
preserved. Exsolution textures in antiperthite are quite

variable, with orthoclase rods and lamellae of different
orientations (Figs. 2d, e). Rods and lamellae of the
K-rich phase are generally <20 pm in thickness, but
locally coarsened exsolution-induced bodies occur as
well. The exsolved rods and lamellae nucleated at twin
boundaries or other crystal imperfections but, in large
grains with evenly spaced albite twin lamellae, the
exsolution bodies are quite homogeneously distributed

Gigs. 2d, e). Optical studies show that all the exsolved
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rods and lamellae of K-feldspar within a plagioclase
host have the same lattice orientation. However. three
distinctly different sets of orientation have been found
from X-ray precession photographs of antiperthite from
Sri Lanka (Evangelakakis et al. l99l). Unmixing must
have occurred after deformation of the rocks, since the
narrowly spaced and commonly wedge-shaped and
bent twin lamellae most probably formed in response to
this deformation.

Single mcsoperthite

Mesoperthite with fine exsolution-induced lamellae
(0.5-5 pm wide) is found as the only feldspar in a
strongly flattened sillimanite - garnet gneiss in the
central part of the Highland Complex (sample 331, Fig.
1). In response to deformation, the fine-grained alkali
feldspar in this sample of khondalite is polygonized,
with subgrain boundaries (Fig. 2t), and partly
recrystallized, with hi gh-angle boundaries. Unmixing
occurred after deformation and recrystallization at
relatively low temperatures and infened dry conditions,
in view of the homogeneous exsolution-induced texture
and the nrurow spacing of the lamellae. Coarsening of
the exsolution lamellae to about 5 pm is observed near
the high-angle boundaries as well as near subgrain
boundaries, whereas in the core of the subgrains, the
width of the lamellae grades to a submicroscopic
size. Clear rims devoid of exsolution lamellae locally
developed at high-angle boundaries, but rarely at
subgrain boundaries.

Antip e rthite and me s o p e rthit e

Similar mesoperthite to that in sample 331 was
found in one layer of a banded metapelite (sample
314). ln an adjacent layer, antiperthite occurs next to
recrystallized plagioclase without an exsolution Fxture.
The antiperthite, in some grains or parts of grains,
displays a similar lamellar exsolution-induced texture
to that in the mesoperthite, but with a higher proportion
or rather greater width of the plagioclase lamellae
compared to the lamellae of the K-rich phase (Figs. 3a,
b). In other grains, coarsening obviously occurred,
yielding lensoid bodies ofthe plagioclase phase and
thickened lamellae of the K-rich phase adjacent to the
lensoid bodies (Fig. 3a).

In spite of strong deformation recorded in the
metapelites, rare porphyroclasts of antiperthite are
preserved near the eastern thrust-boundary (sample
39la). The polphyroclasts display lamellar patterns of
exsolution similar to those in mesoperthite. Although
the proportions of plagioclase and of the exsolved
K-feldspar phase are roughly 2:1, the exsolution lamellae
of plagioclase tend to have a convex outline as in
perthite, whereas the K-rich phase forms thin bifurcating
lamellae (Fig. 4a). The feldspar matrix of the garnet -
sillimanite gneiss consists of fine-grained perthite with

only a few porphyroclasts of antiperthite and a few
larger grains of perthite. The latter, which contain a
high percentage of lensoid exsolution bodies of
plagioclase (Fig.  b), may have coexisted with the
antiperthite during the peak of metamorphismo before
unmixing and before deformation.

Fprospan GeorrnnvowrRy

Re -inte gratittn of exs olv ed feldspars

Re-integration of the original composition of
perthite, mesoperthite, and antiperthite was done by
fwo different methods. Firstly, in the case of fine-scale
exsolution textures (lamella spacing <5 pm) in perthite
and mesoperthite, re-integration was done by doing
a sufficiently large number of electron-microprobe
analyses with a slightly defocussed beam, which
automatically scanned an atea of about 2O x 20 trtm,
Traverses across exsolved grains were done
manually, avoiding imperfections in the polish and
inhomogeneously exsolved grain parts, especially at
margins. Averaging the results of 10 to 20 analyses
was generally sufficient to give reproducible results.
However, this microprobe re-integration technique
involves a systematic matrix-effect error. During
the scan, the microbeam excites areas of different
composition in the grain of exsolved alkali feldspar.
Although different compositions require different
absorptiono fluorescence and atomic number corrections,
the computer program calculates corrections based
on a non-existent homogeneous phase. The resulting
error in the averaged composition may be small, as
suggested by Bohlen & Essene (1977). However, a
comparison of the results obtained by this technique
with those obtained by the second technique applied,
image analysis, shows that the bulk compositions of the
alkali feldspar obtained by the first method are too low
in Ca. In order to assess this error, the area for the
microprobe sganning analysis was chosen to cover two
portions of lamellae of exactly the same size in a
coarsely unmixed grain of mesoperthite. A comparison
of the result of this analysis (48.3% Ab, 45.l%o Or,
6.6Vo An) with the bulk composition (47.l%o Ab,44.3Vo
Or,7.3Vo An) calculated from the separately analyzed
compositions of the two feldspar phases, suggests a
relative error due to matrix effect of about lOVo for the
An content and2Va for the Or content. This error in An
content of the alkali feldspar yields two-feldspar
temperatures that are too low by about 10-20'C. On
the other hand, a relative error of 2Vo in Or content of
a grain of antiperthite will give higher temperatures
by about 5-10'C. The errors in proportion ofAb-An
components of the plagioclase and of Ab-Or
components of alkali feldspar are insensitive to the
calculated rwo-feldspar temperature, since the solvus
isotherms are nearly parallel to Ab-An and Ab-Or
joins of the ternary feldspar system.
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Secondly, the composition ofthe unmixed phases of
sufficiently coarse grains ofperthite and antiperthite
was analyzed by electron microprobe using a slightly
defocussed beam in order to prevent Na evaporation,
and in order to re-integrate very fine second-stage
strings or lamellae. Then, the volume percentage of the
exsolution bodies and host was estimated by computer
image analysis of back-scattered electron (BSE) images
or images of K, Ca, or Na distribution in selected
sections of grains cut approximately perpendicular
to the exsolved lamellae, rods or spindles. Very fine
lamellae of secondary albite were generally included
in the volume percentage of the K-rich phase, except
for one sample of perthite (398), in which strings of
primary and secondary plagioclase and host K-feldspar
were analyzed separately. In order to take into
account any change of lamella thickness through image
processing, the thickness of some lamellae or
strings in the original BSE image was compared with
the corresponding thickness in the final analyzed image
obtained after contrast enhancing. The volume
percentages of lamellae and host were converted to
weight percentages using densities from Triiger (197 l)
for plagioclase, and from Smith & Brown (1988) for
alkali feldspar. The bulk molar composition was
obtained from the weight percentages and the
composition of the exsolved phases.

The second method is favored, since it largely
avoids the matrix-effect error described earlier. Further-
more, although chemical heterogeneities in the K-rich
phase due to late secondary exsolution may result in an
error in the K-Na ratio of the bulk alkali feldspar, this
does not yield a significant error in the two-feldspar
temperature, since the isotherms are nearly parallel to
the Ab-Or join (see below). The error in An content,
which could have a significant effect on the temperature
calculated, must be small, because the integrated
secondary exsolution lamellae are Ab-rich and An-poor,
so that the An content of the bulk alkali feldspar
is mainly determined by the An content (and volume
percentage) of the strings of primary exsolved
plagioclase. A variation in the An content of the
plagioclase sfings has not been detected, although it
was not possible to make point analyses very close to
the rim of the strings, since the electron beam must be
slightly defocussed in order to prevent Na evaporation.

In case of antiperthite, some inhomogeneities in
An content of the plagioclase host were detected, with
an increase of up to 5Vo An near the K-feldspar
exsolution-induced bodies (samples l8 and 238). The
error in bulk An content of the integrated antiperthite
should, however, be less than2Vo, resulting in only
insignificant errors in inferred temperature.

The largest error in composition and derived
temperature is clearly due to heterogeneities of the
exsolution texture, although much care was taken to
avoid the rim portion of the grains and domains with a
coarsened exsolution texfu re.

Dis equilibrium p erthite-plagioclas e pairs

Table 1 lists the integrated bulk-composition of the
alkali feldspar perthite in terms of mol%o Ab, Or, An
and Cn, the composition of coexisting unexsolved
plagioclase, the recalculated compositions obtained by
reversing the intercrystalline K-Na exchange according
to Kroll et al. (1993), and the two-feldspar temperature
values calculated with Margules parameters from
Fuhrman & Lindsley (1988), Lindsley & Nekvasil
(1989), and Elkins & Grove (1990). Recalculation was
done by aid of the computer programs F-THERM,
L-THERM, and E-TIIERM (lkoll et a\.1993), which
are modified versions of M-THERM3 by Fuhrman
& Lindsley (1988). The temperature data represent
the closure temperatures for intercrystalline Al-Si
exchange and may thus be regarded as minimum
temperatures. However, the calculated temperafures
should be close to temperatures of peak metamorphism,
since Al-Si exchange is very slow, even at high
temperatures (Grove et al. 1984, Yund 1986, Liu &
Yund 1992), where dry conditions typical ofgranulite-
facies rocks prevail.

The celsian component (Cn) is very low in the
plagioclase, but amounts up to 1.2 mol%o in the alkali
feldspar. Ttvo-feldspar temperatures computed with
Cn according to Fuhrman & Lindsley (1988) are higher
by up to 27"C than those ignoring Cn. Temperatures
calculated with Margules paftmeters (lV) of Lindsley &
Nekvasil (1989) are generally lower by about 10-30oC,
and in some cases, by more than 50oC, than those
calculated with ltrl values from Fuhrman & Lindsley
(1988). In contrast, two-feldspar temperatures
calculated with I4lvalues from Elkins & Grove (1990)
are higher by about 40-50"C (Table l). Since the
Fuhrman & Lindsley (1988) temperatures corrected
for K-Na exchange (excluding Cn) compare quite
well with temperatures estimated from garnet -

orthopyroxene thermometry (Schumacher & Faulhaber
1994), these fwo-feldspar temperatures are considered
in the text that follows.

The analyzed and calculated compositions of
recrystallized manixfeldspars in the metapelites are
plotted in Aa-Ab-Or diagrams (Figs. 5a, b). In the
strongly flattened gamet - sillimanite gneisses ftom the
lowermost tectonostratigraphic part of the Highland
Complex in the southeast (samples 391a,b,397,398,
Fig. 1), two-feldspar lemperatures for core compositions
of perthite and plagioclase are in the r4nge 835-900'C
(Table 1). As shown in Figure 5a, the analyzed
plagioclase and alkali feldspar compositions do not plot
on the same isotherm, suggesting that the plagioclase
lost most of its Or content, whereas the perthite
retained relatively high An contents. By reversing the
K-Na exchange, the plagioclase becomes much more
Or-rich, whereas the Ab component of the alkali
feldspar changes only little. This is due to the low ratio
of plagioclase to alkali feldspar in the metapelites. The
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TABLE I. COMPOSMONS (ANALYAD AND CALCI,JI.ATED) AND TEMPERATTJRES FOR FELDSPAR PAIRS FROM
PELITIC GRANTJLITES OFTTIEHIGHLAND COMPLEX SRI LANKA

Sample Method Feldspar Cmposition C (FL+Cn) C (FI-) C (LN T(FLrCn) T (FL) T(Ll9 T(EG) P

Ab Or An Cn Ab Or Ab Or Ab Or ("C) eC) ("C) ("O &b8)

75

Feldspm Aom strongly flanened gmet*illimits greiss
39la A Pl cm t3.3 1.3 15.4 - 67.6 17.0 62.2 lt.4 722 12.4

B Af m 32.8 62.5 4.4 0.3 39.6 55.7 38.8 56.8 412 53.4 890 900 &41 935 l0
A Pl rim E3.9 0.9 152 - t32 1.6 83.1 1.7 83.8 1.0
A Afrim ll.0 tt.4 0.1 0.5 ll.7 t'l;l ll.t t8.t 8.6 91.3 449 456 380 478 4

39lb A Plcore 75.5 l.t 22.6 0.1 U.9 12.4 64.4 13.0 67.6 9.t
B Af m 22.7 73.0 3.8 0.5 29.3 66.4 292 67.0 31.6 &.6 853 863 824 9l I l0

397 A Pl om 78.1 r.4 2o.4 0.1 6s.6 13.9 64.5 l5.l 68.7 t0.9
B Af m 31.3 63.8 4.3 0.6 33.0 62.1 32.6 63.1 35.3 ffi.4 872 Et6 t4l 932 l0
A Pl riln 80.4 1.2 18.4 - 75.6 6.0 75.3 5.3 '16.9 4.7
A Af riml 24.8 73.8 1.0 0.4 25.0 73.6 zs.l 73.9 21.7 75.3 677 6U 62s 712 5
A PI rim 80.4 1.2 18.4 - 78.3 3.3 78.1 3.5 79.1 2.5
A Afrin2 lE.5 80.6 0.4 0.5 lE.4 80.7 lt.s tl.l 162 83.4 568 576 512 601 4

398 A Pl mre 77.7 1.8 20.5 - 67.9 11.6 67.5 12.0 70.E 8.7
B Af m 26.7 70.0 3.0 0.3 29.2 67.5 29.0 68.0 302 66.8 831 835 786 87't l0
A Pl rim 78.9 1.2 19.9 - 7E.2 1.9 78.1 2.0 78.6 1.5
A Af rim 10.9 Et.6 0.2 0.3 12.t t6.7 12.9 t6.9 I l.l 88.7 491 496 43E 522 4

601 A Pl incl. 69.9 5.t 24.2 0.1 59.1 16.6 st.6 l7.l 63.0 lZ.1
B Afincl zs.s 68.1 6.1 0.3 32.1 61.5 31.8 62.1 36.5 s7.4 925 931 905 991 12
A Plmarrix 70.7 12 2E.l - 66.5 5.4 66.1 5.8 67.t 4.8
A Af matrix tt.1 79.0 1.6 0.7 20.9 76.8 Zl.0 ',17.4 zt.t 77.3 703 716 683 1ffi 6

Feldspm from metapelite lelmmc
379 A Pl 68.2 2.3 29.5 - 61.9 8.6 60.9 9.6 62.4 8.1

B Af leu. 19.8 76.0 3.4 0.t 24.6 71.2 24.5 72.2 n.E 6E.8 808 826 E09 883 8
A Pt 6t.2 2.3 29.5 - 63.r '.1.4 62.4 8.r 63.6 6.9
B Af rcryst 24.0 '12.4 2.7 0.9 22.9 '13.5 22.t 74.5 25.6 11.7 '175 791 770 t45 8

655 A Pl lew. 74.5 1.5 24.0 - 64.1 I1.9 63.2 l2.t 65.6 10.4
B Af l€rc. 32.1 63.1 4.3 0.5 31.9 63.3 31.6 U.l 35.0 60.7 859 871 845 922 7
A Pl recrysl '14.5 12 24.3 - 68.5 72 67.9 7.8 69.1 6.6
A Af Eryst 27.1 70.2 2.1 0.6 26.6 70.7 25.9 72.0 27.5 70.4 749 763 729 803 5

Feldspm fron rcrystatlizd metapelites
44 A Pl 74.1 2.0 23.8 0.1 70.8 5.4 70.0 6.2 7r.3 4.9

A 
'Af 

t9.3 78.s 1.3 0.9 2t.3 76.5 21.9 76.7 22.s 76.1 6U 7t1 666 749 7

372 A Pl rin 62.3 1.3 36.3 0.1 61.6 2.0 61.5 22 61.6 2.1
A Af rim 12.7 85.9 0.6 0.E 12.5 86.1 12.7 86.7 14.7 84.7 556 s69 ss2 608 4

lE A PIm 65.2 1.9 32.9 n.d.
B Af m 14.3 U.3 1.4 n.d.
A Pl ri in 59.8 l. l  39.1 n.4
A Af rim 12.0 E'1.4 0.6 rd.

62.6 4.s 63.0 4.1
18.3 80.3 20.9 77.7 6t5 667 732 5
5t.9 2.O 58.9 2.O
12.7 t6.7 I5.0 U.4 564 555 605 3

461 A Pl ore 66.2 0.7 33.1 - 60.9 6.0 ffi.4 6.5 61.0 5.9
B Af mre 16.3 80.7 2.4 0.6 22.1 74.9 22.1 75.5 zs.s 72.1 750 1il 753 817 5
A Pl rim 66.2 0.7 33.1 - 9.4 2.5 64.2 2.7 9.4 2.5
A Af rim 13.6 t5.2 0.7 0.5 14.4 U.4 14.5 84.t 16.4 82.9 5Et 593 571 633 3

Celculatedmpositim (Q md tenpemnrc (f) obtainedby revmingtho K-Na achmge rccording !o Krctl etal. (lD3):

FL - with Mrgule pameten (Ws) &om Fuhom & Lindsley (19t8), FL+Cn - *ne ircluding the celsim 6mpomt, LN - vith W's from Lindsley &
Nekvnil (1989), EG - with W's from Elkim & Grove (1990). Method A: microprcbs rcintegmtio4 method B: image malpis.
Protm re stimated applying the Grt-Pl-SiVKy-Qe geobmettr (Koziol & Newton l9E8), q obtained from Schwher & Faulhaba (1994)
applying the ft4px-Pl-Qtz g€ob€rcmetsr (Nryton & Psrkim I 982).
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An
r Analyzed

o Calculated

70OCl6 kbar

800'c'l
|8 kbar

900"c J

Ab
ftc. 5. Analyzed and calculated compositions of recrystallized perthite - plagioclase pairs

in (a) strongly flattened garnet - sillimanite gneisses from the basal part of the
Highland Complex, (b) metapelites from the central and western part of the Highland
Complex. Isotherms according to the model ofFuhrman & Lindsley (1988).

Or

two-feldspar temperatures obtained for the flattened
metapelites mark the stage of recrystallization after
strong deformation of the rocks. In the central and
western part of the Highland Complex, where the
metapeliles were less inlensely deformed, the feldspars
recrystallized at lower temperatures in the range
685-790"C (Table 1, Fig. 5b). The highest temperature,
approximately 790"C, is calculated for feldspar in
recrystallized leucosome (sample 379) from the
southeastern part, close to the strongly sheared base of

the Highland Complex (Fig. l). Since the metapelites
from the western Highland Complex (samples 18 and
461) show higher modal proportions than in the eastern
part, the recalculated compositions of the alkali
feldspar for these samples are significantly more
Ab-rich than the analyzed compositions, demonshating
clearly the effect of retrograde intercrystalline K-Na
exchange between plagioclase and alkali feldspar
(Fig. 5b). In the Digana shear zone east of Kandy
(locality 601, Fig. 1), a temperature of 716'C is
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An

Ab

obtained for the recrystallized plagioclase - perthite
pair in the fine-grained mylonitic matrix of a metapelite
(sample 601, Table I, Fig. 5b).

Indications of a high temperature of metamorphism
are given by alkali feldspar in leucosomes. A sample of
migmatitic sillimanite - biotite - garnet - cordierite
gneiss from the southem part of the Highland Complex
contains An-rich coarse string perthite in the leucosome
(Fig. 2c), ald plagioclase at the margins of the leucosome
(sample 655). A temperature of about 870"C is obtained
for this feldspar pair (Table I, Fig. 6). A slightly lower
temperature (826"C) is calculated for leucosome from
metapelite from the eastern part of the Highland Complex
(sample 379). Both samples contain more alkali feldspar
than plagioclase, and no antiperthite was found.

ln the garnet porphyroclasrs of the mylonitic
metapelite from the Digana shear zone (sample 601),
inclusions ofplagioclase aad alkali feldspar perthite are
preserved. Their compositions give a high two-feldspar
temperature (930'C, Fig. 6), probably indicating
near-peak conditions of metamorphism. The plagioclase
inclusions contain the highest observed amount of Or

r tr Inclusions
in gamet

. o Leucosome
feldspar

Or
Ftc. 6. Analyzed (closed symbols) and calculated compositions (open symbols) of

perthite - plagioclase pairs: Sample 601: feldspar inclusions in gamet; sample 379,
655: coarse leucosome feldspars. Isotherms according to Fuhrman & Lindsley (1988).

component (5.8 molTo) retained in the Sri Lankan
plagioclase without visible exsolution lamellae.

Dis equilibrium antipe rthite-p erthite pairs

For the ternary feldspar compositions obtained by
antiperthite re-integration, two-feldspar temperatures
cannot be calculated by the method. of Kroll et al.
(1993), since the re-integrated compositions of the
associated alkali feldspar perthite plot on an isotherm
for a much lower temperahrre than the antiperthite @g.
7). Obviously, the alkaii feldspar largely recrystallized
at lower temperatures, and exchanged Al-Si as well as
K-Na with the plagioclase a.fter exsolution of the latter.
Although relics of primary alkali feldspar with coarse
exsolution-induced bodies were sought for analysis,
these turned out not to be in equilibrium with the
antiperthite bulk feldspar. However, the temperature of
equilibration of the original ternary feldspar can be
estimated from the position of the isotlerms in the
ternary feldspar plot (Fig. 7)o or can be calculated by
varying the alkali feldspar composition at fixed
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An - Antiperthite,
analyzeo

,-, Alkali feldspar,- calculated

a Alkalifeldspar,
anaryzeo

Ab Or
Frc. 7. Re-integrated compositions of antiperthite and perthite, and calculated

compositions of ternary alkali feldspar which should have coexisted with the original
ternary plagioclase compositions. Samples 18,238,461: migmatitic gamet- cordierite
gneisses from the western Highland Complex. Isotherms according to Fuhrman &
Lindsley (1988).

plagioclase composition until the three temperatures
calculated on the basis of equal activities of the Ab, Or,
and An components in coexisting plagioclase and alkali
feldspar are the same.

Relics of antiperthite are found in all parts of the
Highland Complex of Sri Lanka. However, grains with
exsolution bodies sufficiently evenly spaced to be reli-
ably integrated are found mostly in the less-deformed
garnet - cordierite gneisses from the westem part of the
Highland Complex. Three samples of antiperthite have
been analyzed, one of which mainly contains K-feldspar
rods (sample 18), and the other two, both rods and
lamellae (samples 238 and 461). The integrated bulk-
compositions given in Table 2 are plotted in the
feldspar diagram, together with the calculated
composition of the alkali feldspar that should have
coexisted with the ternary feldspar (Fig. 7). Very high
temperahrres, in the range 970-990"C, result for these
antiperthite bulk-compositions if the Fuhrman &

Lindsley (1988) model is applied (Table 2). Even
higher temperatures, above 1000'C, are calculated with
Margules parameters from Lindsley & Nekvasil (1989)
and Elkins & Grove (1990).

Mesoperthite

ln a sample of flattened garnet - sillimanite gneiss
from the central part of the Highland Complex (sampie
33 1, Fig. 1), the bulk composition of the fine-grained
mesoperthite, which recrystallized after strong
deformation, indicates a temperature of 916'C by
reference to the isotherms calculated after Fuhrman &
Lindsley (1988) (Table 2, Fig. 8a). This estimate must
be taken as a minimum, since the mesoperthite does not
coexist with any plagioclase. Further, this temperature
must be too low by about 10-20'C, as the composition
of the finely exsolved mesoperthite was obtained by
integrating results of electron-microprobe analyses.

-900'c1
)z kbar

1000"CJ
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TABLE 2. REINTEGRATED ANTIPERTIIITE AND PERTIIITEA4ESOPERT}IITE COMPOSMONS
AND ESTIMATED TEMPERATTJRIS

Samplo Method Feldspa Compositi@ Calolated mneqitim T(FL) P

Ab Or An Ab Or AD ('C) (lba)

Atrtiporthite-pqthite dis€quiubrim psis

Antipertbite 53.3 17.3 29.4
Pqtlite 14.3 U,3 1.4 32.1 59.'l a.2

79

B
B

B

B
B

ADtipqthite
Pqthite

Antipqthit€
Pqtlite

30.0 61.0 9.0

35.3 56.0 8.7

49.7 t7.2 33.1
tt.z 8'r.7 1.1

s4.s t9.6 25.9
16.3 81.3 2.4

9l6c)331

Single nsnpeAlite

MtrFrthite 55.9 37.4 6,7

y283)
890b) 9

942e)
940b) l0

Antipqthitqmeorpsthite na-equil'brim pain

Atripsthite 61.9 2t.9 9.2 61.9 28.9
67.8 23.O

Mwpqthie 42.6 53.6 3.8 51.8 42.3
47.8 48.4

9.2
9.2

5.9
3.8

ADtipqthite 6t.2 28.4 10.4 61.2 28.4 10.4
6r.4 28.2 10.4

4t.6 52.3 6.1 49.8 43.9 6.3
49.t 44.8 6.t

Meopqthie

Merthod A: nilmtrobo re-i@rdi@; method B: megp oabrris; T(FL): rryerus cal@tsted yith the
Mrgul€s pE@s6s of Fuhmm & t-'adsl€y (1988).
) CololtdwiftSstwu&ldsfd6rnn€{Erglgr@modifiedtrKriletaI(1993)wihfxedplagiodase
oqcitio;).rlc-t"tedalcqditrgtoKroll eraf (1993)vifrftredAn.cmofbofrftldspm; ) -;;-sn'
@e-ftld8pa brrp€rstEe.

Near-equilibrium antiperthite-mz s operthite pairs

Antiperthite and mesoperthite found in adjacent
layers of a metapelite (sample 314) may have coexisted
before exsolution of the feldspars. During cooling,
Al-Si exchange and probably also the K-Na exchange
did not take place between the layers except in a
narrow contact-zone. The bulk compositions of
antiperthite and mesoperthite in the center of the
respective layers could thus indicate the peak meta-
morphic conditions. Figure 8a shows that the
compositions of antiperthite and mesoperthite do not
fall on the same isotherm. Further, the error in alkali
feldspar composition based on image analyses of
several grains is rather high because of heterogeneous
exsolution textures and because of compositional
variations within the mesoperthite layer. Tlvo-feldspar
thermometry based on fixed An contents (Kroll et aI.
1993) yields a temperature of 890oC and a sffi ofboth
feldspar compositions to lower Or contents Clable 2). A
lower Or content of the primary ternary plagioclase is
not likely, whereas loss of An content from the alkali
feldspar appears to be a probable process; the temperature

estimate of about 930oC calculated with fixed bulk-
composition of antiperthite may thus be more realistic
(Table2).

A strongly flattened but largely recrystallized
feldspar-rich sillimanite - garnet gneiss (sample 39la)
from near the southeastern thrust-zone (Fig. l) contains
alkali feldspar and Ab-rich plagioclase (An15)
recrystallized from antiperthite found as relics. The
bulk composition of the alkali feldspar varies within
the thin section from Ab36Or6An2 to AbarOrrrAnu, the
latter composition obtained from the core zone of
larger grains, which might be relics of the primary
alkali feldspar. A rwo-feldspar temperature of 940'C is
computed with the presumed bulk-compositions of the
primary alkali feldspar and antiperthite when calculated
with fixed An contents ofboth feldspars according to
Kroll er al. (1993), using the Margules parameters of
Fuhrman & Lindsley (1988) (Table 2, Fig. 8b). The
calculated composition of the alkali feldspar is richer in
Ab than the analyzed composition, whereas the mean
of the ternary plagioclase composition is unchanged.
This may mean that some retrograde K-Na exchange
between the coarse primary feldspars took place



80 THE CANADIAN MINERALOGIST

An

Ab Or
Ftc. 8. Re-integrated feldspar compositions from Ca-poor metapelites from the

eastern Highland Complex. The size of the symbols indicates the range of
analytical uncertainty. (a) Sample 331: recrystallized mesoperthite in a laminated
sillimanite - garnet gneiss; sample 314: mesoperthite and antiperthite from
adjacent layers of a biotite - garnet gneiss. (b) Sample 39la: relict antiperthite and
mesoperthite porphyroclasts in a sillimanite - garnet gneiss. Isotherms according
to Fuhrmar & Lindsley (1988).

before deformation, recrystallization, and unmixing.
The essentially unchanged mean composition of the
antiperthite is explained by the predominance of modal
plagioclase in this metapelite, whereas the narrowed
error-bar results from the recalculation procedure to
accommodate K-Na exchange.

Near-equilibrium, retro grade plagioclas e-perthite pairs

Rims of recrystallized fine-grained feldspar around
coarser grains offeldspar were formed in response to

late deformation of the rocks. The composition of these
rims yields temperatures of about 560-590'C in the
western and central part of the Highland Complex and
460-580'C in the strongly flattened rocks from the
southeast (Iable l). There are only slight compositional
shifts in the Or component of plagioclase resulting
from the recalculation procedure (Kroll er al. 1993),
meaning that the K-Na exchange stopped shortly after
this late recrystallization (Fig. 9). The grains of coarse
string perthite in the strongly flattened metapelites
locally exhibit two generations of rims, which could be

o Mesoperthite
(Sample 331)

Mesoperthite
and antiperthite
(314,391a)

calculated

I
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An Feldspar rims
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o o EHC, centralpart

r A Southeastem
shear zone

Ab Or
Ftc. 9. Analyzed (closed symbols) and recalculated compositions (open symbols) for

late products of feldspar recrystallization (partly rim compositions) from migmatitic
garnet * cordierite gneisses (samples 18, 461: western Highland Complex), sillimanite
- garnet gneisses (sample 372: eastem Highland Complex), and sffongly flattened
metapelites (samples 391a,397,398: southeastern Highland Complex). Isotherm
according to Fuhrman & Lindsley (1988).

analyzed separately in sample 397 (Table 1): an older
rim (l) grew at about 680oC and a younger rim (2)
formed at about 580"C. In most cases, the composition
of rim (1), which obviously formed as an overgrowth
on the coarse string perthite after or during exsolution
of the latter, changed by rerograde diffirsion, trending
toward the composition of rim (2).

DtscusstoN ewp CottcLusloNs

Different types of feldspar pairs, near-equilibrium
and disequilibrium pairs, can be used to estimate the
closure temperature for intercrystalline Al-Si exchange.
In case of perthite-plagioclase disequilibrium pairs, the
bulk alkali feldspar composition can be re-integrated,
and the ternary plagioclase composition recalculated by
reversing the intercrystalline K-Na exchange according
to the method of Kroll et al. (1993). In case of
antiperthite-perthite disequilibrium pairs, temperatures
of metamorphism can be estimated from the position of
the ternary plagioclase on the solvus. Both methods

have been applied to the antiperthite-mesoperthite
near-equilibrium pairs found in the eastern Highland
Complex.

The highest temperatures, derived from antiperthite
porphyroclasts and from perthite inclusions in garnet,
are in the range 925-990oC, and indicate near-peak
conditions of metamorphism. These temperatures
appear unrealistically high, and may result from a
nonlinear dependence of Margules parameters on
temperature and pressure. However, further evidence
for very high maximum temperatures near 900oC is
given by inverted pigeonite and other exsolved high-
temperature pyroxenes occurring in charnockitic and
metabasic layers, and by the peak-metamorphic assem-
blage spinel + quartz recognized in some metapelites
(Schenk et al. 1988,1991, Raase & Schenk 1994).
Whereas the exsolved pyroxenes could be interpreted
as magmatic relics, spinel + quartz as well as the
ternary feldspars in metapelites unequivocally indicate
an event of high-temperature metamorphism. Evidence
for very high temperatures of metamorphism has been

3e8 ,hE
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reported from adjacent terranes of Gondwana [East
Antarctica: Harley & Hensen (1990); Eastern Ghats,
India: Sengupta et al. (1990); Palni Hills, sourhern
India: Raith et al. (1997)1.

High temperatures of peak metamorphism, above
900"C, imply that the metapelites musr have been
partially molten. Leucosomes, however, though
widespread, are not volumetrically abunrlant, indicating
strongly reduced activities of HrO or fluid-absent
conditions. Extensive partial melting under fluid-absent
conditions takes place at about 850'C in metapelites
and at 950oC (at l0 kbar) in biotite-plagioclase
gneisses, with the melt production largely dependent on
the amount of biotite in the rock (Patifio Douce &
Johnston 1991, Vielzeuf & Montel 1994, Patifio Douce
& Beard 1995). The plagioclase-dominated metapelites
or, more precisely, semipelites in the western Highland
Complex, which yield very high antiperthite-derived
temperatures, should behave more like the biotite-
plagioclase gneiss studied by Vielzeuf & Montel
(1.994). The ternary plagioclase that unmixed into
antiperthite occurs in layers rich in garnet - cordierite
- biotite (restite) as well as in the leucosomes. Coarse
alkali feldspar perthite in leucosomes in the eastern
and southwestern part of the Highland Complex yield
significantly lower temperaftlres of crystallization,
in the range 830-870"C, in conformity with the higher
ratio of alkali feldspar to plagioclase in these
metapelites.

Several causes for the preservation of high-
temperature temary feldspar compositions rue
suggested from the present study:
(l) Fluid-absent conditions or low activities of H2O
during cooling after the petamorphic climax. H2O-rich
fluids would largely enhance coarsening ofexsolved
feldspars and migration of the exsolved feldspar
component to the grain margins (e.9., Parsons & Brown
1984).
(2) Early incipient exsolution, possibly induced by
deformation, will inhibit later intercrystalline exchange
of cations, thus preserving the primary bulk-composition.
(3) Coarse grain-size largely prevents iltercrystalline
Al-Si exchange, even at high temperatures. In the core
of the feldspar grains, primary bulk-compositions can
be preserved.
(4) Predominance of one feldspar reduces the extent of
intercrystalline exchange of the cations Al-Si as well as
K-Na. The composition of the predominant feldspar
does not change significantly, whereas the composition
of the subordinate feldspar phase changes significantly.
In case of a single feldspar present (e.g., mesoperthite),
no intercrystalline exchange of cations can take place.
In this case, however, only a minimum temperature is
obtained, since the feldspar composition does not need
to lie on the sohrrs at the conditions of metamorphism.
(5) Feldspars of different compositions in adjacent
domains of a rock may have coexisted at peak

conditions of metamorphism. Retrograde exchange of
cations may be confined to the contact zone between
these two domains. Outside the contact zone, primary
bulk-feldspar compositions can be preserved.
(6) Feldspar inclusions in garnet porphyroblasts can
preserve their primary bulk-composition since they are
protected against later intercrystalline exchange of
cations. In cases where they were enclosed near the
peak of metamorphism, feldspar inclusions should give
near-peak temperatures.

Several of these causes are responsible for the
preservation of primary compositions in the feldspars
studied, i.e., fluid-absent conditions, coarse grain-size,
and the predomin4lse ofone feldspar. Together, these
factors led to the preservation of the primary bulk-
composition of the antiperthite porphyroclasts.
Concerning the frner-grained generations of feldspars
formed through recrystallization at lower temperatures,
the effect of smaller grain-size counteracts the effect of
lower diffusion-rate. Whereas the recrystallized
plagioclase does not exsolve alkali feldspar further
below about 800'C but exchanges K-Na, the alkali
feldspar unmixes without significant change of bulk
composition. Below about 600'C, intercrystalline
K-Na exchange ceases, and both feldspars become
closed systems, Howevero this is true only under dry
conditions, as prevailed in the metapelites of Sri Lanka,
whereas deuteric reactions below about 500oC may
lead to coarse exsolution and mutual replacement of
alkali feldspar by albite and microcline (Parsons &
Brown 1984).

Several stages of the retrogtade evolution of the
metapelites are documented by generations of
recrystallized feldspar: ( 1) Feldspar recrystallization at
about 830-900oC after peak metamorphism in response
to strong flattening of the rocks near the base of
the Highland Complex in the southeast, (2) feldspar
recrystallization in the range 680-760oC in the central
and western part of the Highland Complex, (3)
deformation and recrystallization of feldspars in the
Digana shear zone at about 710"C, (4) late retrograde
recrystallization or growth of feldspar rims in the
temperature range of 460-590'C in the western and in
the eastern Highland Complex.

The temperatures inferred for feldspar
recrystallization may be compared with orthopyroxene
- garnet Fe-Mg exchange temperatures in metabasites
and charnockitic rocks (Schumacher & Faulhaber
1994). For the strongly flattened rocks in the southeastern
part of the Highland Complex, feldspar temperatures
(830-900'C) are in accordance with orthopyroxene -
garnet temperatures (800-910"C) calculated for core
compositions with the thermometer of Bhattacharya
et al. (1991), whereas those calculated with the
thermometer of Harley (1984) are significantly lower
(7 10-830"C). Further, the temperatures needed for the
development of garnet - clinopyroxene reaction rims in
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the metabasites (70G-820'C: Schumacher et al. 1990)
and of garnet - quartz reaction rims in charnockitic
rocks (650-700"C: Faulhaber & Raith 1991) are com-
parable with temperatures of feldspar recrystallization,
in the range 680-760"C. In metapelites from the
western part, garnet - cordierite Fe-Mg exchange
temperatures are in the same range (680-770'C: Raase
& Schenk 1994). Where the garnet - biotite thermometer
is applied, a large range of mostly unrealistic tempera-
tures is obtained because of partial re-equilibration
(Raase & Schenk 1994).

Considering the prerequisites discussed for the
preservation of high+emperature feldspar compositions,
feldspar thermometry is believed to be an effective tool
for identifying and quantifying an early, ultra-high-
temperature metamorphic event. As demonstrated,
furthermore, feldspar thermometry based on the
approach of Kroll et al. (1993) is a valuable rool for
deciphering the retrograde history of granulite-facies
rocks.

Ge o b g i c al imp licarions

Relict antipenhite porphyroclasts and feldspars
recrystallized after intense deformation in the
metapelites from the eastern Highland Complex, and
record fwo high-temperature metamorphic events that
are separated by a strong flattening deformation. The
causes and age of the early ultra-high-temperature
event are disputable. Heating by magmatic inffusions
into the lower to middle crust may be responsible for
the high temperatures of metamorphism. Charnockitic,
enderbitic and metabasic rocks constitute significantly
more than half of the rocks in the eastern Highland
Complex (Krdner et al. l99l). Upper-intercept U-Pb
zircon ages of 1.8-1.9 Ga indicate the time of intrusion
(H61zl et al. 1994). Rb-Sr whole-rock ages near 2 Ga
are considered to date the time of granulite-facies
metamorphism (Crawford & Oliver 1969),butHdlzl et
al. (1994) interpreted these dates as indicative of timing
of magmatic intrusion. Provided that the widespread
magmatic intrusions are related to the very high-grade
early metamorphism documented by the ternary
feldspars, the youngest upper-intercept zircon ages of
about 1.9 Ga for metasedimentary rocks in the eastern
Highland Complex (}Jiilzl et aI. 1994) may indicate the
time of metamorphism and migmatization. This is at
variance with Hdlzl et al. (1994), who interpreted this
date as the age of the detrital zircon.

The episode of recrystallization subsequent to the
strong flattening deformation is presumably dated
by the lower-intercept U-Pb zircon age at 610 Ma
obtained by Hiilzl et al. (1994), corresponding to the
Pan-African event. The temperatures of feldspar
recrystallization of about 850'C, obtained for the
flattened metapelites near the thrust contact with
the Vijayan Complex, imply that thrusting must have
happened during granulite-facies conditions. Prograde

postkinematic garnet reaction-rims around sillimanite
further indicate heating after strong deformation.
Thus, a second prograde granulite-facies event is docu-
mented; it appears to be significantly younger than the
early ultra-high-temperature event. However, since
there is no evidence for retrograde alterations in the
time span between these two events, the rocks probably
resided in the lower crust during Proterozoic times.
These may have cooled down slowly and then were
reheated, presumably by frictional heat during thrusting
of the Highland Complex toward the southeast onto
the Vjayan Complex. Prolonged isobaric cooling in the
lower crust is inferred from reaction texfures in
metabasites of the Highland Complex (Schenk et al.
1988, 1991) and is further suggested for adjacent
terranes of Gondwana (East Antarctica: Harley &
Hensen 1990; Eastern Ghats, India: Sengtpta et al.
1990).

Strong deformation lasted or revived in the Digana
shear zone (Voll & Kleinschrodt 1991) until about
550 Ma, as inferred from the lower-interceptzbconage
obtained for strongly deformed granitic gneisses
from this shear zone (Baw et al. l99l). Feldspar
recrystallization under amphibolite-facies conditions at
about 71OoC in the Digana shear zone is indicated by
feldspar thermometry.

In the western part of the Highland Complex, which
is younger according to the Nd model ages (I-2 Ga:
Milisenda et al. 1988, 1994), feldspar thermometry
suggests an uha-high-temperature event similar to that
in the east. Heat supply for high-grade metamorphism
could be related to the intrusion of I-type charnockitic,
enderbitic and mangeritic rocks, which have zircon
ages of 1.0-1.1 Ga (Krdner et al. 1994a). Furthermore,
Rb-Sr whole-rock isochron ages of ortho- and
paragneisses are near 1 Ga (Cordani & Cooray 1989,
Milisenda et al. 1994). However, one sample of
sillimanite-bearing migmatitic metasedimentary
gneiss containing zircon with apparently "igneous'o
morphology, from near locality 461 @ig. 1), yielded a
well-defined upper-intercept zircon age of 793 Ma
(H6lzl et al. 1994), which may alternatively be
interpreted as the age of ultra-high-temperature
metamorphism and migmatization in the western
Highland Complex.

The last metamorphic event in the western Highland
Complex, which is manifested by feldspar
recrystallization at about 680-760"C and growth of
cordierite at the expense of garnet in the metapelites,
took place at about 535-560 Ma. This date is based on
dm-scale Rb-Sr and Nd-Sm isotopic homogenization
isochrons (535 Ma: Burton & O'Nions 1990), azircon
U-Pb lower-intercept age (560 Ma: Baut et al. I99l),
zircon single-grain data (550-560 Ma'. Krdner et al.
1994a) and monazite ages (54G-550 Ma: Holzl et
al. 1994), and corresponds to late Pan-African times.
Further, post-tectonic alkali granites and pegmatites
were emolaced at about 550 Ma (Tilton & Aldrich
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1955, Gottfried et aI. 1956, Htjlzl et al. L994).T\e
metamorphic overprint in the western Highland
Complex, which must be related to the beginning of
uplift, corresponds, in age as well as temperature, to the
stage of deformation and recrystallization in the Digana
shear zone (550 Ma: Baur et al. 1991) in the eastern
Highland Complex.
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