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Abstract

Here, we report a natural field example for the coexistence of spinel+quartz within garnet-
porphyroblasts as a non-UHT assemblage in a spinel- and cordierite-bearing garnet-
sillimanite-biotite-graphite gneiss (khondalite) interbedded with orthopyroxene-garnet-biotite
bearing intermediate granulites from the Highland Complex (HC) in Sri Lanka. The
khondalite contains Zn-rich spinels mainly in four assemblage namely: (a) spinel co-existing
with tiny quartz (ZnO = 12.67-12.85 wt%), (b) spinel surrounded by sillimanite moates and
in intergrowth with skeletal sillimanites (ZnO = 9.03-9.17 wt%), (c) symplectitic spinels at
the margin of sillimanite (ZnO = 4.09-4.28 wt%) and (d) spinelco-existing with ilmenite or
as isolated grains (ZnO = 7.61-7.97 wt% and Cr,03 = 5.99-6.27 wt%). Assemblage (a) and
(b) occur within garnet while textures of (c) and (d) are present within cordierite moates after
garnet in the matrix. Pseudosections calculated in the NCKFMASHTMnO system and
conventional geothermobarometry suggest that the metamorphic peak conditions attained by
the spinel+quartz bearing khondalites and associated intermediate granulites did not exceed T
of 900 °C and P of 7.5-8.5 kbar. Post-peak evolution was characterized by a stage of nearly-
isobaric cooling down to T of 770 °C and P of 7.5 kbar, followed by a late stage of isothermal
decompression down to P < 6.5 kbar and T of 770 °C.

Thus, we propose that the incorporation of large amount of Zn into spinel from exotic,
metasomati¢ fluids and possibly incorporation of Fe’* into spinel under high oxidizing
conditions may have shifted the stabilization of co-existing spinel+quartz to T < 900 °C.
Hence, this study provides insights into the occurrence of spinel + quartz as a non- UHT
assemblage suggesting that the coexistence of spinel + quartz should be treated with care and

considered only as indicative, but not diagnostic of UHT metamorphism.
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1. Introduction

Aluminium and Magnesium rich granulites are essential to understand high-grade
metamorphism, because they commonly preserve peak/near-peak mineral phases, including
sapphirine, aluminous orthopyroxene, sillimanite, garnet, spinel or corundum, and display-a
range of post-peak reactions, which permit to unravel their P-T evolution (Droop and Bucher-
Nurminen, 1984; Waters, 1986; Hensen, 1987; Droop, 1989; Su et al., 2012a).- The mineral
assemblage spinel + quartz has been documented from many well-known ultra-high-
temperature (UHT) terrains across the globe and often used to infer extreme crustal UHT
metamorphic conditions (e.g. Kawakami and Motoyoshi, 2004; Morimoto et al. 2004; Sajeev
and Osanai, 2004b; Barbosa et al., 2006; Santosh et ‘al., 2006; Tsunogae et al., 2008;
Kawasaki et al., 2011; Zhang et al., 2012).

Despite the fact that spinel + quartz-assemblage is reported from numerous UHT
granulites, the influence of ZnO on the stability of spinel in the P-T space is still a matter of
debate (Kelsey, 2008; Kawasaki etal., 2011). Many experimental studies have suggested that
the stability of spinel + quartz assemblages may be shifted to lower temperatures and
relatively higher pressures through the incorporation of Zn into spinel (e.g. Shultere and
Bohlen, 1988; Nichols et al., 1992; Dasgupta et al., 1995; Das et al., 2001, 2003). Further,
incorporation of minor elements such as Cr, Ti, Ni, V (Harley and Hensen, 1990; Waters,
1991; Nichols et al., 1992; Dasgupta et al., 1995; Harley 1998, 2008; Das et al. 2001; Kelsey
2008) or Fe’* ions under oxidizing conditions (Hensen, 1986; Dasgupta et al., 1995) may
strongly influence the stability field of spinel + quartz to lower temperatures.

This study was carried out in the Highland Complex (HC) Sri Lanka where evidences
of UHT metamorphism have been reported only from few localities in the central HC and
rarely in the southwestern part of the HC (Fig. 1) from the pelitic, mafic and

quartzofeldspathic granulites (Osanai, 1989; Kriegsman and Schumacher, 1999;0sanai et al.,



2000, 2003, 2006; Sajeev and Osanai, 2004a, 2004b; Sajeev et al., 2003, 2007, 2010).The
reason for local occurrences of UHT granulites in the HC is still been a debate. In this paper,
we report the P-T evolution of spinel- and cordierite-bearing garnet-sillimanite-biotite-
graphite gneiss (khondalite) from the HC. Also we discuss the stability of field of direct co-
existence of Zn-rich spinel with quartz within porphyroblastic garnets in the studied

khondalite.

2. Geological setting

Based on Nd-model age determinations (Milisenda et al.;, 1988, 1994; Kroner et al.
1991), Proterozoic basement of Sri Lanka has been subdivided from the west to the east in
four units (Kroner, 1991; Cooray, 1994, see Fig. 1): the Wanni Complex (WC), the
Kadugannawa Complex (KC), the Highland Complex (HC) and the Vijayan Complex (VC).

The WC consists of amphibolite to granulite facies meta-sediments and meta-igneous
rocks displaying Nd-model age of 1.1-1.8 Ma (Milisenda et al., 1988, 1994). The KC, often
referred as “Arenas” (Vitanage, 1972; Almond, 1991), crops out in the northwestern part of
the Kandy area and is composed of amphibolite to granulite facies basement rocks (Kroner et
al., 1991; Cooray, 1994) with Nd-model ages ranging between 1.1 and 1.8 Ga (Milisenda et
al., 1988, 1994). Some authors (e.g. Kehelpannala, 1997; Kroner et al., 2003) have suggested
that the KC forms part of the WC based on geochronological, geochemical and structural
evidences.

The basement of the centrally located HC yields Nd-model ages from 2.0 to 3.6 Ga
(Milisenda et al. 1988, 1994). The HC is made of granulitic meta-quartzites, marbles,
calcsilicates and metapelitic gneisses, intimately associated with charnockites (Cooray, 1962,
1984; Mathavan and Fernando, 2001). P-T conditions increase from 4.5-6 kbar and 600-700

°C in the southwestern part to 8-10 kbar and 800-900 °C towards the east (Faulhaber and



Raith, 1991; Schumacher and Faulhaber, 1994; Raase and Schenk, 1994; Mathavan et al.
1999; Kriegsman and Schumacher, 1999). Meta-sedimentary rocks such as marble and
quartzite could be traced for more than 40 km in central and northeastern part of the HC,
while thick bands of marble and quartzite in the southwestern parts of the HC are scarce
(Mathavan et al. 1999). However, bands of wollastonite-scapolite, diopside- and scapolite-
bearing granulites and cordierite-bearing gneisses occur in the SW part (Cooray, 1962, 1984;
Hapuarachchi, 1968; Mathavan et al., 1999).

The VC yields Nd-ages of 1.1-1.8 Ga (Milisenda et al., 1988, 1994) and displays a
suite of calc-alkaline orthogneisses, migmatites and minor meta-sedimentary enclaves such as
meta-quartzite and calc-silicate rocks (Kehelpannala, 1997, Kroner et al, 2012)
metamorphosed under upper amphibolite-facies.

During the last two and half decades, petrological, geochemical and geochronological
studies on the HC have inferred, crustal UHT conditions of 925-1150 °C and 9-12.5 kbar
(Osanai, 1989; Kriegsman and Schumacher, 1999; Osanai et al., 2000, 2003, 2006; Sajeev
and Osanai, 2004a, 2004b; Sajeev et al., 2003, 2007, 2010) from very few localities. The age
of the UHT event is still debated. From UHT granulites of the HC, Sajeev and Osanai (2003)
have obtained the Sm-Nd isochron whole-rock age of 1478 £ 58 Ma, inferring that the UHT
granulites could be relics of a pre-Pan African metamorphism. However, Sajeev et al. (2007)
reported U-Pb zircon metamorphic age of ca. 580 Ma from relatively higher pressure UHT
mafic granulites, which is in agreement with zircon and monazite ages of ca. 570 Ma
determined from sapphirine granulites of the central HC (Sajeev et al., 2010), suggesting that
the UHT granulites of the HC might have formed during assembly of the Gondwana super-

continent.

3. Sample description and field relations



We collected spinel- and cordierite-bearing garnet-sillimanite-biotite-graphite
gneisses (khondalite) and interbedded intermediate granulites exposed in an excavated
embankment for construction close to the city of Horana. This area lies within the
southwestern part of the HC and is mainly composed of cordierite-bearing metapelites,
wollastonite-bearing calcsilicates, massive charnockites and charnockitic pegmatites (Cooray,
1965; Hapuarachchi, 1968). In our sampling area, quartzites, charnockites, khondalites,
orthopyroxene-garnet-biotite gneisses, hornblende-biotite gneisses and pegmatites crop out
intercalated with minor layers of marbles and calcsilicate gneisses (Fig. 2). The area displays
a poly-phase ductile deformation history characterized by large scale folding and thrusting
(Kehelpannala, 1997, 2003; Berger and Jayasinghe, 1976; Cooray, 1986; Sandifird et al.,
1988; Voll and Kleinschrodt, 1991).The investigated khondalites are constituted of garnet,
sillimanite, cordierite, plagioclase, alkali-feldspar, biotite and spinel with minor rutile,
ilmenite and graphite. Zircon occurs as accessory mineral. Typically, garnet porphyroblasts
are coarse-grained varying in size from 0.5 cm up to 8 cm (Fig. 3a and b) and are partly
consumed by cordierite + spinel moats (Fig. 3a). Rarely, coarse-grained calcite crystals are
observed in plagioclase-rich domains. Khondalites display a strongly developed major
foliation defined by compositional layering (Fig. 3c) and are interbedded and isoclinally
folded together with dark colored layers of intermediate granulites (Fig. 3d). Intermediate
granulite layers (30- 60 cm thick) are mainly composed of garnet, orthopyroxene, biotite,
feldspars and quartz. Khondalite and intermediate granulites generally plunge gently with an

attitude of N5°E/25°SE.

4. Petrography

4.1 Khondalite



The rock contains two petrographic domains: i) medium- to coarse-grained garnet-
bearing (1-8cm in diameter) domain; ii) fine- to medium-grained garnet-bearing (0.25-1 cm)
domain.

4.1.1 Textures of garnet porphyroblasts

Garnets in coarse to medium-grained garnet-bearing domain display numerous‘mono-
phase and/or multi-phase inclusions of sillimanite, plagioclase, quartz, alkali-feldspar and
less abundantly cordierite, spinel, ilmenite, rutile, biotite, zircon, monazite and tourmaline.
Spinel inclusions occur two types: 1) spinel directly coexisting with tiny quartz in mantle area
of garnet, commonly surrounded by coarse-grained alkali-feldspar and associated with light
brownish biotite flakes (Fig. 4a, b and ¢), and ii) spinel surrounded by sillimanite moats (Fig.
4d, e) or in intergrown with skeletal sillimanite + alkali-feldspar (Fig. 4f) in the mantle area
of garnet. The sillimanite grains present from the core to the rim area of garnet are considered
as prograde and sillimanite moats and skeletal sillimanite found around spinel from the
mantle to rim of garnet are probably formed during retrogression (Fig. 4d-g). Tiny tourmaline
inclusions areobserved at the mantle area of spinel- and quartz-bearing garnet-porphyroblasts
(Fig. 4h).

Isolated anhedral plagioclase, alkali-feldspar and biotite inclusions occur widespread
from the mantle to the rim of garnet. Quartz inclusions are less abundant especially in spinel-
bearing garnets. Occasionally, tiny quartz inclusions (<0.Imm) can be recognized close to
where sillimanite-spinel aggregates occur (Fig.4g). In spinel-free garnets, quartz inclusions
occur up to 1 cm in size. Cordierite inclusions are commonly observed along fractures from
rim to lower mantle area of coarse garnet (Fig. 41).

Garnet in fine- to medium-grained garnet bearing domain contains quartz, plagioclase,
biotite and sillimanite as major inclusion phases. Rutile and ilmenite occur as minor

inclusions, while zircon and apatite occur as accessory inclusion phases (Fig. 4j).



4.1.2 Textures of Matrix minerals

Most of the garnets in medium- to coarse-grained garnet-bearing domain are rimmed
by cordierite + spinel, sillimanite and quartz (Fig. 4k-o0). Stretched quartz (up to 5cm in
length), prismatic sillimanite (0.5-1.5cm), subhedral and anhedral two feldspars, acicular
biotite, anhedral porphyroblastic cordierite (0.5-1.5cm), coronitic cordierite after garnet and
minor graphite flakes form the main mineral assemblage in the matrix. The preferred
orientation of quartz, prismatic sillimanite, biotite and graphite flakes define the main rock
lineation on major foliation (Fig. 4p). Spinel inclusions found in ‘cordierite occur in two
textural types: i) spinel embedded as isolated grains or together with ilmenite, adjacent to
sillimanite and quartz (Fig. 41 and m); ii) symplectitic spinel at the margin of sillimanite (Fig.
4n and o).

In fine- to medium-grained garnet-bearaing domains, the matrix is composed of
prismatic sillimanite, two feldspars, stretched quartz, anhedral cordierite and acicular biotite,
with minor amount of graphite (Fig. 4q). Garnets of this domain do not show any breakdown

reactions.

4.2 Intermediate granulites

The dark colored intermediate granulites contain anhedral orthopyroxene (0.25-1 cm
in size), plagioclase and alkali-feldspar (0.25 to 1.5 cm in size), medium- to fine-grained
quartz and acicular biotite as major constituents, anhedral garnet (0.25 to 3 c¢m in size) and
ilmenite as minor minerals, and rutile, apatite and zircon as accessory (Fig. 4r - t). Biotite in
this rock are found as two modes: (a) acicular coarse to medium biotite flakes which always
show prefer orientation have sharp grain margins (Fig. 4r and s). Occasionally, this biotite

which can be observed as inclusions and/or partial inclusion phase with in garnet and



orthopyroxenes can be considered as a peak metamorphic mineral. (b) Medium to fine
anderdal biotite which are mostly associated at the margins of orthopyroxene and garnets and
always shows random orientation (Fig. 4r —t). These biotites do not have sharp grain margins
and could be a retrograde product due to hydration of orthopyroxene and garnet.

Other than the biotite, garnet contains quartz and plagioclase as major inclusion
phases while alkali-feldspar, rutile and ilmenite as minor phases. Tiny quartz and plagioclase

inclusions can be observed in orthopyroxenes with biotite (Fig. 4s).

5. Whole rock and mineral chemistry
5.1 Whole rock chemistry

Major and trace element compositions of the khondalite and intermediate granulites
are taken from XRF analysis, performed using a Panalytical Axios wave-length dispersive
XRF spectrometer (WDXRF, 2.4 kV) at the ETH Zurich, Switzerland. The obtained major
and trace element data are presented in Table. 1.

Both khondalite and intermediate granulites show high Si (up to 57.2 wt % and 56.8
wt %, respectively). Khondalite is Al-richer than interbedded intermediate granulite (20.2 wt
% vs. 14.8 wt %). Xy, of the two types of granulite are 0.27 and 0.41, respectively. Both
khondalite and intermediate granulites display high Rb, Ba, Zr, Zn, Cr and V contents

(Table:1).

5.2 Mineral chemistry

Chemical analyses of the khondalite were carried out using JEOL JXA8100 electron
probe microanalyzer (EPMA) at Institute of Geology and Geophysics, Chinese Academy of
Sciences, at Beijing, China. All analyses were operated at an accelerating voltage of 15 kV

and 10 nA beam current, 3 um beam spot and 10-30 s counting time on peak. Natural (jadeite



[NaAISiOg] for Na, Al and Si, rhodonite [MnSiOs] for Mn, sanidine [KAISi3Os] for K, garnet
[FesAl,Si30,;] for Fe, Cr-diopside [(Mg, Cr)CaSi,O¢] for Ca, olivine [(Mg, Fe),Si04] for
Mg) and synthetic (rutile for Ti, 99.7% Cr,03 for Cr, Ni,Si for Ni) minerals were used for
standard calibration (Su et al. 2012b), and a program based on the ZAF procedure was used

for matrix corrections. The precisions of all analyzed elements are better than 98.5%.

5.2.1 Spinel

Spinels included in garnet-porphyroblasts display relatively high Xy, values of 0.41-
0.43 (Table 2). They are also rich in ZnO (12.67-12.85 wt%) and poor in Cr,O3 (0.77-0.80
wt%). Spinels mantled by sillimanite within garnet have an Xy, of 0.38-0.39, ZnO and Cr,0;
contents of 9.03-9.17 wt% and 0.20-0.29 wt%, respectively. Isolated spinels associated with
cordierite show relatively low Xy, values of 0.27-0.29, ZnO contents of 7.61-7.97 wt% and
relatively high Cr,O3 of 5.99-6.27 wt%. Symplectitic spinels at the margin of sillimanite have
Xmg of 0.31-0.32, relatively low ZnO contents (4.09-4.28 wt%) and Cr,O3 contents of 0.71-

1.61 wt%.

5.2.2 Garnet

Garnet shows almandine-pyrope solid solution (Xm:58.7-60.0 and Xp,: 32.8-36.0),
with little amounts of grossular (Xg<0.015) and spessartine (Xsps<0.025) components (Table
3). The porphyroblasts are slightly zoned, showing increasing Xv, and Xc, while decreasing

Xpe and Xy, from the core towards the rim (Fig. 5).

5.2.3 Cordierite



Cordierites in moats surrounding garnet and inclusions in garnet have relatively high
Xmg 0f 0.77 and display low Na,O contents <0-02 wt%. Total oxides of cordierite yield about

98 wt%, indicating minor channel-filling volatiles such as CO, and/or H,O (Table 3).

5.2.4 Biotite

Biotite composition varies with textural settings (Table 3). Biotite in-contact with
composite spinel + quartz inclusions within garnet displays an Xy, of 0.79-0.80 and a TiO,
content of 2.94-3.02 wt%. Isolated biotite inclusions in garnet have slightly lower Xy, value
of 0.74 and high TiO, content of 5.92 wt%, while biotite in contact with garnet and cordierite

moats show Xy, of 0.66 and TiO; contents of 3.14-3.53 wt%.

5.2.5 Feldspars
Matrix plagioclase is Ca-poor, having a Xa, of 0.29. Both matrix alkali-feldspar and
alkali-feldspar inclusions surrounded by spinel + quartz assemblage and sillimanite in garnet-

porphyroblasts have composition of Xo, of 0.89and 0.86, respectively (Table 3).

5.2.6 llmenite

MnO content of ilmenite is relatively high (0.25-0.31 wt%, Table 3), while Xy, up to
0.048./The calculated Fe*" component from ilmenite grains within cordierite moats around
garnet is 0.039. Ilmenite inclusions within mantle area of garnet display higher Fe’" content

0f 0.062, indicating high oxidising conditions during garnet growth.

6. Textural evolution

6.1 Khondalite



Mineral assemblage(s) preserved as inclusions in large porphyroblasts, commonly
garnet, may preserve at least part of the prograde evolution of a rock. In the studied
khondalite, spinel + quartz inclusions within garnet completely surrounded by alkali-feldspar
(Fig. 4a and b), together with Ti-rich biotite and rare sillimanite inclusions within alkali-

feldspar grains located next to spinel may suggest the occurrence of the prograde reaction:

Bt + Sil = Spl + Qtz + Kfs + Melt (1)

Above minerals together with rutile inclusions in garnet may indicate that the peak
mineral assemblage of the studied samples consist of spinel-quartz-sillimanite-plagioclase-
alkali-feldspar-biotite-garnet as major phases and rutile as a minor phase.

Spinel rimmed by skeletal sillimanite grains within mantle areas of garnet-
porphyroblasts indicates the breakdown of spinel + quartz peak assemblage during cooling
via the reaction:

Spl'+ Qtz=Grt + Sil  (2)

In the studied sample, the lack of quartz associated with this particular texture could
suggest that quartz has been completely consumed during the reaction, as also reported by
Kawakami and Motoyoshi (2004) from garnet-sillimanite leucogneisses of the Lutzow-Holm
Complex in East Antarctica.

Formation of cordierite £ spinel moats surrounding garnet-porphyroblasts in the
presence of sillimanite + quartz and ilmenite probably result from the following pressure-

sensitive reactions:

Grt + Sill + Qtz = Cord + Spl (3)



Grt + Sill = Cord + Spl  (4)

These reactions may have taken place during near isothermal decompression.

6.2 Intermediate granulites
The peak assemblage orthopyroxene-garnet-biotite-quartz-plagioclase-alkali-feldspar
observed in the intermediate granulites probably formed through a series of fluid-absent

prograde biotite melting reactions such as

Qtz + Bt = Opx + Kfs + Melt (5)

Qtz + Bt = Grt + Kfs + Melt (6)

Qtz + Bt = Grt + Opx + Kfs + Melt  (7)

Qtz + Pl + Bt = Grt + Opx + Kfs + Melt ~ (8)

which partly consumed quartz and biotite from the rock matrix and produced orthopyroxene,
garnet and alkali-feldspar as peritectic melting phases. Reactions (5) to (8) may explain the
occurrence of tiny quartz, plagioclase and biotite inclusions commonly observed in
orthopyroxene and garnet (Fig. 4s and t). The preservation of biotite and quartz in the matrix
suggests that temperatures during melting were not sufficiently high to completely consume
the reactants of reactions (5) to (8). As experimentally shown by Vielzeuf and Montel (1994),

biotite-quartz-orthopyroxene-garnet-melt coexist over a 50-100 °C wide multivariant field, in



which by increasing T the proportion of biotite-quartz decrease and those of orthopyroxene-

garnet increase, respectively, before the melting reactions go to completion.

7. P-T estimates

In order to estimate peak metamorphic conditions of the studied khondalite, we
applied two  complementary  approaches: pseudosections and _conventional
geothermobarometry. The pseudosection approach is independent from mineral compositions
that may have been modified during cooling. Nevertheless, the lack of thermodynamic data to
include Zn in the modeling and hence to quantify its role on the stability of spinel, which is
the crucial phase of the investigated khondalite, may represent a major drawback. However,
using experimentally calibrated geothermobarometers complementarily, such as the Ti-in-
Garnet geothermometer (e.g. Kawasaki and Motoyoshi, 2007), the Ti-in-Biotite thermometer
(Henry et al., 2005) and the GASP geobarometer (e.g. Koziol and Newton, 1988) may fill the
void, due to the fact that these calibrations are non spinel-related and only slightly dependent
on Fe-Mg exchange. Therefore; they should not be strongly influenced by compositional
modifications due to reverse diffusion, as commonly observed in high-grade rocks after peak
metamorphism.

We constructed pseudosections for both the khondalite and interbedded intermediate
granulites in the chemical system of NCKFMASHTMnO, the most reliable system
approximating the real composition of natural rocks that we can actually model, using the
software Perplex_X_07 (Connolly, 2005), the 2004 update of the Holland and Powell (1998)
internally-consistent thermodynamic database and mineral solution models as listed in the
caption to the Fig. 6. The modeled bulk rock compositions are taken from XRF analysis. We
neglected P,Os from the calculations, and therefore the CaO content equivalent to apatite was

extracted from the measured bulk composition. H;O content corresponds to the loss on



ignition (LOI). In order to investigate the oxidation state of the samples and have an estimate
of their Fe,O; content we calculated 7-X(Fe,03) pseudosections at pressure of 8.0 kbar (Fig.
6a and c).

In the T-X(Fe,Os) section calculated for the khondalite (Fig. 6a), spinel + quartz
coexist with sillimanite at X(Fe,Os3) between 0.07 and 0.42, and temperatures ranging
between 1000 °C and 1060 °C. At higher T, sillimanite is predicted to disappear, while at
lower T spinel would not be stable, for X(Fe,O3) < 0.16, or be replaced by magnetite. Since in
the studied sample magnetite is absent, we suggest that the X(Fe,0;) value which indicate the
oxidation state of the rock has to be located between 0.07 and 0.16.

The P-T pseudosection of Fig. 6b, calculated at X(Fe;O3;) = 0.10, represents the
stability of coexisting minerals for the composition of the studied khondalite in the P-T space.
Spinel and quartz coexist at temperatures > 925 °C and pressures comprised between 5 and 8
kbar (see bold field in Fig. 6b), while their occurrence together with sillimanite is restricted to
temperatures of 965-1065 °C and pressures of 7-8 kbar. At higher T and lower P, sillimanite
would disappear and cordierite and orthopyroxene would be stable; at higher P, spinel would
disappear. Nevertheless, the modeling failed to reproduce the observed peak mineral
assemblage because Spl + Qtz (+ Grt, Sil, Pl, Kfs) are never predicted to coexist with biotite,
whose stability is limited at T < 890 °C (see dashed line in Fig. 6b). At higher T, biotite
would be completely consumed through biotite melting reactions.

In many granulite terrains, layers of intermediate granulites composed of opx-garnet-
biotite gneisses interbedded within metapelites are common and are generally interpreted as
metagreywackes (e.g. Asiedu et al., 2004; Saxena and Pandit, 2012). Since, major element
compositions similar to those of the investigated intermediate granulites (Table. 1) have been
reported from matagreywake of the Birim diamondiferous field, southern Ghana (Asiedu et

al., 2004) and from the Hindoli Group metasediments, SE Aravalli Craton, NW India (Saxena



and Pandit, 2012), while Asiedu et al. (2004) have described similar trace element
compositions from metagreywakes of Birim diamondiferous field, southern Ghana. This
suggests that khondalite and intermediate granulites form a meta-sedimentary suite
metamorphosed to granulite-facies conditions. Therefore, modeling of the intermediate
granulites interbedded with khondalites may avoid the discrepancy of Zn in the modelling,
because spinel is not part of the stable assemblage and thus the P-T estimate isnot spinel (+
quartz) dependant. The 7-X(Fe,O3) section calculated at P = 8 kbar and X(Fe;O3) ranging
between 0 and 0.2 (Fig. 6¢) displays the effect of minor amount of ferric iron on the phase
relations. The peak assemblage Opx-Bt-melt-P1-Kfs-Grt-Qtz-1lm is stable for X(Fe,O3) < 0.08
at T around 900 °C. The occurrence of Cpx at higher X(Fe»O3) delimitates the maximum bulk
ferric iron content, while the appearance of clinopyroxene at T < 885 °C and the
disappearance of biotite at T > 910 °C bound the temperatures.

In the P-T pseudosection of Fig. 6d calculated at X(Fe,O3) = 0.01, the disappearance
of biotite and the appearance of alkali-feldspar confines the peak temperature at around 900
°C. The peak pressure is delimited at about 7-8 kbar by the appearance of Cpx at higher P.
This estimate matches well the results of melting experiments on metagreywackes (e.g.
Vielzeuf and Holloway, 1988; Vielzeuf and Montel, 1994; Clemens et al. 1997), which
shows that.at around 8 kbar biotite-orthopyroxene-garnet-quartz-plagioclase-alkali-feldspar
coexist between 860 °C and 930 °C (Vielzeuf and Montel, 1994).

Estimated peak conditions from P-T pseudosections are compared with conventional
geothermobarometric calculations. Mineral compositions in Tablel, 2 and 3 are used in the
calculations and a summary of the results are given in Tables 4. The Ti-in-Garnet
geothermometer of Kawasaky and Motoyoshi (2007) using garnet core-composition yielded
temperature of 860 °C. The Ti-in-Biotite thermometer of Henry et al. (2005) yield slightly

lower temperature of 828 °C, assuming no ferric iron in the biotite structure. However, the



estimated temperatures would increase up to 834 °C and 841 °C considering the
incorporation of 10% and 20% ferric iron into biotite, respectively. The Koziol and Newton
(1988) calibration of the GASP geobarometer yields pressures of 7.3, 7.7, 8.0, 8.3 and 8.6
kbar at nominal temperatures of 800, 825, 850, 875 and 900 °C, respectively.

Decreased cation diffusion rates at lower temperatures may lead to the development
of micro-scale volumes of equilibration in rocks. Hence, the use of pseudosections in the
investigation of post-peak evolution may be misleading due to the difficulty of estimating the
effective bulk composition related with a specific reaction (e.g.” Galli et al.,, 2010).
Alternatively, we reconstructed the post-peak evolution of the sample by calculating the P-T
conditions of relevant reactions observed in thin section (Tables 2 and 3).

The reaction (2) observed in the mantle area of garnet-porphyroblasts from the
khondalite (Fig. 4d-g), (experimentally investigated by Nichols et al. (1992) in the system
FMASZn), yields post-peak temperatures of 810 and 830 °C for pressures of 7.7 and 8.2
kbar, respectively, suggesting that a period of isobaric cooling occurred after metamorphic
peak (Fig. 7).

Intersection of the reaction 3 (experimentally calibrated by Wells and Richardson,
1980 and Holdaway and Lee, 1977) with the Garnet-Cordierite thermometer of Bhattacharya
et al. (1988) occurs at temperatures of about 765-770 °C and pressures of 6.5-7.0 kbar, in
good agreement with the Spinel-Cordierite thermometer of Das et al. (2003), calculated for
spinel-cordierite moats around garnet yielding T of about 770 °C (Fig. 7). Similar
temperatures of 770-780 °C are estimated using the Ti-in-Biotite thermometer of Henry et al.
(2005) for late biotite crystallized at the margin of garnet-porphyroblasts. The P-sensitive
reaction (3) suggests that after isobaric cooling the khondalite may have experienced a late
stage of nearly isothermal decompression (Fig. 7). A decrease in pressure is also

demonstrated by the occurrence of ilmenite as oxide phase commonly associated with late



cordierite + spinel-bearing moats and coronas. Further this could be explained by the
decreasing almandine and spessartite components and increasing pyrope and grossular

components from core to rim observed in zoned garnet-porphyroblast (Fig. 5).

8. Discussion

Spinel and quartz may mislead many to interpret non-UHT textures as UHT features.
For example, textures such as spinel-quartz inclusions in garnet porphyroblasts where the
quartz is a late crystallization product formed from either melt rather than part of an
equilibrated assemblage, or post-peak decompositions of magnetite-ulvospinel solid solution
(Harley, 2008). Therefore, care must be taken in the interpretation of P-T evolution of Zn-

rich spinel in equilibrium with quartz.

8.1 Formation of Zn-rich spinels and variation of oxygen fugacity (fo) during the evolution
of khondalite

The formation of Zn-rich spinel in pelitic rocks is commonly explained by: 1)
breakdown of Zn-rich silicates such as staurolite (e.g. Stoddard 1979; Gallien et al., 2010)
and biotite (e.g Shabeer et al., 2002; Morimoto et al. 2004; Santosh et al., 2006) or ii)
metasomatic fluids carrying excess ZnO (and MgO) into the rock (e.g. Ogo et al., 1992). In
the first case, during prograde metamorphism staurolite dehydrates and Zn can incorporate
into minerals containing Fe?" in the tetrahedral coordination such as spinel (e.g. Loomis 1972;
Stoddard 1976). Ogo et al. (1992) and Hiroi et al. (1994) reported Zn-rich hercynite (ZnO up
to 10.79 wt%) together with Zn-rich staurolite (ZnO up to 2.25 wt%) in kyanite-staurolite-
garnet-bearing khondalites from the southwestern part of the HC. Zn-rich staurolite (ZnO up
to 2.14 wt%) from the HC have been also described by Rasse and Schenk (1994).

Nevertheless, the khondalites investigated in this study are lack of staurolite. Thus, formation



of Zn-rich spinel via staurolite breakdown seems to be unlikely. Consumption of Zn- and Cr-
rich biotite during prograde metamorphism may lead to formation of Zn-rich spinel, as
inferred by Morimoto et al. (2004) from UHT khondalite in southern India. However, in the
present study the ZnO and Cr,O; contents of biotite associated with sipinel + quartz
assemblage range between 0.07-0.12 wt% and 0.31-0.40 wt%, respectively. Therefore,
destabilization of biotites can only contribute in minor amount to increase the Zn content in
spinel of the studied khondalites.

Alternatively, formation of Zn-rich spinel could be explained by infiltration of
chemically active fluids under high fo,. Presence of ilmenite with relatively high Fe** content
close to spinel grains coexisting with quartz and ilmenite inclusions within alkali-feldspar
which encloses spinel + quartz assemblage (Fig. 4b) suggests high oxidizing condition may
have prevailed during formation of spinel + quartz. Distribution of ilmenite grains at garnet
margin (Fig. 4n), within cordierite (Fig. 4k to n) and close to retrograde spinels (Fig. 4i and
m) may indicate that high oxidizing conditions existed even during the post-peak isothermal
decompression. Rare tourmaline inclusions within garnet porphyroblasts associated with
spinel + quartz could also suggest that metasomatic fluids may have entered into the system
during the rock’s evolution. Such chemically active fluids may have added ZnO, BOs and
Cr,05 from exotic sources forming tourmaline and/or Zn- and Cr-rich spinel (e.g. Ogo et
al.,1992). Addition of exotic Zn and Cr is also inferred by the Zn- and Cr-rich compositions
of post-peak spinels which may have formed via reactions (3) and (4). Moreover, the
reactants, garnet, sillimanite and quartz, as well as the surrounding plagioclase, alkali-
feldspar and ilmenite, show lower ZnO and Cr,O; contents than the produced spinel. Hence,
it is suggested that Zn- and Cr-rich spinel are formed by addition of metasomatic fluids into

the khondalite of the HC.
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Figure 8 compares the Zn content (p.f.u) vs. Xy, of spinel associated with quartz in
the present study and other high-grade terrains worldwide. It clearly demonstrates that the
stability of Zn-rich spinel + quartz is not univocally correlated in the P-T space with the Zn
content of spinel since Zn-rich spinel co-existing with quartz has been reported from a wide
spectrum of P-T conditions, ranging between 6-12 kbar and 830-1000 oC, respectively:

In the investigated sample, the stabilization of coexisting spinel + quartz at < 900 °C
seems to result from the combined incorporation of considerable amount of Zn (up to 12.85
wt% of ZnO) and Fe’" into spinel under relatively high oxidizing conditions during peak
metamorphism. In fact, the calculated 7-X(Fe,0s) section (Fig. 6a) predicts that the observed

mineral assemblage requires X(Fe,03) of 0.07-016 to be stable.

8.2 P-T evolution of the HC khondalite

In Fig. 7 we present a possible P-T path for the investigated HC khondalite and
interbedded  intermediate  granulite. = Both  pseudosection and  conventional
geothermobarometric calculations suggest that peak metamorphic condition occurred at
temperatures of 870-900 °C and pressures of 7.5-8.5 kbar. Textural observations coupled with
geothermobarometric estimates indicate that after the metamorphic peak the HC khondalite
has been subjected to a phase of isobaric cooling (as inferred from reaction 2) followed by a
phase of nearly isothermal decompression (shown by reactions 3 and 4).

Thus, this study presents clear evidence showing that spinel + quartz assemblage
bearing khondalite of the south western HC, Sri Lanka, has not reached UHT conditions
during its metamorphic evolution. Generally proposed P-T conditions for the southwestern
part of the HC are 600-750 °C and 4.5-6 kbar (e.g. Mathavan et al., 1999), which is approx.
2-3 kbar and 200-250 °C less than the conditions suggested by this study. Raase and Schenk,

(1994) have proposed that the both southeastern and southwestern parts of the HC together
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comprise ~15 km thick slice of the deep crust from about 30-35 km depth in the southeast to
15- 20 km depth in the west suggesting that the lower crustal cross-section exposed in the HC
was already tilted during cooling.

However, the occurrence of rare kyanite inclusions in garnet in pelitic granulites
(Hiroi et al., 1987, 1994; Ogo et al., 1992), osumilite and spinel + quartz-bearing UHT pelitic
granulites (Sajeev and Osanai 2004b) and spinel + quartz assemblage in non UHT pelitic
granulites presented in this study, arise the necessity to reinvestigate the regional geology of
the southwestern HC.

In comparison, the southern Indian granulite terrain which<is the nearest granulite
terrain to the HC, metamorphosed simultaneous with the HC during the final phase of the
assembly of Gondwana (Braun et al., 1998; Santosh et al., 2003, Collins et al., 2007) also
contains spinel+quartz assemblage in khondalite (Morimoto et al., 2004) and garnet—
orthopyroxene—cordierite granulites (Shimizu et al., 2009). However, those rocks have been

interpreted to be metamorphosed under UHT conditions.

9. Conclusions

Petographical. and two complementary geothermobarometric  approaches
(pseudosections and conventional geothermobarometry) reveal that peak metamorphic
mineral assemblage of the studied khondalite from the southwestern HC, Sri Lanka,
comprised of Zn-rich-spinel + quartz assemblage. The rock has records of maximum P-T
conditions of 7.5-8.5 kbar and 870-900 °C, respectively, thus has not reached UHT
metamorphic conditions. Coexistence of spinel + quartz at T < 900°C is imputed to the
incorporation of high amount of Zn (up to 12.85 wt%) and Fe’" contents under high oxidizing
conditions. High Zn content of spinel along with enrichment of Cr in some retrograde spinel

together with Zn and Cr poor nature of reactants (garnet, sillimanite and quartz) and matrix
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minerals (plagioclase, alkali-feldspar and ilmenite) provide clues to involvement of Zn and
Cr rich metasomatic fluids.

Therefore, the current study provides a natural field example showing the occurrence
of spinel + quartz assemblage as a non- UHT assemblage suggesting that the coexistence of
spinel + quartz assemblage should be treated with care and considered only as indicative, but
not diagnostic of UHT metamorphism. Further, the examined khondalite also highlights the
limitations of pseudosections in the modeling of Zn-rich spinel bearing rocks. Hence, the best
approach to deal this drawback is probably to calculate pseudosections of samples which
share the same metamorphic history but of different bulk compositions (e.g. khondalite vs.
intermediate granulites) and compare the results with those from non spinel-related
conventional geothermobarometers.
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Figure captions

Fig. 1.Geological subdivisions of the Sri Lankan basement (after Cooray, 1994). Present
sampling locality is shown by a star notation while reported UHT localities (1. Osanai, 1989
(>900 °C); 2. Kriegsman and Schumacher, 1999 (830 °C); 3.Sajeev and Osanai, 2004a (~950
°C) 4.Sajeev and Osanai, 2004b, (1150 °C) 5. Osanai et al, 2006 (>1000 °C); 6. Sajeev et al,

2007 (~925 °C) by circles).

Fig. 2. Geological map of the area. The star corresponds to the sample locality. Modified

from the published map of the Geological Survey Department of Sri Lanka (1996).

Fig. 3. (a) Porphyroblastic garnet in the cordierite-rich rock domain; (b) Hand specimen with
porphyroblastic garnet surrounded by cordierite moat, compositional layering of the
khondalite; (c) Alternance of khondalite and interbedded intermediate granulite layers; (d)

Isoclinal folded khondalite together with intermediate granulites.

Fig. 4. (a) Spinel + quartz assemblage within garnet; (b) Back-scattered image of spinel +
quartz assemblage; (c) Closer view of spinel + quartz assemblage; (d) Sillimanite corona
around spinel; (e) Back-scattered image of sillimanite corona around spinel; (f) Skeletal
sillimanite close to spinel within garnet; (g) Cluster of skeletal sillimanite around spinel in
presence of quartz in garnet and large ilmenite grains; (h) Back-scattered image of tourmaline
crystals within garnet; (i) Cordierite inclusions within rim and lower mantle of garnet; (j)
Cordierite moat around porphyroblastic garnet; (k) Spinel + cordierire moat around garnet; (1)
Back-scattered image of spinel + cordierite moat around garnet; (m) Spinel symplectite at the
margin of sillimanite embedded in cordierite moats around garnet; (n) Back-scattered image

of spinel symplectite at the margin of sillimanite; (o) Inclusion phases of medium grain
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garnet; (p) Matrix minerals around coarse-grained garnet-bearing domains; (q) Matrix
minerals of fine-grained garnet-bearing domains; (r) Matrix minerals of intermediate

granulites interbedded with khondalites (Mineral abbreviations after Kretz, 1983).

Fig. 5.Chemical zoning pattern of spinel+quartz bearing garnet-porphyroblast, (a) Almandine

component, (b) Grossular component, (c) Pyrope component, (d) Spessartite component.

Fig. 6. (a) Khondalite 7T-X(Fe,03) pseudosection calculated in the NCKFMASHTMnO
system at P = 8.0 kbar;(b) Khondalite P-T pseudosection calculated at X(Fe,O3) = 0.10; (¢)
Intermediate granulite 7-X(Fe,Os;) pseudosection calculated in the NCKFMASHTiMnO
system at P = 8.0 kbar; (d) Intermediate granulite P-T pseudosection calculated at X(Fe,O3) =
0.01. Solution-phase models used in the calculations are: garnet — Gt(WPH): White et al.
(2007); biotite — Bio(TCC): Tajcmanova et al. (2009); sapphirine — Sapp(Tp): Taylor-Jones
and Powell (2010); ilmenite —[lm(WHP); White et al. (2000); alkali-feldspar — San:
Waldbaum and Thompson (1969); plagioclase — Pl(h): Newton et al. (1981); orthopyroxene —
Opx(HP): Powell and Holland (1999); spinel — Sp(WPC): White et al. (2002); cordierite —
hCrd: Holland and Powell (1998); clinopyroxene — Omph(HP): Holland and Powell (1996);

amphibole = cAmph(DP): Diener et al. (2007); melt — melt (HP): White et al. (2007).

Fig. 7. P-T diagram showing the trajectory of the khondalite determined by conventional

thermobarometric methods and pseudosections.

Fig. 8.Compositional diagram comparing spinel compositions of this study with other UHT
terrains.1 - Kerala Khondalite belt, southern India, Morimoto et al. (2004; 8kbar, 950 OC), 2 -

Skallevikshalsen, Lutzo-Holm Complex, East Antarctica, Kawakami and Motoyoshi (2004;

4]



7.5 kbar, ~900 0C), 3 - Highland Complex, Sri Lanka, Sajeev and Osanai, (2004b; 7kbar, 850
0C), 4 - Jequie Block, Bahia, Brazil, Barbosa et al., (2006; ~8kbar, ~1000 0C), 5 - North
China Craton, Santosh et al. (2006; 12 kbar, 900 0C), 6 - North China Craton, Santosh et al.,
(2006; 9kbar, 975 OC), 7 - Madurai Block, Southern India, Tsunogae et al. (2008; ~9kbar,
1000 0C), 8 - Rundvagshetta, Lutzow-Holm Complex, East Antarctica, Kawasaki<et al.,
(2011; 6.1 kbar, 830 OC), 9 - Mongolia Suture Zone (IMSZ) in the North China Craton
(Zhang et al., 2012;>7.5 kbar, >975 OC), 10 - Mongolia Suture Zone (IMSZ) in the North

China Craton (Zhang et al., 2012;>7.5 kbar, >975 OC), 11 - This study:
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Table 1. Representative bulk chemical compositions of khondalite and Intermediate granulite

Sample  Khondalite Intermediate

granulite
(wt.%)
SiO, 57.27 56.82
TiO, 0.68 0.63
Al,O5 20.24 14.82
FeO 10.03 11.45
MnO 0.18 0.21
MgO 3.70 7.96
CaO 2.44 5.08
Na,O 2.67 1.33
K,0 2.07 0.92
H,0 0.25 0.43
Total 99.58 99.76
XMg 0.27 0.41
(ppm)
Rb 175.80 74.40
Ba 205.00 143.80
Sr 105.90 120.50
Nb 6.30 5.30
Zr 207.60 126.10
Y 59.30 30.80
Zn 218.10 175.50
Cu 32.00 48.50
Ni 50.30 156:10
Cr 298.30 584.70
v 110.60 171.00
Sc 33.20 30.70
Th 44.00 15.00
U 4.30 1.30
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Table 2. Representative electron microprobe analyses of spinel.

Textural Spl inclusions in Grt Spl in the matrix

Setting
Oxide Spl + Qtz Corona-Sil Symplectite-Sil Isolated
wt%

Si0; 0.09 0.07 0.20 0.09
TiO, 0.08 0.00 0.02 0.08
Al20; 60.61 61.12 59.96 54.19
Cr,0; 0.80 0.20 0.71 6.27
FeO* 18.96 22.43 28.03 25.89
MnO 0.02 0.10 0.09 0.02
MgO 7.52 8.02 721 5.40
CaO 0.02 0.02 0.02 0.00
Na,0 0.35 0.34 0.17 0.26
K,0 0.03 0.01 0.00 0.00
ZnO 12.85 9.17 4.09 7.99
Total 101.31 101.46 100.49 100.19

Number of cations for 4 oxygens
Si 0.002 0.002 0.005 0.003
Ti 0.002 0.000 0.000 0.002
Al 1.966 1.969 1.953 1.833
Cr 0.017 0:004 0.015 0.142
Fe 0.436 0.513 0.648 0.621
Mn 0.000 0.002 0.002 0.001
Mg 0.308 0.327 0.297 0.231
Ca 0.001 0.001 0.001 0.000
Na 0.019 0.018 0.009 0.014
K 0.001 0.000 0.000 0.000
Zn 0.261 0.185 0.083 0.169
Total
cation 3.013 3.021 3.013 3.016
Xg 0414 0.389 0314 0.271
Cr# 0.009 0.002 0.008 0.072
FeO*: total Fe as FeO Corona-Sil: spinel surrounded by sillimanite

Symplectite-Sil: symplectitic spinel at the margins of sillimanite
Spl+ Qtz: Spinel in contact with Qtz isolated: Isolated spinel in the matrix
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Table 4

Table 4. Conventional thermobarometric data calculated for the khondalite

Mineral Compositions Nominal Nominal Calculated Calculated Reference*
Si Ti Mg Fe2* Mn Ca Na K Zn T P P (kbar) T (°C)
Peak conditions 800 73 860 {1}, {2}
Garnet 2.995 0.0015 1.003 1.850 0.400 0.780 825 7.7 {1}
Plagioclase 0.289 0.678 0.044 850 8.0 {1}
875 8.4 {1}
Biotite 0.650 3.426 1.180 828 {3}
0.650 3.426 1.062 834 {3}
0.650 3.426 0.944 841 {3}

Isobaric cooling

Garnet 1.040 1.870 0.330
Spinel 0.330  0.520 0.180 810 77 {4}
830 8.2 {4}
Isothermal decompression

Garnet 1.040 1.900 0.040 0.070
Cordierite 1.570  0.480 750 72 {5}
Spinel 0.297 0.628 780 72 {5}
6.6 {6}
6.6 {6}
6 761 {7}
7 766 {7
8 772 {N
768 {8}
Biotite 0.327 4,073 1.020 770 {3}
0.327 4.073 1.020 117 {3}

*{1} Grt-Sil-Plag-Qtz geobarometer, (Koziol and Newton, 1988); {2} Ti in Grt geothermometer (Kawasaki and Motoyoshi, 2007); {3} Ti in Biotite geothrmometer
(Henry et al., 2005); {4} Grt-Sil-Spl-Qtz geobarometer, (Nicholson et al., 1992); {5} Grt-Cor-Sil geobarometer (Holdway and Lee (1997); {6} Grt-Cor-Sil
geobarometer (Wells and Richardson, 1980); {7} Grt-Crd geothermometer (Bhattacharya et al., 1988); {8} Spl-Crd geothermometer (Das et al, 2003)
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Highlights
e We show a natural field example for difficulty of using Spl+Qtz as typical UHT
assemblage Spl+Qtz
e We have model the Spl+Qtz bearing pelitic granulite and associated intermediate
granulite using pseudosections
e We have correlated the stability of Spl+Qtz assemblage this study and previous studies

e We have obtained a retrograde P-T trajectory followed by the rock using pseudosections

and conventional thermobarometry.



