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We report the occurrence of coexisting garnet+ corundum in spinel- and corundum-bearing, garnet–sillimanite–
biotite–graphite gneiss (pelitic granulites) from the Highland Complex (HC), Sri Lanka. In the investigated pelitic
granulites, two domains such as quartz-saturated and quartz-undersaturated are distinguishable. The quartz-
saturated domains consist of porphyroblastic garnet, quartz, plagioclase, alkali-feldspar and biotite flakes rimming
garnet. The quartz-undersaturated domains are constituted of two generations of garnet (Grt1 and Grt2), silliman-
ite, plagioclase, alkali-feldspar, corundum, spinel and biotite. Grt1 encloses rare Ti-rich biotite and numerous rutile
needles and apatite rods. Grt2 contains rare sillimanite and/or spinel inclusions. Corundum occurs in mutual con-
tact with Grt2, partially embedded at the rim or as an inclusions in Grt2.
Thermobarometry on inclusion phases in Grt1 indicates that during the prograde history pelitic granulites
attained a P of 10.5–11 kbar at T of ~850 °C. Textural observations coupled with both pseudosections calculated
in the NCKFMASHTMnO system and Ti-in-Garnet geothermobarometry suggest that peak metamorphism oc-
curred at ultrahigh temperature (UHT) conditions of 950–975 °C and pressures of 9–9.5 kbar. Peak Twas follow-
ed by a period of isobaric cooling that formed corundum andGrt2 at approx. 930 °C alongwith exsolution of rutile
needles and apatite rods in Grt1. Thermodynamic modelling confirms that corundum appears along an isobaric
cooling path at about 920–930 °C and 9–9.5 kbar. Therefore, the investigated granulites provide a rare example
of post-peak crystallization of garnet + corundum along a retrogrademetamorphic trajectory under UHT condi-
tions. Thus, isobaric cooling at the base of the crust could be regarded as an alternative process to form coexisting
garnet + corundum.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Ultrahigh-temperature (UHT) metamorphism is characterized by
extreme thermal conditions in excess of 900 °C at deep crustal levels
on a regional scale. In the last decade, UHT metamorphism was recog-
nized as one of the fundamental aspects of the Earth and became one
of the most challenging tasks in metamorphic petrology (Harley,
1998). Despite being volumetrically rare in most metamorphic terrains,
Mg–Al-rich metapelites are crucial for investigating UHT metamorphism
aculty of Science, University of
783451825 (mobile).
harmapriya), malavi@pdn.ac.lk
as they preserve typical mineral assemblages characteristic of extreme
temperature conditions namely, sapphirine + quartz (Ellis, 1980; Galli
et al., 2010; Harley and Motoyoshi, 2000; Morse and Talley, 1971;
Sajeev and Osanai, 2004a), orthopyroxene + sillimanite + quartz
(Martignole and Martelat, 2003; Morse and Talley, 1971; Santosh
et al., 2007) and osumilite (Chinner and Dixon, 1973; Ellis, 1980;
Kawasaki et al., 2011; Sajeev and Osanai, 2004a). Further, many granu-
lite terrains throughout the world have also been inferred to be UHT
using other mineral assemblages such as corundum + quartz (Osanai
et al., 2006; Shaw and Arima, 1996), spinel + quartz (Caporuscio and
Morse, 1978; Dasgupta et al., 1995; Kawasaki et al., 2011; Sajeev and
Osanai, 2004a; Santosh et al., 2006b), high-alumina orthopyroxene
(Harley and Motoyoshi, 2000), orthopyroxene + corundum (Kelly
and Harley, 2004; Ouzegane and Boumaza, 1996), inverted pigeonite
(Sandiford and Powell, 1986; Tsunogae et al., 2002), high-fluorine

http://crossmark.crossref.org/dialog/?doi=10.1016/j.lithos.2015.01.015&domain=pdf
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mailto:dharmapriya1985@gmail.com
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http://www.sciencedirect.com/science/journal/00244937
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biotite and pargasite (Sajeev et al., 2009; Tsunogae et al., 2003) and
garnet + corundum (Osanai et al., 2006; Shimpo et al., 2006).

The garnet + corundum mineral assemblage mainly occurs in
pyroxene-bearing rocks (e.g., Kelsey, 2008; Kelsey et al., 2006;
Kriegsman and Schumacher, 1999; Shimpo et al., 2006; Tsunogae and
Santosh, 2007). This assemblage is also reported from many UHT ter-
rains worldwide such as the Limpopo Mobile Belt in Southern-Africa
(Horrocks, 1983), Higo metamorphic terrain in Japan (Osanai et al.,
1998), Eastern Ghats in India (Sengupta et al., 1999), Ouzzal in Algeria
(Ouzegane et al., 2003), Anapolis–Itaucu Complex in Brazil (Moraes
et al., 2002) and Palghat–Cauvery Shear Zone in southern India
(Shimpo et al., 2006). This assemblage has also been reported from kim-
berlite xenoliths (Ater et al., 1984), aluminous eclogites (Morishita et al.,
2001) andUltrahigh Pressure (UHP) rocks (Zhang et al., 2004). In pelitic
granulites, the assemblage garnet + corundum is usually formed at the
peak pressure during prograde heating and subsequently breaks down
at decompression forming sapphirine (e.g., Baba, 2003; Kriegsman and
Schumacher, 1999; Moraes et al., 2002; Ouzegane et al., 2003), cordier-
ite–sapphirine–spinel (Ouzeganeet al., 2003) or spinel–sillimanite bear-
ing assemblages (e.g., Osanai et al., 2006; Sengupta et al., 1999),
depending on the PT-trajectory and bulk rock composition. Therefore,
coexisting garnet + corundum is rarely preserved in many pelitic
rocks and its occurrence especially in pyroxene-free rocks is extremely
rare in nature (e.g., Kelsey et al., 2006; Shimpo et al., 2006; Tsunogae
and Santosh, 2007).

In this study, coupling textural observations with results of thermo-
dynamic modelling of garnet–sillimanite–biotite–graphite gneisses
from the central Highland Complex (HC), Sri Lanka,we report the forma-
tion of garnet+ corundumduring nearly isobaric cooling fromUHT con-
ditions at the retrograde path. Thus, isobaric cooling of deep crust could
be regarded as alternative process to form garnet + corundum in equi-
librium which remains without breaking down to retrograde minerals
with uplift.
Fig. 1. (a) Geological map of Sri Lanka with litho tectonic subdivision (after Cooray, 1994). Sam
(1989): T N 900 °C; 2. Kriegsman and Schumacher (1999): T = 830 °C; 3. Sajeev and Osanai (
T N 1000 °C and 6. Sajeev et al. (2007): T=925 °C. (b) Detailed geological map of the sampling
lished map of the Geological Survey Department of Sri Lanka (1996).
2. Geology of Sri Lanka

Based on Nd-model ages (Milisenda et al., 1988, 1994) the Protero-
zoic basement of Sri Lanka has been subdivided into four litho-
tectonic units (Cooray, 1994; Kröner et al., 1991): the Highland Com-
plex (HC), the Wanni Complex (WC), the Vijayan Complex (VC) and
the Kadugannawa Complex (KC) (Fig. 1a).

The HC basement yields U–Pb zircon and Nd-model ages of 2000–
3400 Ma and a metamorphic age of ~550 Ma (Malaviarachchi and
Takasu, 2011a; Milisenda et al., 1988, 1994; Santosh et al., 2014) and
is composed of granulitic meta-quartzites, marbles, calcsilicates and
metapelitic gneisses, intimately associated with charnockites (e.g.,
Cooray, 1994; Mathavan and Fernando, 2001; Perera, 1984). According
to geochronological reviews in Hö1zl et al. (1994) and Kröner
et al. (1994), deposition of sediments of the HC took place from
3200 Ma to 1900–2000 Ma. Most of the granitoid plutons, present-
ly exposed as orthogneisses, intruded at 1800–1900 Ma and
670 Ma. Hence, the HC represents a 2000–3000 Ma old crust. The
HC was metamorphosed under regional granulite facies conditions
between 610 and 550 Ma during assembly of the Gondwana Super
Continent (Hö1zl et al., 1991, 1994; Kröner et al., 1994). In the HC,
metamorphic pressures and temperatures decrease from 8–9 kbar
and 800–900 °C in the east and southeast to 4.5–6 kbar and
600–700 °C in the southwest (Dharmapriya et al., 2014; Prame,
1991; Faulhaber and Raith, 1991; Kriegsman and Schumacher,
1999; Malaviarachchi and Takasu, 2011b; Raase and Schenk,
1994; Schumacher and Faulhaber, 1994). Evidences of UHT meta-
morphism have been reported only from few localities in the cen-
tral Highland Complex (Kriegsman and Schumacher, 1999; Osanai,
1989; Osanai et al., 2000, 2006; Sajeev and Osanai, 2004a; Sajeev
et al., 2007, 2010) and rarely in the southwestern part (Sajeev
and Osanai, 2004b) from pelitic, mafic and quartzo-feldspathic
granulites. Estimated UHT conditions range between 925 and
pling locality is shown by a star. Reported UHT localities are shown by circles: 1. Osanai
2004a): T = 950 °C: 4. Sajeev and Osanai (2004b): T = 1150 °C; 5. Osanai et al. (2006):
area around Nawalapitiya (central part of the Highland Complex), modified after the pub-



Fig. 2. (a) Exposure of investigatedpelitic granulites at the quarry site; (b) intercalation of pelitic granulite bands and charnockites; (c) block showing thefield relation between thequartz-
undersaturated domains (Qtz-und) and the quartz-saturated domains (Qtz-sat); (d) block of quartz-undersaturated domain (Qtz-und) and quartz-saturated domain (Qtz-sat) with for-
mation of retrograde biotite nabs parallel to major foliation at the boundary between two domains; (e) a rock slab of strongly sheared quartz-saturated domain of pelitic granulite;
(f) quartz-saturated domains in pelitic granulites showing evidence formelt-leucosomes; (g) rock slab of quartz-undersaturated domain and (h) rock fragment of quartz-undersaturated
domain containing clusters of retrograde biotite and feldspar bearing leucosomes.
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1150 °C at a P of 9 and 12.5 kbar (Kriegsman and Schumacher, 1999;
Osanai et al., 2006; Sajeev and Osanai, 2004a, b; Sajeev et al., 2007, 2010).

The WC yields U–Pb zircon and Nd model ages of 1000–2000 Ma
(Milisenda et al., 1988, 1994; Santosh et al., 2014) and is constituted of
orthogneisses and migmatitic ortho and paragneisses, which have been
metamorphosed under granulite to amphibolite facies conditions
(Kröner et al., 1991) together with some post-tectonic granites (e.g.,
Fernando and Iizumi, 2001). Estimated P–T conditions are P = 3.5–
7.5 kbar and T = 600–900 °C (Faulhaber and Raith, 1991; Schenk et al.,
1991).

The VC rocks have U–Pb zircon and Nd-model ages of 1100–1800Ma
(Kröner et al. 2013; Milisenda et al., 1988, 1994). It mainly comprises
1000–1100 Ma old calc-alkaline granitoid gneisses, migmatitic
orthogneisses and minor metasedimentary enclaves, such as meta-
quartzite and calcsilicates (Kehelpannala, 1997; Kröner et al., 2012) pre-
dominantly metamorphosed under upper amphibolite-facies conditions.

Rocks of the KC display U–Pb zircon ages of ~900Ma and is composed
of hornblende- and biotite-bearing orthogneisses, gabbros, diorites,
granodioritic to granitic gneisses, charnockites, enderbites and minor
metasediments (Kröner et al., 2003; Malaviarachchi and Takasu, 2011b;
Santosh et al., 2014; Willbold et al., 2004). The KC has been separated
from the other units (Cooray, 1994; Kröner et al., 1991). However, due
to many similarities in lithology, structures and geochronology, some au-
thors consider the KC as a part of the WC (e.g., Kehelpannala, 1997;
Kröner et al., 2012). Recently, Santosh et al. (2014) argued that the KC is
part of a disrupted huge arc magma chamber that was exhumed and
transposed along the margin of the WC.

3. Field relations and sample description

Corundum- and spinel-bearing garnet–sillimanite–biotite–graphite
gneisses (hereafter referred to as pelitic granulites) were collected
Fig. 3. Photomicrographs showing the textural features present in thematrix of the quartz-unde
sillimanite needles (CPL); (c) coexistence of ilmenite with sillimanite (PPL) and (d) biotite rim
from a quarry close to the city of Nawalapitiya, in the proximity of the
contact between theHC and KC (Fig. 1a and b). This areamainly consists
of strongly deformed pelitic gneisses, charnockitic gneisses, quartzites,
hornblende–biotite gneisses, biotite–hornblende gneisses, marbles
and orthogneisses (Fig. 1b).

The studied pelitic granulite occur as fresh, light coloured bands
(about 2 –> 4m thickness, Fig. 2a and b) intercalated with charnockitic
gneisses composed of garnet, orthopyroxene, hornblende, biotite, plagio-
clase, alkali-feldspar and quartz. In the pelitic granulites, two composi-
tional domains are macroscopically distinguishable: quartz-saturated
domains, which define the major foliation of the rock, and quartz-
undersaturated domains, which occur as patches (15 cm–N1 m in diam-
eter) within the quartz-saturated domains (Fig. 2c and d).

Quartz-saturated domains consist of stretched quartz (up to 5 cm in
length, Fig. 2e), re-crystallized plagioclase and alkali-feldspar,
hypidiomorphic to xenomorphic garnet-porphyroblasts (0.25–
4 cm in diameter) and tiny, acicular biotite flakes occurring as thin
nabs parallel to the main foliation (Fig. 2d), up to 5 cm thick patches
(Fig. 2f) around porphyroblastic garnet. Thin nabs and irregular
patches of biotite are associated with feldspar- and quartz-rich
leucosomes (Fig. 2f) and may have grown through back-reactions
with melt during retrogression.

Quartz-undersaturated domains (Fig. 2c, d, g and h) consist of
numerous, up to 4 cm big, hypidiomorphic to xenomorphic garnet-
porphyroblasts, sillimanite, plagioclase, corundum, alkali-feldspar, and
minor biotite around garnet-porphyroblasts (Fig. 2g) or occasionally as
clusters (up to 6 cm wide, Fig. 2h). Similar to quartz-saturated domains,
tiny biotite clusters associated with feldspar-rich leucosomes (Fig. 2h)
could probably have formed from the rock interaction with melt during
retrogression.

Both domains contain minor amounts of medium-grained graphite
flakes (0.2–0.7 cm) and anhedral, coarse-grained (up to 0.5–1.5 cm)
rsaturated domain: (a) recrystallized feldspars (CPL); (b) preferred orientation of acicular
around garnet (Grt1).
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pyrite crystals. Late, thin quartz veins and pegmatite dykes (b5 cm thick)
crosscut the main foliation. A general strike/dip of the rock foliation is
N24°W/11°NE.

4. Petrography

4.1. Quartz-undersaturated domains

The matrix of the quartz-undersaturated domains comprises garnet,
plagioclase, perthitic alkali-feldspars and sillimanite as the major min-
erals, corundum, spinel, biotite, ilmenite, pyrite and graphite as the
minor mineral phases and zircon as an accessory mineral.

Garnet occurs in two textural settings: i) coarse- tomedium-grained
Grt1 (0.5–3 cm in diameter) which encloses numerous rutile needles
and apatite rods, and ii) medium- to fine-grained Grt2 (0.25–1 cm in di-
ameter) which always occurs associated with corundum and contains
Fig. 4. Photomicrograph showing the textural features of Grt1: (a) PPL view of tiny clusters of ru
and apatite rods in mantle area of garnet; (c) oriented rutile needles and apatite rods in man
(e) distribution of rutile clusters from core to lower mantle of garnet; (f) backscattered image
within the core area; (h) oriented rutile needles in two well defined directions (dashed arrow
under the gypsum plate; (j) fine-grained spinel inclusions in the rim area.
sillimanite and/or spinel inclusions. Plagioclase and alkali-feldspar fre-
quently occur as re-crystallized clusters (Fig. 3a). Sillimanite shows a
preferred orientation representing the major mineral lineation on the
foliation plane (Fig. 3b and c). Locally, plenty of ilmenite grains are in co-
existence with sillimanite (Fig. 3c). Biotite occurs as inclusion in Grt1
(Bt1) or elongated, up to ~0.5 mm flakes (Bt2) rimming garnet (Fig. 3d).

4.1.1. Textures associated with Grt1
Bt1 inclusions are encountered from the core to the mantle area

(Fig. 4a–f). Rarely, relatively coarse-grained skeletal biotite grains
(up to 0.6 cm) are present in the core area of porphyroblastic garnet
(Fig. 4g). Only a few quartz inclusions occur exclusively within the
mantle area (Fig. 4c, d, e and f) and may contain tiny rutile or
plagioclase + alkali-feldspar inclusions (Fig. 4f). Clusters and oriented
needles and rods of rutile (Fig. 4a, b, c, d, e, f, and h) and apatite
(Fig. 4 a, b, c, d, e and f) occurring from the core to the rim area are
tile needles, apatite rods and ilmenite inclusions in garnet; (b) medium-size rutile needles
tle area of garnet; (d) oriented apatite rods with minor rutile from core to rim in garnet;
of the bottom right hand part of the garnet shown in (e); (g) inclusion of skeletal biotite
s indicate the directions of rutile needles); (i) tiny sillimanite needles in the mantle area



Fig. 4 (continued).
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characteristic of Grt1. The size of rutile needles varies from b50 μm to
about 200 μm, while apatite rods are relatively larger (100 μm–

350 μm). Often, ilmenite inclusions of variable sizes (b100 μm–

500 μm) are associated with rutile needles (Fig. 4a, d, e and f). Locally,
tiny rutile needles are oriented in two preferred directions with an
angle of about 45° (Fig. 4h) suggesting that rutile is directly exsolved
fromGrt1 and is not trapped-inclusions. Less commonly, tiny sillimanite
needles present in the mantle to the rim of Grt1 are oriented oblique to
sillimanite in thematrix (Fig. 4i). Rarely, spinel inclusions are present in
the mantle and rim area of Grt1 (Fig. 4j).

4.1.2. Textures associated with Grt2
Commonly, Grt2 is in contact with corundum in the rock matrix or

displays corundum inclusions (Fig. 5a to g). Corundum is also found as
partially embedded grains in the rim area (Fig. 5a, b and c). In the
sillimanite-absent parts of the rock matrix, subhedral and anhedral,
0.5–1.25 cm medium to coarse-grained corundum occur associated
with Grt2, two feldspars ± spinel ± ilmenite (Fig. 5a, b, and h). In the
sillimanite-present/spinel-absent parts, corundum coexists with Grt2,
two feldspars ± sillimanite ± ilmenite (Fig. 5d, e and f). Rarely,
needle-shaped corundum grains are observed adjacent to sillimanite
(Fig. 5f), while rare coarse-grained, up to 3.5 cm large, subhedral corun-
dum grains coexist with Grt2 (Fig. 5g). Usually, corundum contains il-
menite (Fig. 5g) and rarely tiny spinel inclusions (Fig. 5h). Compared
to Grt1, Grt2 contains little inclusions of rare corundum, sillimanite
and spinel ± plagioclase (Fig. 5a, b, d e and g) and lacks biotite, rutile
and apatite.

4.2. Quartz-saturated domains

The rock matrix of the quartz-saturated domains is composed of
numerous, fine- to coarse-grained (0.25 mm–3 cm in diameter),
hypidiomorphic to xenomorphic garnet porphyroblasts, stretched
quartz (up to 5 cm in length, Fig. 6a), strongly re-crystallized plagioclase
and alkali-feldspars (Fig. 6b) as the major constituents, pyrite, ilmenite
and graphite as the minor phases and zircon and apatite as accessories.
Garnet-porphyroblasts contain quartz, plagioclase and alkali-feldspar
inclusions and, in minor amounts, biotite (Bt1) and ilmenite (Fig. 6c).
Occasionally, tiny (up to 3 mm in size), late biotite grains (Bt2) are ob-
served, probably formed as retrograde products since they are associat-
ed with leucosomes (Fig. 2f). Rarely, biotite at the rim of garnet can also
be identified indicating hydration of garnet during retrogression
(Fig. 6d).

5. Mineral chemistry and whole rock chemistry

5.1. Mineral chemistry

Mineral compositions were analyzed using a JEOL JXA8100 elec-
tron probe microanalyzer (EPMA) at the Institute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing, China. All analyses
were carried out using an accelerating voltage of 15 kV and 10 nA
beam current, 3 μm beam spot and 10–30 s counting time on peak.
Natural jadeite [NaAlSiO6] for Na, Al and Si, rhodonite [MnSiO3] for
Mn, sanidine [KAlSi3O8] for K, garnet [Fe3Al2Si3O12] for Fe, Cr-diopside
[(Mg, Cr)CaSi2O6] for Ca, olivine [(Mg, Fe)2SiO4] for Mg and synthetic
(rutile for Ti, 99.7% Cr2O3 for Cr, Ni2Si for Ni) minerals were used for
standard calibrations (Su et al., 2012). Matrix corrections were based
on the ZAF procedure. The precisions of all analyzed elements are better
than 98.5%. Mineral abbreviations are after Kretz (1983).

5.1.1. Garnet
Both Grt1 and Grt2 in quartz-undersaturated domains are mainly

almandine–pyrope solid solutions, with only small amounts of grossu-
lar, spessartine and andradite components (Table 1). Grt1 shows slight
compositional zoning of Fe, Mg and Ca. Grt1 cores are slightly depleted
in the almandine component, while pyrope content shows behavior op-
posite to almandine (Table 1). The XGrs is ~0.05 within garnet cores and



Fig. 5. Photomicrograph showing themain textural features associatedwith Grt2: (a) anhedral fine- to medium-grained corundum coexistingwith Grt2 and Spl and corundum inclusions
in garnet; (b) backscattered image of the image (a); (c) and (d) direct coexistence of garnet+ corundum. Occurrence of sillimanite in thematrix and spinel as inclusion in garnet are also
shown; (e) CPL view of the image (d); (f) matrix showing garnet + corundum associations with spinel and sillimanite; (g) coexistence of coarse-grained corundum with medium-size
garnet and (h) tiny spinel inclusions within corundum.
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it slightly increases towards the rim up to XGrs ~ 0.07. Grt1 displays
relatively high Ti content (TiO2 = 0.052–0.100 wt.%, Table 1). The aver-
age composition of Grt1 ranges from Alm57.7Prp34Grs4.65Sps0.7Adr3
within the core to Alm60.1Prp33Grs7.2Sps0.7Adr0 at the rim (Table 1). In
contrast, Grt2 cores are slightly enriched in almandine component and
depleted towards the rim (Table 1). The pyrope content shows behavior



Fig. 6. Photomicrographs showing the main textural features associated with quartz-saturated domains: (a) stretched quartz in the matrix; (b) recrystallized feldspars in the matrix;
(c) inclusion phases present in garnet; (d) tiny biotite in the matrix and rimming garnet.
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opposite to almandine. The Ca (CaO = 0.151–0.154 wt.%) and Ti
(TiO2 = 0–0.007 wt.%) contents of Grt2 are relatively low compared to
Grt1 (Table 1). The average composition of Grt2 is Alm62.4Prp31.8Grs3.7
Sps0.8Adr1.3 within the core to Alm59.9Prp34.0Grs2.5Sps0.8Adr2.7 at the
rim (Table 1).

In the quartz-saturated domains also, garnet is mainly of an
almandine–pyrope solid solution, with only small amounts of grossular,
spessartine and andradite (Table 2). The average composition of
garnet ranges from Alm58.5Prp35.8Grs4.1Sps0.9Adr0.7 within the core to
Alm62.1Prp32.7Grs3.2Sps0.6Adr1.4 at the rim (Table 2). The Ti content of
these garnet is TiO2 = 0.050–0.070 wt.% (Table 2).

5.1.2. Feldspars
In the quartz-undersaturated domains, matrix plagioclase is more

calcic (An51–An63.5) compared to plagioclase inclusions in garnet
(An34–An44) and plagioclase inclusions within quartz which are found
included in garnet (An38, Table 1). The orthoclase content of the
alkali-feldspar included within Grt1 is slightly higher compared to that
of the alkali-feldspar in the matrix (Table 1).

Plagioclase inclusions in garnet and in the matrix of the quartz-
saturated domains are albite-rich and show similar compositions
(Ab66–Ab69). Orthoclase content of the alkali-feldspar varies from
Or84–Or92 (Table 2).

5.1.3. Biotite
The XMg content of biotite varieswith textural setting in both quartz-

saturated and quartz-undersaturated domains (Tables 1 and 2). In the
quartz-undersaturated domains, tiny biotite inclusions (Bt1) within
Grt1 display the highest XMg content up to 0.76 and show TiO2 content
of up to 6.99 wt.%. The XMg content of biotite surrounding garnet
porphyroblast (Bt2) is 0.62–0.59, while the TiO2 content varies from
6.10 to 5.41 wt.%.
In the quartz-saturated domains, biotite inclusions in garnet contain
thehighest XMg content of up to 0.72 and TiO2 content of up to 6.80wt.%.
The XMg content of biotite surrounding garnet porphyroblasts is 0.67–
0.64, while the TiO2 content varies from 6.08 to 5.18 wt.%.

5.1.4. Spinel
Spinel is mainly a solid solution of hercynite andMg-spinel (average

XMg=0.37–038). Spinel inclusionswithin Grt2 and in thematrix exhib-
it similar compositions. The ZnO content of spinel ranges from 2.70 to
2.82 wt.%.

5.1.5. Corundum
Corundum contains minor amounts of FeO (0.32–0.24 wt.%), TiO2

(0–0.10 wt.%), Cr2O3 (0.39–0.70 wt.%) and ZnO (0.03–0.06 wt.%).

5.1.6. Other minerals
Chemical compositions of rutile, ilmenite and sillimanite in the

quartz-undersaturated domains are given in Table 1, while rutile and il-
menite compositions in the quartz-saturated domains are given in
Table 2.

5.2. Whole rock chemistry

Compositions of the quartz-undersaturated and quartz-saturated
domains of pelitic granulites were obtained using a Panalytical Axios
wave-length dispersive XRF spectrometer (WDXRF, 2.4 kV) at ETH
Zurich, Switzerland. Samples were reduced in grain size with a hydrau-
lic press in a stainless-steel beaker and ground to powder with an agate
mill. Standard analyses were performed on fused glass-beads prepared
from rock powdermixedwith Lithium–Tetraborate (1:5mixture) using
a ClaisseM4® fluxer. The calibration is based on ca. 40 certified interna-
tional standards.



Table 1
Representative electron microprobe analyses of minerals in the quartz-undersaturated domains.

Garnet1 Garnet2 Spinel Biotite Rutile Ilmenite

Rim Mantle Core Rim Mantle Core In-Grt2 Next to Crn In-Grt1 Rim-Grt1 In-Grt1 In-Grt1

Core Rim

SiO2 39.20 38.70 39.13 38.45 38.56 38.33 0.24 0.07 36.94 36.82 36.96 0.16 0.28 0.09
TiO2 0.05 0.06 0.10 0.00 0.00 0.01 0.01 0.03 6.99 6.05 5.42 97.82 97.44 52.77
Al2O3 22.07 22.11 22.15 22.00 22.26 21.29 59.65 60.41 14.82 14.80 14.86 0.10 0.07 0.00
Cr2O3 0.12 0.01 0.05 0.09 0.09 0.05 1.66 0.85 0.41 0.24 0.16 0.07 0.36 0.09
FeO 29.90 28.60 29.04 29.30 29.34 29.06 25.96 25.99 11.11 14.57 16.02 0.52 0.57 44.97
MnO 0.42 0.36 0.33 0.38 0.30 0.35 0.02 0.00 0.012 0.02 0.02 0.00 0.02 0.13
MgO 8.16 8.74 8.88 8.77 8.73 8.18 9.01 8.98 14.91 13.18 12.71 0.04 0.00 2.04
CaO 2.03 2.32 2.14 1.87 1.83 1.80 0.05 0.03 0.05 0.00 0.01 0.05 0.05 0.00
Na2O 0.00 0.00 0.03 0.00 0.00 0.01 0.04 0.08 0.29 0.02 0.11 0.00 0.03 0.02
K2O 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 9.46 9.53 9.51 0.03 0.02 0.00
ZnO 0.07 0.00 0.05 0.00 0.00 0.00 2.82 2.70 0.11 0.01 0.03 0.07 0.07 0.00
Total 101.99 100.92 101.89 100.85 101.12 99.07 99.47 99.14 95.11 95.23 95.8 98.86 98.91 100.11

O 12 12 12 12 12 12 4 4 22 22 22 2 2 3
Si 2.989 2.970 2.976 2.961 2.960 3.005 0.007 0.002 5.453 5.505 5.528 0.002 0.004 0.002
Ti 0.003 0.004 0.006 0.000 0.000 0.000 0.000 0.001 0.775 0.680 0.609 0.992 0.988 0.989
Al 1.983 2.000 1.985 1.997 2.014 1.967 1.936 1.961 2.578 2.609 2.62 0.002 0.001 0.000
Cr 0.007 0.001 0.003 0.005 0.005 0.003 0.036 0.018 0.048 0.028 0.019 0.001 0.004 0.002
Fe 1.905 1.836 1.847 1.887 1.883 1.905 0.598 0.599 1.372 1.823 2.003 0.006 0.006 0.937
Mn 0.027 0.023 0.021 0.025 0.020 0.023 0.001 0.000 0.002 0.002 0.003 0.000 0.000 0.003
Mg 0.927 1.000 1.006 1.007 0.998 0.955 0.370 0.369 3.280 2.936 2.833 0.001 0.000 0.076
Ca 0.166 0.190 0.174 0.154 0.151 0.151 0.002 0.001 0.007 0.000 0.001 0.001 0.001 0.000
Na 0.000 0.000 0.004 0.000 0.000 0.001 0.002 0.004 0.083 0.005 0.032 0.000 0.001 0.001
K 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 1.782 1.818 1.815 0.001 0.000 0.000
Zn 0.004 0.000 0.003 0.000 0.000 0.000 0.057 0.055 0.012 0.001 0.003 0.001 0.001 0.000
Tot. cation 8.012 8.026 8.026 8.037 8.031 8.011 3.008 3.010 15.391 15.407 15.466 1.005 1.006 2.009

XMg 0.327 0.353 0.353 0.348 0.346 0.334 0.382 0.381 0.705 0.617 0.586
Alm 0.624 0.591 0.595 0.599 0.605 0.624
Spe 0.009 0.008 0.007 0.008 0.007 0.008
Prp 0.311 0.337 0.339 0.340 0.337 0.318
Grs 0.039 0.039 0.033 0.025 0.027 0.037
Adr 0.017 0.025 0.025 0.027 0.024 0.013

Plagioclase Orthoclase Corundum Sillimanite

In the matrix In-Grt1 In-Qtz, Grt1 In-Qtz, Grt1 In-Grt1 Matrix In-Grt2 Co-Grt2 In-Grt2 In Matrix

Rim Mantle Core

SiO2 53.74 54.21 51.06 2.65 58.00 63.89 63.93 63.60 0.13 0.19 36.75 36.68
TiO2 0.00 0.00 0.02 0.00 0.04 0.05 0.05 0.00 0.10 0.00 0.11 0.07
Al2O3 27.72 28.41 29.81 1.33 25.75 18.74 18.69 18.82 97.82 97.89 0.00 0.01
Cr2O3 0.08 0.03 0.05 0.00 0.01 0.04 0.05 0.01 0.39 0.70 0.05 0.04
FeO 0.00 0.02 0.05 0.01 0.08 0.06 0.04 0.04 0.32 0.24 0.01 0.00
MnO 0.02 0.02 0.01 0.00 0.03 0.00 0.00 0.03 0.01 0.00 0.00 0.01
MgO 0.02 0.00 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.01 61.05 60.96
CaO 10.65 10.81 12.96 0.35 7.84 0.04 0.31 0.38 0.00 0.03 0.58 0.70
Na2O 5.33 5.14 4.02 0.67 6.99 1.49 1.75 1.752 0.00 0.00 0.06 0.07
K2O 0.23 0.23 0.16 0.01 0.10 14.20 13.72 13.3 0.00 0.00 0.00 0.03
ZnO 0.00 0.00 0.05 0.00 0.00 0.04 0.00 0.03 0.03 0.04 0.01 0.01
Total 97.79 98.87 98.23 98.78 98.84 98.54 98.53 98.04 98.80 99.11 98.62 98.59

O 8 8 8 8 8 8 8 8 3 3 5 5
Si 2.480 2.472 2.362 2.648 2.622 2.978 2.976 2.972 0.002 0.003 1.111 1.110
Ti 0.000 0.000 0.001 0.003 0.001 0.002 0.002 0.000 0.001 0.000 0.002 0.002
Al 1.508 1.527 1.625 1.334 1.372 1.029 1.025 1.037 1.987 1.983 0.000 0.000
Cr 0.003 0.001 0.002 0.000 0.001 0.002 0.002 0.000 0.005 0.010 0.001 0.001
Fe 0.000 0.001 0.002 0.005 0.003 0.002 0.001 0.002 0.005 0.003 0.000 0.000
Mn 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Mg 0.001 0.000 0.002 0.000 0.001 0.000 0.000 0.000 0.000 0.000 2.750 2.749
Ca 0.527 0.528 0.643 0.353 0.380 0.002 0.015 0.019 0.000 0.001 0.019 0.023
Na 0.477 0.455 0.360 0.666 0.613 0.134 0.158 0.159 0.000 0.000 0.003 0.004
K 0.013 0.014 0.010 0.014 0.006 0.844 0.815 0.797 0.000 0.000 0.000 0.001
Zn 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.000
Tot. cation 5.010 4.998 5.009 5.022 4.999 4.994 4.995 4.988 2.001 2.001 3.888 3.890

An 0.518 0.530 0.635 0.380 0.342 0.002 0.016 0.020
Ab 0.469 0.456 0.356 0.614 0.645 0.137 0.160 0.163
Or 0.013 0.014 0.010 0.006 0.014 0.861 0.825 0.818

In-Grt1— Inclusions in garnet1, In-Grt2— Inclusions in garnet2, Rim-Grt1— rimmed around garnet1, In-Qtz, Grt1— inclusion inquartz,which occur as inclusion inGrt1, Co-Grt2— coexisting
with garnet2.
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Table 2
Representative electron microprobe analyses of minerals in the quartz-saturated domains.

Garnet Plagioclase Orthoclase Biotite Rutile Ilmenite

Core Mantle Rim Inclusion in garnet In matrix Inclusion in garnet In matrix Inclusion in garnet In matrix

SiO2 39.25 39.24 39.17 61.83 61.29 66.02 65.91 38.52 37.52 0.11 0.06
TiO2 0.07 0.05 0.05 0.03 0.01 0.01 0.04 6.80 6.09 98.47 52.62
Al2O3 22.51 22.27 22.18 24.82 24.79 18.39 18.57 14.77 14.86 0.00 0.03
Cr2O3 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.09 0.18 0.00 0.04
FeO 27.51 28.33 29.60 0.10 0.07 0.48 0.19 9.40 12.70 0.72 47.16
MnO 0.41 0.36 0.30 0.00 0.00 0.04 0.04 0.00 0.02 0.00 0.04
MgO 9.39 9.39 8.58 0.01 0.00 0.00 0.00 15.95 14.14 0.04 1.16
CaO 1.76 1.58 1.67 6.50 6.45 0.08 0.09 0.01 0.02 0.05 0.07
Na2O 0.06 0.01 0.03 7.78 8.20 0.79 1.45 0.35 0.15 0.00 0.00
K2O 0.00 0.00 0.00 0.54 0.19 15.49 14.60 9.37 9.51 0.03 0.03
Total 100.96 101.23 102.64 101.61 101.01 101.31 100.89 95.27 95.19 99.42 101.21

O 12 12 12 8 8 8 8 22 22 2 3
Si 2.986 2.987 2.988 2.710 2.702 3.005 3.000 5.596 5.554 0.001 0.002
Ti 0.004 0.003 0.003 0.001 0.000 0.000 0.002 0.743 0.678 0.994 0.984
Al 2.019 1.999 1.969 1.282 1.288 0.987 0.997 2.529 2.592 0.000 0.001
Cr 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.010 0.021 0.000 0.001
Fe 1.751 1.804 1.864 0.004 0.003 0.018 0.007 1.142 1.572 0.008 0.981
Mn 0.027 0.023 0.019 0.000 0.000 0.001 0.002 0.000 0.003 0.000 0.001
Mg 1.064 1.065 0.963 0.001 0.000 0.000 0.000 3.454 3.119 0.001 0.043
Ca 0.143 0.129 0.135 0.305 0.305 0.004 0.004 0.002 0.003 0.001 0.002
Na 0.009 0.002 0.004 0.661 0.701 0.070 0.128 0.099 0.043 0.000 0.000
K 0.000 0.000 0.000 0.030 0.011 0.900 0.848 1.762 1.796 0.000 0.001
Total cation 8.004 8.012 8.012 4.994 5.010 4.986 4.988 15.358 15.381 0.000 2.014

XMg 0.378 0.371 0.341 0.752 0.665 1.005
Alm 0.585 0.592 0.621
Spe 0.009 0.008 0.006
Prp 0.358 0.357 0.327
Grs 0.041 0.030 0.032
Adr 0.007 0.013 0.014
An 0.306 0.300 0.004 0.004
Ab 0.663 0.690 0.072 0.131
Or 0.030 0.010 0.924 0.865

Table 3
Representative bulk chemical compositions of quartz-undersaturated and quartz-
saturated domains in the pelitic granulite.

Samples Quartz-undersaturated
domains

Quartz-saturated
domains

wt.%
SiO2 44.93 59.95
TiO2 1.47 1.06
Al2O3 24.68 17.48
FeO 16.86 10.92
MnO 0.14 0.12
MgO 3.88 2.76
CaO 4.07 3.06
Na2O 2.28 2.82
K2O 1.21 1.22
P2O5 0.09 0.12
Cr2O3 0.04 0.02
LOI 0.32 0.51
Total 99.97 100.20
XMg 0.29 0.31

ppm
Rb 35.0 47.5
Ba 600.4 337.4
Sr 301.9 223.4
Nb 40.1 22.5
Zr 471.2 192.8
Y 56.7 33.5
Zn 93.2 67.5
Cu 75.4 51.2
Ni 73.2 47.2
Cr 283 107.3
V 267.7 212.2
Sc 38.2 25.7
Th 33.9 25.8
U 1.6 1.2
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Bulk rock compositions are given in Table 3 anddiscussed in terms of
XMg, A/AFM and S/SFM following the approach of Harley (2008).

Quartz-undersaturated domains of pelitic granulites display a SiO2

content of ca. 45 wt.% (S/SFM = 44), are rich in Al2O3 (ca. 25 wt.%,
A/AFM= 26), FeO (ca. 17 wt.%) and TiO2 (ca. 1.5 wt.%). The CaO, Na2O
and K2O contents are 4 wt.%, 2.3 wt.% and 1.2 wt.%, respectively. Com-
pared to the quartz-undersaturated domains, the quartz-saturated do-
mains are rich in SiO2 (ca. 60 wt.%, S/SFM = 61) but poor in Al2O3 (ca.
17 wt.%, A/AFM = 20), FeO (ca. 10 wt.%), TiO2 (ca. 1 wt.%) and CaO
(ca. 3 wt.%). The Na2O and K2O contents are 2.8 wt.% and 1.2 wt.%, re-
spectively. Both quartz-undersaturated and saturated domains show
similar XMg values of 0.29 and 0.31, respectively. Considering trace ele-
ment composition, the quartz-undersaturated domains are richer in
Ba, Sr, Zr, Cr and V than the quartz-saturated domains.

6. Textural evolution

6.1. Quartz-undersaturated domains

Part of the early metamorphic history of the studied pelitic granu-
lites is disclosed by inclusions in Grt1-porphyroblasts. In the quartz-
undersaturated domains, Bt1 inclusions within Grt1 are considerably
rich in Ti (up to 7 wt.%), suggesting that the consumption of Ti-rich bi-
otite during prograde metamorphism may have led to the formation
of Ti-rich Grt1, similar to those described by O'Brien et al. (1997) for
granulites from the Sudetes. Further, the occurrence of quartz, Ti-rich
Bt1, An-poor plagioclase and rare sillimanite as inclusions in Grt1, sug-
gests the occurrence of the prograde melting reaction.

Bt1 þ Silþ Qtzþ Anpoor‐Pl ¼ Grt1 þ Kfsþ An rich‐PlþMelt: ð1Þ
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The presence of both spinel and Bt1 inclusions in Grt1 can be ex-
plained by the melting reaction:

Bt1 þ Sil ¼ Grt1 þ Splþ KfsþMelt: ð2Þ

Themelting reaction (1) completely consumed quartz from the rock
matrix, while both biotite-consuming reactions (1) and (2) may have
concurred to consume all of biotite during prograde fluid-absent melt-
ing. The peak-mineral assemblage of the quartz-undersaturated parts
of pelitic granulites was Ti-rich-garnet–plagioclase–alkali-feldspar–
spinel–sillimanite.

The occurrence of both spinel and sillimanite inclusions in Grt2
(Fig. 5g), coexisting with corundum (Fig. 5a to g) and the association
of garnet, corundum, spinel and sillimanite in the matrix (Fig. 5f) may
be explained via the post-peak reaction:

Splþ Sil ¼ Grt2 þ Crn: ð3Þ

Corundum coexistingwith Grt2 (Fig. 5a to g), partially embedded co-
rundum grains within the rim area of Grt2 (Fig. 5a to c), corundum in-
clusions in Grt2 (Fig. 5a and b) and the presence of rare spinel
inclusions within corundum (Fig. 5h) confirm the occurrence of reac-
tion (3). The low Ti- and Ca-contents displayed by Grt2 compared to
those of Grt1 (Table 1) and the lack of rutile needles in Grt2 suggest
that Grt1 and Grt2 have formed at different P–T conditions.

Late Bt2 surrounding garnet-porphyroblasts (Figs. 3d and4e) are rel-
atively Fe-rich and poorer in Mg and Ti than Bt1 inclusions in Grt1
(Table 1). Bt2 probably formed during retrogression in the presence of
fluid/melt by the reaction:

Grt1 þ fluid=melt ¼ Bt2: ð4Þ

6.2. Quartz-saturated domains

The presence of Bt1 and quartz inclusions within garnet suggests
that fluid-absent biotite melting reaction:

Bt1 þ Qtz� Pl ¼ Grtþ KfsþMelt ð5Þ

which took place during prograde rock evolution. Due to quartz-rich
bulk composition, reaction (5) may have occurred only as far as all the
biotites (but not all the quartz) were completely consumed from
the rock. The peak assemblage of the domains is composed of quartz–
plagioclase–alkali-feldspar–garnet. Late Bt2 surrounding garnet-
porphyroblasts (Fig. 6d) could probably have formed during retrogres-
sion in the presence of fluid/melt by reaction (4), similar to those of
the quartz-undersaturated domains.

7. P–T estimates

7.1. Prograde metamorphic conditions

The reconstruction of the PT path during the prograde evolu-
tion is particularly challenging in granulite-facies rocks because of
overprinting of early assemblages by peak/post-peak minerals and
resetting of phase compositions and/or changes in the bulk composi-
tion through addition or loss of melts. Nevertheless, mineral assem-
blages preserved as inclusions in large porphyroblasts, usually garnet,
may provide information on at least a portion of the rock's prograde
history. Here, we quantify part of the prograde path of pelitic granu-
lites using the pressure independent Ti-in-Biotite thermometer of
Henry et al. (2005), the Hoisch (1990) calibrations of the GBPQ
geobarometer and the Koziol and Newton (1988) calibration of the
GASP geobarometer.

Bt1 grains included in Grt1 in the quartz-undersaturated domains
display a TiO2 content of about 7wt.% and a XMg of ca. 0.7 corresponding
to an estimated T of 835 °C using the Henry et al. (2005) calibration of
the Ti-in-Biotite thermometer and assuming no ferric iron in the biotite
structure (Table 4). The estimated temperatures would increase up to
842 °C and 848 °C given incorporation of 10% and 20% ferric iron in bio-
tite, respectively. Bt1 inclusions in garnet of the quartz-saturated do-
mains display a TiO2 content up to 6.80 wt.% and a XMg of ca. 0.75,
corresponding to an estimate T of 845 °C (Table 4).

In the quartz-undersaturated domains, the Hoisch (1990) calibra-
tions of the GBPQ-(Mg) and GBPQ-(Fe) barometers calculated using
Grt1 core composition and Bt1 inclusions are estimated to be P = 10,
10.4 and 10.7 and 10.6, 11 and 11.4 at nominal T = 825, 850 and
875 °C, respectively (Table. 4). In the quartz-saturated domains, garnet
core composition and Bt1 inclusions yielded P=10. 6, 10.9 and 11.3 and
11.3, 11.7 and 12.2 for nominal T = 825, 850 and 875 °C, respectively
(Table 4).

The Koziol and Newton (1988) calibration of the GASP (garnet–
sillimanite–plagioclase–quartz) geobarometer calculated using Grt1
core composition and the composition of plagioclase grains included ad-
jacent to quartz in the core area of Grt1 in thequartz-undersaturated do-
mains yielded P=9.9, 10.3, 10.8 and 11.2 kbar at nominal T=825, 850
and 875 °C, respectively (Table 4).

7.2. Peak metamorphic conditions

Peak-metamorphic conditions were calculated using two comple-
mentary approaches: pseudosection and conventional geothermo-
barometry. Pseudosections were calculated for both quartz-
undersaturated and quartz-saturated domains of pelitic granulites
in the chemical system NCKFMASHTMnO, with the software of
Perplex_X_07 (Connolly, 2005), using the 2004 update of the Holland
and Powell (1998) internally-consistent thermodynamic database and
mineral solution models as listed in the Fig. 7 and 8 captions. The
modeled bulk rock compositions are taken from XRF analysis
(Table 3). As P2O5 is not taken into account in the calculations, the
CaO content equivalent to apatite has been subtracted from the mea-
sured bulk rock composition. H2O content was taken as correspondent
to the loss on ignition (LOI). To have an estimate of the Fe2O3 bulk con-
tent, we calculated T–X(Fe2O3) pseudosections at a pressure of 10 kbar
(Figs. 7a and 8a).

In the T–X(Fe2O3) section constructed for the quartz-undersaturated
domain (Fig. 7a), the observed peak assemblage of garnet–plagioclase–
alkali-feldspar–spinel–sillimanite–ilmenite is predicted to be stable for
X(Fe2O3) comprised between 0.08 and 0.30 and temperatures varying
between 950 and 1050 °C (see bold field in Fig. 7a). Higher X(Fe2O3)
values would progressively stabilize magnetite instead of spinel, while
at lower X(Fe2O3) and T corundumwould appear. At higher T, silliman-
ite or alkali-feldspar would not be stable for X(Fe2O3) b 0.11 or N0.11,
respectively.

The P–T pseudosection of Fig. 7b displays phase relations for the
quartz-undersaturated composition calculated at X(Fe2O3) = 0.15.
The observed peak assemblage is stable for a wide PT window, ranging
between 875–1070 °C and 6–11 kbar (see bold field in Fig. 7b).
At P b 6 kbar, cordierite is predicted to be stable. At P between 6 and
8.5–9 kbar, decreasing T would stabilize biotite, while increasing
T would consume sillimanite. At P N 8.5–9 kbar, a decrease of T would
produce corundum and an increase of T would destabilize alkali-
feldspar. On the basis of textural evidences indicating that after the
peak of the metamorphism corundum and Grt2 formed at the expense
of spinel and sillimanite (reaction 3), we suggest that peak conditions
in the quartz-undersaturated domains occurred at T N 950 °C and
P ≳ 9 kbar.

In the quartz-saturated domain, the observed peak assemblage is
constituted by quartz–plagioclase–alkali-feldspar–garnet–ilmenite–
melt. The T–X(Fe2O3) section calculated at P=10kbar (Fig. 8a) suggests
that X(Fe2O3) was b0.15–0.25 (depending on T) and peak T was be-
tween about 860 and 1010 °C (see bold field in Fig. 8a). At higher



Table 4
Conventional thermobarometric data calculated for the quartz-saturated and quartz-undersaturated domains.

Mineral compositions Si Ti Mg Fe2+ Mn Ca Na K Nominal T
(°C)

Calculated P
(kbar)

Calculated T
(°C)

Reference⁎

Prograde
Quartz-undersaturated domains
Biotite inclusion 0.775 3.280 1.372 835 {1}
Garnet1 core 0.927 1.864 0.027 0.166 825 9.4(Sil) {2}
Plagioclase⁎⁎ 0.380 0.620 0.010 850 9.8(Sil) {2}
Biotite inclusion(O = 12)⁎⁎⁎ 2.974 0.423 1.789 0.748 0.001 0.004 0.045 0.972 875 10.2(Sil) {2}

825 10(Mg)/10.6(Fe) {3}
850 10.4(Mg)/11(Fe) {3}
875 10.7(Mg)/11.4(Fe) {3}

Quartz-saturated domains
Biotite inclusion {1}
Garnet1 core
Plagioclase⁎⁎ 825 10.6(Mg)/11.3(Fe)

Biotite inclusion(O = 12)⁎ 0.380 1.955 0.575 0.000 0.052 0.961 850 10.9(Mg)/11.7(Fe) {3}
875 11.3(Mg)/12.2(Fe) {3}

Near peak conditions
Quartz-undersaturated domains
Garnet1 2.979(Av)+ 0.0040(Av)+ 948(Av)+ {4}

900 8.1 {5}
950 9.2 {5}

1000 10.4 {5}
Quartz-saturated domains
Garnet 2.992(Av)+ 0.0037(Av)+ 941(Av)+ {4}

900 8.0 {5}
950 9.1 {5}

1000 10.3 {5}
Isobaric cooling

Quartz-undersaturated domains
Garnet2 0.995 1.889 0.022 0.153 800 6.1 {6}
Spinel 0.370 0.598 900 8.2 {6}

1000 10.3 {6}
Matrix biotite 0.680 2.936 800 {1}

Quartz-saturated domains
Matrix biotite 0.674 3.114 812 {1}

(Av)+: Average.
⁎ {1} Ti in Biotite geothermometer (Henry et al., 2005); {2} (Sil)Grt–Sil–Pl–Qtz geobarometer (Koziol and Newton, 1988); {3} (Mg)Grt–Bt–Pl–Qtz: (Mg) geobarometer (Hoisch, 1990),

(Fe)Grt–Bt–Pl–Qtz: (Fe) geobarometer (Hoisch, 1990);{4}Ti inGrt geothermometer (Kawasaki andMotoyoshi, 2007); {5}Ti inGrt geobarometer (Kawasaki andMotoyoshi, 2007); {6} Grt–
Crn–Spl–Sil geobarometer (Shultere and Bohlen, 1988).
⁎⁎ Plagioclase: plagioclase inclusions in the core of Garnet.
⁎⁎⁎ Biotite inclusion(O = 12): for oxygen number 11.
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X(Fe2O3) values, sillimanite and then magnetite would be stable, while
at higher and lower temperatures alkali-feldspar would disappear and
biotite would appear, respectively.

In the P–T diagram of Fig. 8b calculated at X(Fe2O3) = 0.10, the ob-
served peak assemblage is stable at T = 870–1040 °C and P N 8 kbar
(see bold field in Fig. 8b). At P b 8 kbar, orthopyroxene would appear
and be part of the peak assemblage. At T b 860–870 °C, our model pre-
dicts biotite as a stable mineral phase, while at N960–1040 °C (depend-
ing on P) alkali-feldspar would disappear. Thus, estimated peaks of P–T
inferred from the quartz-saturated rock domains, although covering a
wide area in the P–T space, are consistent with those derived from the
quartz-undersaturated domains.

Combining the P–T estimates inferred from pseudosections calculat-
ed for both quartz-undersaturated and quartz-saturated parts, we sug-
gest that metamorphic peak temperature occurred around at least
950–975 °C and at pressures around 9–9.5 kbar.

Peak P–T conditions were also calculated using the empirically
calibrated Ti-in-Garnet geothermometer (pressure independent) and
geobarometer of Kawasaki and Motoyoshi (2007). P–T estimates using
average Grt1 core composition of the quartz-undersaturated domains
yielded a temperature of 948 °C and a pressure of 9.2 kbar at nominal
T = 950 °C. The same thermometer applied for average garnet core
composition of the quartz-saturated domains yielded a similar temper-
ature of 941 °C and pressure of 9.1 kbar at T=950 °C. These P–T condi-
tions are in good agreement with estimates from pseudosections.
7.3. Post-peak conditions

Textural evidences suggest that after metamorphic peak in the
quartz-undersaturated portions of the pelitic granulites a second
generation of garnet (Grt2) has formed together with corundum at
the expense of sillimanite and spinel (Fig. 5). This observation indicates
that the investigated granulite experienced a phase of nearly isobaric
cooling after the peak of temperature. In fact, as shown by the
pseudosection of Fig. 7b, corundum is stable exclusively at P N 8.5 kbar
and T ≳ 900 °C. If after peak-T the rock evolved along a decompressional
path, corundum would not form and, at about 6 kbar, cordierite
would be produced instead. Similarly, the pseudosection calculated
for the quartz-saturated composition predicts the appearance of
orthopyroxene already at P b 8 kbar and cordierite at P b 5 kbar in a tem-
perature range of 860–970 °C, again excluding considerable decompres-
sion after peak-T.

We explored more in detail the formation of corundum and Grt2
calculating the modal amounts of spinel, sillimanite, corundum and
garnet expressed in vol.%. Fig. 9 shows that along an isobaric cooling
path (outlined by black arrows in the diagrams) at about 920–930 °C
and 9–9.5 kbar corundum appears and spinel disappears contem-
poraneously. At the same P–T conditions, our model predicts a decrease
of sillimanite and an increase of garnet content. This indicates that
reaction (3) inferred from textural observations is effectively
reproduced by thermodynamicmodelling. The experimental calibration



Fig. 7. (a) T–X(Fe2O3) pseudosection calculated in the NCKFMASHTMnO system at P = 10.0 kbar for the quartz-undersaturated composition of pelitic granulites; (b) P–T pseudosection
calculated at X(Fe2O3)= 0.15 for the quartz-undersaturated composition; solution-phasemodels used in the calculations are: garnet—Gt(WPH):White et al. (2007); biotite— Bio(TCC):
Tajčmanová et al. (2009); sapphirine— Sapp(Tp): Taylor-Jones and Powel (2010); ilmenite — Ilm(WHP); White et al. (2000); alkali-feldspar — San: Waldbaum and Thompson (1969);
plagioclase— Pl(h): Newton et al. (1980); orthopyroxene— Opx(HP): Powell and Holland (1999); spinel— Sp(WPC):White et al. (2002); cordierite— hCrd: Holland and Powell (1998);
melt — melt (HP): White et al. (2007).
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of reaction (3) of Shultere and Bohlen (1988) calculated using Grt2 core
and spinel compositions (Table 4), yielded P = 6.1, 8.2, 10.3 kbar at
nominal T = 800, 900 and 1000 °C, respectively (see Fig. 10). This esti-
mate is in good agreement with the results of our thermodynamic
modelling.
Fig. 8. (a) T–X(Fe2O3) pseudosection at P=10.0 kbar for the quartz-saturated composition of p
composition. Solution-phase models used in the calculations are: garnet — Gt(WPH): White et
Jones and Powel (2010) ilmenite— Ilm(WHP);White et al. (2000); alkali-feldspar— San:Wald
Opx(HP): Powell and Holland (1999) and White et al. (2002); cordierite — hCrd: Holland and
The Ti-in-Biotite thermometer of Henry et al. (2005) applied using
the compositions of retrograde biotite (Bt2) which is present in thema-
trix and surrounding garnet assuming that there is no ferric iron in the
biotite structure (Table 4), yielded T up to 800 °C and 815 °C in the
quartz-undersaturated and saturated domains, respectively.
elitic granulites; (b) P–T pseudosection calculated at X(Fe2O3)= 0.10 for quartz-saturated
al. (2007); biotite — Bio(TCC): Tajčmanová et al. (2009); sapphirine — Sapp(Tp): Taylor-
baum and Thompson (1969); plagioclase— Pl(h): Newton et al. (1980); orthopyroxene—
Powell (1998); melt — melt (HP): White et al. (2007).



Fig. 9. PT-diagrams showing themodal proportion of spinel (a), sillimanite (b), corundum (c) and garnet (d) expressed in vol.% calculated in the NCKFMASHTMnO system for the quartz-
undersaturated pelitic granulite composition. Dashed ellipses correspond to the estimated P–T peak conditions calculated from P–T pseudosections and Ti-in-Grt geothermobarometry;
black arrows display the inferred post-peak P–T path.
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8. Discussion

The two rock domains display a clear contrast in terms of bulk
chemistry: quartz-saturated domain richer in SiO2 and poorer in Al2O3

compared to those of the quartz undersaturated domain. Trace element
compositions also show appreciable difference in bulk chemistry (see
Table 3). Interbedding of metasediments of pelitic and more psammitic
or intermediate composition is a common feature in the basement rocks
and has also been reported extensively from the Highland Complex of
Sri Lanka (e.g., Dharmapriya et al., 2014). Therefore, compositional dif-
ferences between the quartz-saturated and quartz-undersaturated
rock domainsmay reflect a primary heterogeneity in the sedimentation
during deposition.

8.1. P–T evolution of the UHT pelitic granulite of the HC

The chemistry of minerals preserved as inclusions in Grt1 suggests
that the studied pelitic granulite attained a maximum P of 10.5–
11 kbar probably at T around 850 °C during its prograde history. In the
quartz-undersaturated rock domains, during further heating probably
Qtz was completely consumed by reaction (1) from the rock-matrix
leading to the formation of large Grt1 porphyroblasts as a peritectic
phase. The occurrence of rear spinel inclusion in themantle to rimwith-
in Grt1 suggests that themelting reaction (2)was initiated after the con-
sumption of Qtz from the rock. Thus, a series of heat-induced fluid-
absent biotite–melting reactions may have progressively consumed
both biotite and quartz from the rock matrix and produced large Grt1-
porphyroblasts and spinel.

Hiroi et al. (1994) argued that the prograde path experienced by
many pelitic granulites of the Highland Complex of Sri Lanka passed
from the kyanite to the sillimanite stability field. Evidence for that are
rare kyanite–hercynite inclusions in garnet from metapelitic granulites
sampled close to the Nawalapitiya area. However, we did not observe
kyanite in our samples.

Both pseudosections and conventional geothermobarometry sug-
gest that peak metamorphic temperature reached UHT conditions of
950–975 °C and pressures of 9–9.5 kbar (Fig. 7 and Table 4). Metamor-
phic peak was followed by a period of isobaric cooling responsible for
the formation of corundum and a second generation of garnet (Grt2)
at about 930 °C, as well as exsolution of rutile needles and apatite
rods fromGrt1 (Fig. 4a, b, c, d, e, f and h). Further, nearly isobaric cooling
formed late biotite (Bt2) mainly at the rim of large Grt1-porphyroblasts



Fig. 10.Combined P–T path obtained from this studywith proposed P–T trajectory for high
grade granulites from previous studies.
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at T=~800 °C by reaction (4). Bt2 developed only locally, probably due
to the limited availability of metamorphic fluids/melts during
retrogression.

Regardless of several occurrences of UHT rocks in restricted locali-
ties, the tectonic mechanism for UHT metamorphism in the HC is still
unclear. Osanail et al. (1997) suggested that the UHT granulites in the
HC may represent residual compositions after partial melting of
metapelite under low fO2 condition. Gondwana terrains located close
to Sri Lanka, namely Lützow Holm Complex, east Antarctica (e.g.,
Motoyoshi and Ishikawa, 1997; Satish-Kumar et al., 2007), southern
India (e.g., Collins et al., 2014; Santosh et al., 2003, 2006a) and southern
Madagascar (e.g., Janardhan, 1999; Jöns and Schenk, 2011) also display
evidence for local occurrences of Neoproterozoic–Cambrian UHTmeta-
morphic rocks. However, further detailed petrological, geochemical and
geochronological studies require correlating the relation among these
UHT metamorphic rocks.

Fig. 9 displays a possible P–T-path for the investigated pelitic granu-
lites and it is compared with those proposed for high-grade granulites
including UHT rocks by previous studies in the HC, Sri Lanka. The pro-
posed trajectory coincides with the P–T paths commonly suggested by
previous works on the HC granulites (e.g., Hiroi et al., 1994; Ogo et al.,
1992; Perera, 1987; Schumacher et al., 1990). Early high pressure condi-
tions result mostly from crustal over-thickening during a continent–
continent collision (e.g. Sandiford et al., 1988). Relict kyanite associated
with sapphirine, spinel, corundum, staurolite and quartz occurring as
inclusions in garnet in many pelitic granulites also reveals earlier
high-pressure conditions before metamorphic peak temperature is
attained in the HC (Hiroi et al., 2014). Subsequently, lower crustal ex-
tension could have taken place in consequence of non-coaxial flow,
resulting in a decompressional event accompanied by increasing tem-
perature up to the peak of themetamorphism. Themajor lineation is de-
fined by pervasive stretching in the HC granulites formed during non-
coaxial strain of D2 deformation event which has taken place simulta-
neously with the peak metamorphism (e.g., Kehelpannala, 1997;
Kriegsman, 1994). This observation provides evidence for the existence
of strong lower crustal shear stresses near the peak of metamorphism.

Many studies have documented the occurrence of a late stage iso-
thermal decompression after a period of isobaric cooling following
peak-T, mostly expressed by symplectitic textures involving the forma-
tion of cordierite at the expense of garnet and sillimanite (e.g., Ogo et al.,
1992; Perera, 1984). Nevertheless, the samples investigated in this
study show no evidences for a late stage of isothermal decompression.
White et al. (2007) suggested that mineral assemblages in dry rocks
would hardly react in response to P–T changes and hence, post-peak
textures would not form in the absence of fluids/melts infiltrating
though the rock after the metamorphic peak.

8.2. Significance of the garnet + corundum assemblage

In general, the assemblage garnet + corundum in pelitic rocks of
high XMg bulk composition is interpreted as indicative of high pressure
and temperature conditions (e.g., Kelsey et al., 2006; Osanai et al.,
1998; Shimpo et al., 2006; Tsunogae and Santosh, 2007). Coexisting gar-
net and corundum have been reported from UHP rocks, aluminous
eclogites, kimberlites, aswell as numerous granulite terrainsworldwide
which experiencedUHT conditions of 900–1050 °C at relatively high but
not eclogitic pressures of 10–12 kbar (Horrocks, 1983; Moraes et al.,
2002; Osanai et al., 1998; Ouzegane et al., 2003; Sengupta et al., 1999;
Shimpo et al., 2006). However, Kelsey et al. (2006) demonstrated that
garnet + corundum bearing assemblages may occur at a P of around
8 kbar and a T of 850–900 °C in relatively iron- and alumina-rich bulk
compositions.

In the central HC, Ogo et al. (1992) reported corundum inclusions as-
sociated with relict kyanite and staurolite in garnet-porphyroblasts
from khondalites. Large patches of garnet, sapphirine and corundum
in the matrix of a sapphirine-bearing pelitic granulite boulder and
spinel + corundum inclusions in garnet are reported from the same
rock type (Kriegsman and Schumacher, 1999). However, garnet and co-
rundum in these samples occur rarely in mutual contact. Osanai et al.
(2006) found coexisting garnet + corundum in the matrix of quartzo-
feldspathic granulites and reported corundum+ quartz and relict kya-
nite inclusions in garnet, suggesting that the rock reached a P of around
12 kbar and T N 1100 °C.

In the present study, a lack of corundum in the matrix or as inclu-
sions in Grt1-porphyroblasts, which is the main peritectic phase pro-
duced during prograde melting, suggests that corundum was not
present during the prograde evolution. In contrast, textural observations
coupledwith thermodynamicmodeling shows that garnet+ corundum
formed during an isobaric cooling stage rather than at peak P or during
decompression along a clockwise P–T-path.

Therefore, the investigated pelitic granulites provide a rare evidence
for formation of garnet + corundum after peak T along a retrograde
metamorphic trajectory underUHT conditions. This is further supported
by the lack of pyroxene and also aluminous phases such as cordierite,
sapphirine and/or staurolite minerals which are commonly observed
in garnet + corundum bearing pelitic granulites elsewhere in the
world. The absence of the above minerals could probably be due to
the Al and Fe rich but Mg poor (Table 3) bulk chemical composition.

8.3. Significance of rutile needles with ilmenite and apatite rods in
Ti rich Grt1

The clusters and oriented rutile and apatite needles together with il-
menite in Grt1 (Fig. 5a–i) give indirect clues for the rock's evolution
under (relatively HP and UHT)metamorphic conditions. Similar textures
have been reported from Ultrahigh Pressure (UHP) metamorphic rocks
(e.g., Griffin, 2008; Zhang et al., 2003), high to UHT granulites (e.g.,
Kawasaki and Motoyoshi, 2000; Kawasaki et al., 2011; Marschall et al.,
2003; O'Brien and Rötzler, 2003; Osanai et al., 2001) andmantle derived
rocks such as peridotites (e.g., Obata, 1994; Song et al., 2004). Exsolution
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of apatite rods is also reported from HP–UHP metamorphic rocks else-
where (Ague et al., 2012; Zhang et al., 2003).

Proyer et al. (2013) argued that rutile formation from garnet cannot
occur in a closed system and require substantial chemical exchange by
solid-state diffusion between the garnet and the rock matrix. Neverthe-
less, experimental studies have shown that TiO2 could dissolve into sili-
cates like garnet and orthopyroxene at high temperatures (e.g.,
Kawasaki and Motoyoshi, 2007) and Ti solubility in garnet increases
with increasing P and T (e.g., Zhang et al., 2003). Subsequently, during
retrograde cooling and/or decompression, TiO2 may precipitate as
needle- or rod-like rutile crystals within the host mineral (Ague et al.,
2012; Kawasaki and Motoyoshi, 2007; Song et al., 2004; Wark and
Watson, 2006).

Occurrence of Ti-rich biotite (TiO2 up to 7 wt.%) exclusively as inclu-
sions in Ti-rich Grt1-porphyroblasts suggests that Ti-richGrt1 formed via
reaction (1), which completely consumed Ti-rich biotite from the ma-
trix. Thus, the enrichment of Ti in Grt1 could result from the consump-
tion of Ti-rich biotite during the prograde evolution of the rock. Hence,
we infer that precipitation of rod-like rutile and ilmenite observed in
the pelitic granulites may have occurred during isobaric cooling, proba-
bly simultaneously with the formation of corundum + Grt2 at UHT
conditions.

9. Conclusions

The chemistry of minerals preserved as inclusions in the core of Grt1
indicates that during the prograde history of pelitic granulite peak a P of
10.5–11 kbar at T around 850 °C was attained. Further heating during
extension may have induced a series of fluid-absent biotite–melting re-
actionswhich have progressively consumed biotite and quartz from the
matrix and produced porphyroblastic garnet and spinel. Textural obser-
vations coupled with both pseudosections calculated in the
NCKFMASHTMnO system and Ti-in-Garnet geothermobarometry sug-
gest that the rock has reached peak metamorphic temperatures of
950–975 °C and pressures of 9–9.5 kbar.

Peak T was followed by a period of isobaric cooling forming corun-
dum and Grt2 via the reaction Spl + Sil = Grt2 + Crn at around
930 °C. Thermodynamic modelling confirms that corundum appears
and spinel contemporaneously disappears at about 920–930 °C and
9–9.5 kbar along an isobaric cooling path. At the same P–T conditions,
our model predicts a decrease of sillimanite and an increase of garnet
content. The exsolution of rutile needles and apatite rods in Grt1 also
could have taken place simultaneously with the formation of
Grt2+ Crn. Further isobaric cooling produced a second generation of bi-
otite at the rim of large Grt1-porphyroblasts at ca. 800 °C.

Hence, the investigated pelitic granulites provide a rare example for
coexistence of garnet+ corundumalong a retrogrademetamorphic tra-
jectory under UHT conditions. This suggests that isobaric cooling at the
base of the crust is an alternative process to explain the formation of
coexisting garnet + corundum, especially in the absence of cordierite
and/or orthopyroxene.
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