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ABSTRACT

Here we report the occurrence of garnet porphystbleghat have overgrown
alternating silica-saturated and silica deficiemtrodomains via different mineral reactions.
The samples were collected from ultrahigh-tempeea(WHT) metapelites in the Highland
Complex, Sri Lanka. In some of the metapelitesngacrystals have cores formed via a
dehydration reaction, that had taken place atasgaturated microdomains and mantle to rim
areas formed via a dehydration reaction at silitegficient microdomains. In contrast, some
other garnets in the same rock cores had formed dighydration reaction which occurred at
silica-deficient microdomains while mantle to rimeas formed via a dehydration reaction
which at silica-saturated microdomains.

Based on the textural observations, we concludethigastudied garnets have grown
across different effective bulk compositional maomains during the prograde evolution.
These  microdomains could represent heterogeneousmpasitional layers
(paleobedding/laminations) in the precursor sedismendifferentiated crenulation cleavages
that existed during prograde metamorphism. UHT metphism associated with strong
ductile deformation, metamorphic differentiatiordasrystallization of locally produced melt
may have obliterated the evidence for such micradosm in the matrix. The lack of
significant compositional zoning in garnet probaldye to self-diffusion during UHT
metamorphism had left mineral inclusions as thHe swidence for earlier microdomains with

contrasting chemistry.
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1. Introduction

Garnet is a common mineral formed in a wide ranfepm@ssure-temperature
conditions from lower greenschist facies rocksltmhigh-temperature (UHT) granulites and
ultrahigh-pressure (UHP) eclogites. Microstructwelhtionships, e.g., inclusion phases and
patterns, and chemical and isotopic zoning in dapnevide useful records of metamorphic
processes and rates (Ague et al., 2012, Ague arldo@a2013, Caddick and Kohn, 2013),
especially in medium-grade metamorphism. In mogh{grade granulite terrains, however,
the prograde evidence is frequently obliterated tustrong ductile deformation-associated
high to ultrahigh temperatures.

In the literature, garnet growth is commonly atitdd to a single metamorphic
reaction or to a series of successive reactionsnasg constant bulk chemistry for the
reaction domain. Complications that have been takem account include melt loss that
changes the chemistry of the reaction domain imradgeneous manner (e.g., White et al.,
2003). However, medium-grade garnet has commonén ebserved to overgrow micro-
layers with highly contrasting chemistries eitheflecting original layering or differentiated
crenulation cleavages. Classical examples are lsmbvgarnets discussed by structural
geologists (e.g, Schoneveld, 1977; Bell and Cu8% Kim and Bell, 2005). As a result,
garnet grains with dimensions larger than the diffo path lengths of major elements in the
microtexture may be expected to show subdomain$ tzve formed by different
metamorphic reactions.

We report here the growth of large, single garmeing in UHT metapelitic granulites
from the Highland Complex, Sri Lanka, via differenineral reactions in silica-saturated and
silica—deficient bulk compositions. In this corttewe propose a model to explain the
formation of such complex garnets and show thah giarnet bearing mineral assemblages

require multiple pseudosections to reconstruct tR€l history.



2. Geological Setting and sample description

2.1. Geological setting

Sri Lanka is a small but important crustal fragmenthe East Gondwana. Based on
Nd model age determinations (Milisenda et al., 19894) and lithological characteristics,
the basement rocks of Sri Lanka have been subdividi four lithotectonic units (e.g.
Kroner et al., 1991; Cooray 1994) named as the \W&umplex (WC), Kadugannawa
Complex (KC), Highland Complex (HC) and Vijayan Galex (VC; Fig. 1a). All samples
related to this study were collected near the WCHdGndary (Fig. 1a, b).

The HC yields Nd model ages of 3400-2000 Ma (Miid& et al., 1988, 1994) (H61zl
et al.,, 1991, 1994; Kroner et al., 1994a; Malawhchi and Takasu, 2011a), evolved during
the assembly of Gondwana Super Continent. The HCcamposed of granulitic
metaquartzites, metapelitic gneisses, marbles;siiidate granulites and charnockites (e.g.
Cooray, 1994; Mathavan and Fernando, 2001). Th@aletircon ages are in the range of ca.
3200 - 1900 Ma and hence the deposition of sedsneinthe HC had taken place prior to
ca.1900 Ma. Most of the granitoid plutons latensfarmed into orthogneisses, subsequently
intruded into the sediments at 1800-1900 Ma andM@(Kroner et al., 1994a, H61zl et al.,
1994; Santosh et al., 2014). High to ultra highgerature metamorphic ages of the rocks of
the HC varies in the range of 610 - 530 Ma (H61zhle 1991, 1994; Kroner et al., 1994a;
Malaviarachchi and Takasu, 2011a; Santosh et a4;2Dharmapriya et al. 2015b; Takamura
et al., 2016). Syntectonic and post-tectonic putderafic and charnockitic magmatism have
also been reported in the HC (e.g. Santosh et2@lL4). Further, recent studies reported
incorporation of Neoproterozoic detrital zirconstire HC metasediments (Dharmapriya et

al., 2015b, 2016; Takamura et al., 2016; Osanaili. e€2016b).



In the HC, metamorphic pressures and temperatBrd3¥ decrease from 8-9 kbar and
800-900°C in the east and southeast to 4.5-6 kbar and B00°Z in the southwest
(Faulhaber and Raith, 1991; Kriegsman, 1994, 188se and Schenk, 1994; Schumacher
and Faulhaber, 1994; Kriegsman and Schumacher, M#&8@viarachchi and Takasu, 2011b;
Dharmapriya et al., 2014a). UHT granulites havenbeported only from few localities in
the central HC (Osanai, 1989; Kriegsman and Schherad999; Bolder-Schrijver et al.,
2000; Osanai et al., 2000, 2006, 2016a, b; SajedvCsanai, 2004a; Sajeev et al., 2007 and
2010, Malaviarachchi and Dharmapriya, 2015; Dhamigapet al., 2015a, b, 2016) and rarely
in the southwestern part (Sajeev and Osanai, 204 pelitic, mafic and quartzo-
feldspathic granulites. Estimat®dT conditions of UHT granulites are in the range 009
1150°C atP of 9 - 12.5 kbar (Kriegsman and Schumacher, 1@8@nai et al., 2006; Sajeev
and Osanai, 2004a, 2004b; Sajeev et al., 2007 @bl Dharmapriya et al., 2015a, b, 2016).

The WC, KC and VC have yielded Nd model ages 20000 Ma, 1600-1000 Ma
and 1800-1000 Ma (Milisenda et al., 1988, 1994 peesively and metamorphosed under
granulite to amphibolite facies conditions (e.gOier et al., 1991, 2013; Cooray, 1994;
Kriegsman, 1991, 1993, 1994, 1996; Mathavan ef809). The reader is referred to Santosh

et al., 2014; Dhatmapriya et al., 2016 and He.e28ll5, 2016 for further details.

2.2. Sample Description

Sapphirine, spinel, gedrite and sillimanite beagagnet-orthopyroxene gneiss (Rock
A) was collected from a quarry at Kotmale (Suppletagy file 1a). Rock A occurs as thin
layers (about 20-30cm in size) in the upper portibthe quarry of which the main lithology
is garnet—orthopyroxene = clinopyroxene gneiss gufietitic to charnockitic). The sample

contains garnet-rich layers (thickness ~ 2 cm) I the major foliation (Supplementary



file 1b,c), demarcated by stretched quartz graBernet in these layers are rimmed by tiny
biotite flakes (<0.2 - .0.4 mm).

Sapphirine, kyanite and spinel bearing garnetrsihite-orthopyroxene gneiss (Rock
B) was collected from a quarry from Gampola (Supmetary file 1d) south of Kandy. This
foliated rock is composed of well-defined compasitl domains with gradual variation from
one domain to the other without a sharp contaatpainly indicating variations of bulk
composition within the same rock (Dharmapriya et2015b). The Rock B (Supplementary
file 1le) comprises porphyroblastic garnet (0.5- céh5in diameter) surrounded by
symplectites of orthopyroxene-cordierite and/or ooas of orthopyroxene-sillimanite
(Supplementary file 1e). Leucosomes with subhetdrainhedral quartz and feldspar and tiny
flakes of biotites may have formed during the rgtaole evolution.

Sapphirine and spinel bearing garnet-sillimaniteigm (Rock C) occurs as relatively
large fragments (25 — 50 cm size) within the uppertion of the same quarry
(Supplementary file 1a) in which the Rock B wadeaxikd. The samples contain garnets in
various sizes (< 0.25 to > 3 cm in diameter, Suppletary file 1f,g), locally rimmed by
symplectites of orthopyroxene+cordierite (Suppletagnfile 1g). Ribbon quartz (up to 6 cm
in diameter) defines the main foliation. Medium-fitee-grained sillimanite needles are also
present within ribbon quartz and show the samentaimn. Local clusters of tiny biotite
flakes have probably formed during a retrogradges{&upplementary file 1f).

Corundum, kyanite and staurolite bearing garnétrghite-graphite gneiss (Rock D,
typical khondalite) was collected from a road expes further south of Gampola
(Supplementary file 1h) and, contains various saeporphyroblastic garnet (0.25 — 3 cm

diameter, Supplementary file 1i), locally showindhedral crystal shapes.



3. Petrography and textural evolution of garnet pophyroblasts

We have subdivided the porphyroblastic garnet gramto (1) core, being the most central
part of the grain; (2) rim, i.e. the outermost paitthe garnet grain, generally a few 100
microns thick; and (3) mantle, being the area betw) and (2). The absolute size of each
domain is variable and depends on the garnet giaén Mineral Abbreviations after Kretz,

(1983).

3.1. In Rock A

The rock contains medium-grained subhedral to amheghrnet porphyroblasts,
(diameter about 0.5-1 cm). The distribution of ustbn phases in garnet is heterogeneous.
Sapphirine, spinel, gedrite and sillimanite inotus occur only within garnet grains that are
concentrated in garnet rich layers ((arGome of the garnets in the garnet rich layey.(Ea
contains rounded and prismatic sapphirine (25 w®), anhedral spinel (20- §om), tiny,
both needle shaped and anhedral sillimanite (< 266Gum) and gedrite (20 - 100m) and
tiny rutile and apatite inclusions toward the carea (Fig. 2b, c, d, e, f). Tiny sapphirine
grains are present as isolated inclusions (Fig,Bg), coexisting with spinel (Fig. 2f). Spinel
also forms isolated inclusions (Fig. 2f), coexigtiwith sapphirine (Fig. 2f) or sillimanite
(Fig. 2g). Sapphirine, sillimanite and spinel afevays present very close to each other
whereas gedrite inclusions are present rarely diogbe clusters of sapphirine, spinel and
sillimanite (Fig. 29).

In addition, considerable amount of apatite artderFig. 2e) together with minor
amount of monazite and zircon grains are presetiteagarnet cores. Fine-grained quartz is
present mostly in mantle to rim of the garnet (2, c, d). Isolated and medium-grained

biotites, quartz and sillimanite are also commadistributed in the mantle (Fig. 2b, c, d),



where biotite and sillimanite shows a folded fabat (Fig. 2b,d). The rim of the garnet is
surrounded by biotite (Fig. 2h).

The core area of other garnets of the rock (Fiy.c8ntains gedrite in addition to
sapphirine, spinel and sillimanite while quartz dnctite are present in the mantle area (Fig.
2i, j, k). Gedrite coexists with spinel or sapphéri(Fig. 2I) while some spinel grains occur as
isolated inclusions (Fig. 2j, k). Rare sillimanitealso present close to isolated spinel (Fig.
2k). In the mantle area, biotite and quartz aregmeas isolated grains (Fig. 2i,)).

The inclusion phases within the core areas of b porphyroblastic garnets could
indicate the FMASH reaction:

Spl + Ged + Sil => Grt + Spr+ V (1)
while, the mantle to rim areas of the same ganesisfy to further growth of garnet via the
reaction:
Bt + Sil + Qtz => Grt + Kfs + V/Melt (2)

In contrast, a sapphirine, spinel and sillimanigariing cluster is found towards the
rim of one side in some other garnets (Fig. 2ngamet-rich layer (Fig.2n). Biotite is present
in both core and rim of the garnet grain(Fig. 2m,Although isolated quartz is also present
in the mantle and towards the rim (Fig. 20) in saéne garnet, there is no quartz inclusions
present in the vicinity of sapphirine, spinel ailimanite bearing cluster. Inclusion phases
of this porphyroblastic garnet indicated that theecformed via reaction (2) and the rim via
reaction (1).

Garnet grains, which are further away from thengarich layer, are mostly inclusion
free and contain plagioclase, quartz and biotitse®r inclusion phases (Supplementary file
2a).

The matrix contains, ribbon quartz (up to 5cm),exirhl to subhedral orthopyroxene

(0.5- 1.5 cm), subhedral to euhedral plagioclage2&— 0.5cm) and anhedral K-feldspar



(<0.1- 0.5cm) as major mineral phases (Supplemgfitar2b). The stretched quartz grains
demarcate the major foliation. limenite and acicfilae biotite flakes (~0.5cm in length) are
present as minor mineral while monazite and zir@otur as accessory phases. Biotite occurs

mainly as an overprinting product of garnet anti@pyroxene.

3.2. Rock B

The Rock B contain needle shaped sillimanite, ardiequartz, plagioclase, K-
feldspar, biotite and as major constituent minewith Fe-Ti oxides (exsolved hematite-
ilmenite + rutile) as a minor phases with sappleirifkkyanite, monazite and zircon as
accessory (Fig. 3a, b, ¢, d). Subhedral to anheslraped garnets (Grtliameter 0.40 —
1.5cm) contains coexisting kyanite+sapphirine atdare area (Fig. 3a, b, c). Supplementary
file 3a shows the Raman spectrum of kyanite. Medjwained kyanite shows approximately
prismatic shape (Fig. 3a,b). Isolated quartz issgme in the mantle (Fig.3a, b) area and
isolated sillimanite occurs towards the rim are¢hefsame garnet grain (Fig. 3a,d). Biotite is
present from mantle to rim (Fig. 3a, b). The co@xis sapphirine+kyanite in the core area
could have formed via the prograde dehydrationti@adn the FMASH system:

Mg-rich St => Spr + Ky + Grt + V (3)
while the isolated sillimanite needles and biotiékes toward the rim area and presence of
guartz towards the outer core area could indidaed significant portion of Grhas grown
via reaction (2).

Staurolite is a common mineral in metasedimentacks subjected to Barrovian-type
metamorphism (Yardley, 1977), but is also obseimeBuchan-type metamorphism, e.g., in
the Hercynian domains of the central Pyrenees @srean et al., 1989). The reason for the
absence of staurolite in Rock B could be the comapt®nsumption of staurolite during

prograde metamorphism. Theses authors have idehtifig- rich stauroliteXug ~ 0.50) in a



locality approximately 2 km west of the samplingdbty of Rock B and close to the Victoria
dam at the UHT locality 7 in Fig. 1a), in metapelgranulites. Hiroi et al. (1994) have also
reported coexisting local sapphirine+kyanite ermibdy garnet in Highland Complex
paragranulites. The authors have also interprétischssemblage by the operation of reaction
(3). Tsunogae and Van Reenen (2006) reported onidhgstaurolite (g = 0.47-0.52) from
the Beitbridge area in the Central Zone, Limpopdt BESouth Africa. The authors regarded
the magnesium staurolite as a relict phase andrédehat dehydration reaction (3) took
place during prograde metamorphism. Tsunogae and Reenen, (2011) also reported
similar examples from the Limpopo Belt.

Most of the garnet grains in the rock are rimmeabtifiopyroxene+sillimanite corona
(Supplementary file 2c) and/or orthpyroxene+coitBesymplectites (Fig.3a, Supplementary
file 2c,d). At the rim area of some garnet contamdox structure of orthopyroxene-
sillimanite (Fig. 3a).

The matrix of the rock B is composed of ribbon d¢qmuaup to 3cm in length),
sillimanite (up to 4 cm in length), subhedral tchadral K-feldspar (< 0.2 — 0.5 cm) and
plagioclase (0.2 — 0.75 cm) as major mineral phasekedral Fe-Ti oxide (mainly exsolved
titanohematite-ilmenitezrutile grains, Supplemeyntile 2e) and disseminated biotite flakes
(up to 0.25cm) present as minor constituents wtileon and monazite occur as accessory
phases. Fine to medium grained anhedral sappl{if2@0um), which are surrounded by two

feldspars in some micro domains may representnibsl{Supplementary file 2f).

3.3. Rock C

This rock contains subhedral to anhedral,diote to coarse-grained garnet

porphyroblasts (Gst diameter about 0.5-2 cm). The garnet grains aosiimanite, biotite,
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quartz and rutile as major inclusion phases whigipclase, K-feldspar and ilmenite as
minor phases. Sapphirine, spinel, apatite and ziaze present as accessory phases.

Grains of Gecontain quartz, sillimanite, K-feldspar, biotiteycarutile with minor
apatite inclusion phases from core to rim (Figh¥an the same grain, clusters of inclusion
phases are present at the mantle area in two dppsides (Fig. 4a,b,c,d). These clusters
mainly contain sillimanite and rutile as tiny inslans with no quartz. In some clusters (Fig.
4c,d), tiny sapphirine (~20m in length) coexist with sillimanite (Fig. 4e).d3k to those
inclusions, tiny spinel (~1@m) and sillimanite co-exist (Fig. 4f). Isolated gizagrains are
present surrounding the mineral cluster where épplsirine and spinel are present (Fig. 4c,
d).

Quartz, biotite and sillimanite inclusions from edo rim area indicate that the &rt
has mainly grown via reaction (2) in a silica-satad environment. However, the mantle
area of one side of this garnet lacks quartz imchss and contains the assemblages
sillimanite+spinel and spinel+sapphirine. Hences garticular garnet domain has grown in a
quartz-deficient environment, either by reactiondf.by an alternative reaction,

Mg rich Bt + Sil => Grt + Spl £ Spr +V/Melt (4)

Orthopyroxene-cordierite symplectite is presenthat rim of the garnet (Fig. 4a,b).
However, some of the Grtack symplectitic textures (Supplementary file .18)llimanite
inclusions in some of these garnets show crenulditi@ation (Supplementary file 2g) which
is oblique to the major lineation present in therira

In the matrix, garnet, ribbon quartz (up to 5crength), needle shaped sillimanite
(from 0.5 to cm in length), fine to medium graing®.2 — 0.5cm) plagioclase and K-feldspar
which is present as recrystallized mineral phasesuro as major mineral phases
(Supplementary file 2h). Rutile needles (up to lionkength), tiny biotite flakes (up to 0.4

cm) and ilmenite are present as minor phases wnid®n, apatite and monazite represent
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accessories. Needle shaped sillimanite demarcate nthjor lineation in the matrix

(Supplementary file 2h).

3.4. Rock D

The khondalite contains various sizes of garneaingfr~0.25 - 3cm in diameter).
Dharmapriya et al. (2014b) provided detailed dgsiom of the microtextures of this rock.
Based on inclusion phases four garnet types cadigbmguished. The first type of garnet
(Type 1) contains sillimanite inclusions at core &ganite inclusions at rim with staurolite at
mantle (Supplementary file 2i,k). The core aretheke garnets contains preferredly oriented
guartz grains (Supplementary file 2j). The secome tof garnet (Type 2) contains corundum,
kyanite, spinel sillimanite, quartz and Fe-Ti o)ddas inclusions. The third type of garnet
(Type 3) has sillimanite, curved quartz and bioittelusions (Supplementary file 2l) while
the fourth type (Type 4) is fine grained garnethwinclusions of sillimanite, rutile and
ilmenite (Supplementary file 2m).

Further, it was observed that rarely, the Typeyhpel3 and Type 4 garnets could be
identified in approximately 10 x 10 cm sized roglesimens while Type 2 was relatively less
abundant and found only in some domains in the imathere quartz was relatively less
abundant compared to the rest of the rock. Is shidy we used Type 2 garnet (hereafter
referred as Gy} from this rock .

Grt, grains are coarse porphyroblastic (up to 3 cmamedter), euhedral to subhedral
in shape (Fig. 5a). The core and mantle of moghe$e Gu(Fig. 5a) contain numerous
isolated inclusions of anhedral, medium- to finakged corundum (0.5 — 4 mm), which
frequently coexist with clusters of fibrolitic sithanite (Fig. 5b, c). The sillimanite in theses
clusters has probably grown as a pseudomorph leyemite (Fig. 5b,c). Sometimes, Grt

contains relatively large (up to 0.5cm) prismatitinsanite, which contains plenty of tiny

12



spinel inclusions and rare, tiny corundum inclusig¢fig. 5e). Close to these sillimanites,
isolated, anhedral tiny staurolite grains (up t® @um) are also present (Fig. 5e,f). In some
cases, the presence of spinel and sillimanite snmhs can be observed at the margins of
corundum (Fig. 5e). In some G(Fig. 5h), coexistence of corundum and sillimawcitesters
pseudomorphing kyanite are observed in the maatte(pig. 5i).

Towards the rim area of Grtisolated kyanite (Supplementary file 3b shows the
Raman Spectrum of this kyanite) and quartz inchsiare present (Fig. 5d). In addition,
coarse patches of pyrophyllite are present, in whedics of fibrolitic sillimanite could be
observed (Fig. 5g). The shape of the pyrophyllagcp indicates the existence of fibrolitic
sillimanite, pseudomorphing kyanite, which is aywveommon feature of Gyt

Close associations of sillimanite clusters whicpresent pseudomorph kyanite and
isolated quartz are present from core to rim ofdtieer side in the same garnet (Fig.5j,k,m).
Rare isolated staurolite grains are present clog@artz inclusions (Fig. 5m). However, there
are no quartz inclusions in the corundum bearinmtjgoof the particular garnet.

Hence, the presence of kyanite and/or kyanite pseaodbh + corundum = staurolite
in core to mantle areas of Gimdicates the prograde reaction:

St=>Grt+ Crn+ Ky +V (5)

This may indicate that reaction (5) has taken pthoing prograde compression stage
of the HC metasediments.

The inclusions of kyanite pseudomorphs + quartzatrelites in the mantle to rim
area and indicates that these inclusion bearingjopsr of the garnet have formed under
quartz saturated conditions independent of readByn Possible reactions in theses quartz
saturated domains are referred in the discussidiose

Presence of sillimanite pseudomorphs after kyangeartz - staurolite from core to

rim of one side in some Grindicate the reaction:

13



St + Qtz => Grt + Ky (6)

On the other side of Grtthe presence of corundum together with sillimanite

containing spinel inclusions can be explained lgyréraction,

Grt + Crn => Spl + Sil (7)
Dharmapriya et al, (2014b) concluded that reaciidéh has taken place close to peak
metamorphic conditions.

During retrogression at much lowerndT, pyrophyllite has formed at the expense
of fibrolitic sillimanite via the reaction,

Sil + Qtz + HO => Prl (8)

The matrix of the studied khondalite consists oartg saturated domains which is
mainly composed of ribbon quartz, coarse-grainkichsinite, alkali-feldspars (from 0.3 up to
1 cm) as major mineral phases (Fig.S2n,0). limesiteresent as a minor constituent while
zircon is present as an accessory mineral. Elodgatrtz and coarse-grained sillimanite
needles show a preferred orientation and definarthgr foliation and lineation of the rock
(Supplementary file 2n). Coarse-grained, euhedvakubhedral alkali-feldspar is present
within the pressure shadow of some porphyroblaGtit;. The tiny sillimanite inclusion
bearing anhedral quartz (Supplementary file 2o0)ccpuobably result from crystallization of

a melt phase during the retrogression.

4. Mineral Chemistry

Mineral compositions were analyzed using a JEOL 8%30 Field Emission Electron
Probe Microanalyzers (EPMA) installed at three labaries: (1) Department of
Environmental Changes, Faculty of Social and Calt&tudies, Kyushu University, Japan,
(2) Indian Institute of Science, Bangalore, Indiada(3) National Consortium at the

University of Utrecht, Netherlands. All analysesrevecarried out using an accelerating
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voltage of 15 kV and 20 nA beam current, 8 spot size in all three laboratories. Detailed
descriptions of analytical procedures followed ime tthree laboratories are given in
supplementary Document 1.

The following section contains the mineral composs of studied porphyroblastic

garnets and their inclusion phases.

4.1. Garnet compositions

The studied garnets in Rock A (@rare mainly almandine-pyrope solid solutions,
with only small amount of grossular, spessarting andradite components (Table 1). The
Xam content increased from core (~0.500) to rim (~0)S8Aile the X, content gradually
decreased (~0.430 at cores and ~0.370 at rims).Xligevalue and Ca content vary from
~0.430 to ~0.400 and 0.180 wt% to 0.110 wt% respelgt from core to rim.

The garnets in Rock B (GJtalso exhibit mainly almandine-pyrope solid salos
(Table. 1). Both Xim and Xy, contents of Ggtshow slight variations from core to rim.
However, here the a, content decreased (~0.460 and 0.440 respectigaly),, (~0.450
and 0.480 respectively) content increased from tmmén. There is a considerable zonation
of Ca content from core to rim (~1.90 wt% and @% respectively).

Similar to previous garnets, the studied garnéRack C (Gr) also exhibits mainly
almandine-pyrope solid solutions (Table 1). Inz@ne Xam content gradually increased from
core to rim (~0.460 to 0.510 respectively) wilg, shows the opposite behaviour (~0.510 to
0.450 respectively). The Ca content is approxingated same from core to rim (~0.80 wt%
and 0.70 wt% respectively).

The garnets in Rock D (GJtare mainly of almandine-pyrope solid solutionsthw
only small amounts of grossular, spessartine amiladite components (Table 1). The Grt

shows similatXam content (~0.73) from core to rim. But the,,content increased (0.13 and
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0.15 respectively) from core to rim. The coreshefses garnets display a relatively lowgg
value (~0.15) while rims displa¥ug value (~0.16). The MnO contents is ~3.6, wt- %6ane
compositions and ~3.2, wt-% in the rims while highenount of Ca ~ 2.1 wt-% were in the

core ~ 1.6, wt-% at the rim.

4.2. Biotite
Biotite inclusions in Gkt Grt, and Grg show high Ti content (from ~ 5.00 to ~6.70 wt
%, Table 2). All the biotite inclusions are Mg-rieimd theXyg value is relatively higher in

biotite inclusions within garneXfy 0.740 — 0.780).

4.3. Staurolite
Staurolites (Table 2) are enclosed by,@re Zn-bearing (ZnO = 1.60 wt-%) and rich

in Ti (TiO2= 1.6). TheXyqy value of the staurolite inclusions is ~0.29.

4.4. Spinel

Spinel in Grt (Table 2) show ZnO content of ~3.1 wt %. ThggXalueof spinel
inclusions are around 0.57. Spinel in 3ras relatively higher Zn content (~5.6 wt %) while
the Xug is 0.66.
4.5. Sapphirine

The composition of sapphirine in @iit very close to the end member 2:2:1 while
those in Get are in between the end member compositions ol 218d 7:9:3. Th&yg value
of sapphirine in Gitis around 0.76 while those in GHave values of about 0.80. Sapphirine

in Grtz is also close to end member 2:2:1 withXag value of 0.74.

5. P-T calculations of garnets
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Dharmapriya et al. (2015b) evaluated #4d evolution of Rocks A, B and C using
textural observations coupled with conventionalrii@arometry. Calculations show that
these rocks were metamorphosed to ~11-12 kbar @r8068-850°C during prograde stage.
The rocks subsequently underwent prograde decosiprewith increasing temperature up
to peak UHT conditions. The peak metamorphic P-fiddans are 900-975 °C at ~ 9.5-10
kbar.

Experimentally calibrated, pressure independenplsaipe-spinel geothermometry
(Das et al., 2006) yielded temperature range fr& 8 868°C (average 837C) for
coexisting spinel-sapphirine pairs in GrtHowever, it is difficult to determine the
temperature conditions of the reaction (1) basedhloove Fe-Mg exchange thermometry,
since mineral chemistry of these very tiny miner@lusions such as sapphirne and spinel
may have been undergone modification due to intehsenical diffusion under UHT peak
metamorphic conditions and subsequent re-equildraturing the retrogression.

Dharmapriya et al., (2015b) showed that Ti-in étthermometer yielded the
prograde temperature up to 845for biotite inclusions in Gyt From melting experiments of
natural metapelites under fluid-absent conditidfis|zeuf and Holloway (1988) pointed out
that the reaction (2) has taken place under thénmainT of ~860 °C. Since the Ti content of
the biotite inclusions in garnet of the Rock A [st0 7 wt %, the breakdown of the biotite
could have taken place at very high temperatur@itons. Hence, it is logical to speculate
that reaction (1) had taken place prior to thetread2) during the prograde decompression
with increasing temperature of the Rock A.

The P-T conditions of the inferred reaction (3)Rock B can be evaluated by the
existing experimental results. Based on experimhémastigations, Schreyer (1988) suggests
that pure Mg-staurolite is stable Rt>14 kbar andl' >710 — 760 °C in the MASH system.

Later Fockenberg (1998) reported the stability aj-84aurolite at P-T conditions of 12—66

17



kbar and 608-918 °C. Unfortunately the experimemésiults observed from pure Mg-
staurolite are difficult to apply directly to thataral rocks (Kelsey et al., 2006; Tsunogae and
Van Reenen, 2011). In contrast, Sato et al. (20&Pprted highP-T, experiments of
staurolite with moderat&yg (= 0.7-0.5) at 12—-19 kbar and 850-1050 °C. As roeeatl in

the section 3.2, due to occurrence of staurolitd Wy ~0.50 in the central HC close to
sampling locality of Rock B, the reaction (3) coulldve taken place &-T of ~11-12kbar
and ~820-850°C which is the derived prograde P-T condition of tRock B (see
Dharmapriya et al., 2015b). Hence the Ti-rich b&fup to 5.00 wt %) could probably break
down via reaction (2) just after the reaction (8idg the prograde decompression with
increasing temperature of the Rock B.

The biotite dehydration reaction (2) and (4) in R& could also have taken place
contemporaneously during the prograde decompres8ibarmapriya et al., (2015a) have
shown evidence for formation of garnet via the padg dehydration reaction (2) in a
corundum bearing pelitic granulite. Core area ahsoof those garnets contains biotite,
sillimanite and quartz inclusions. Due to the pneseof spinel inclusions at the rim of the
same garnet and absence of quartz at the garneanimn the matrix of the rock, these
authors argued that the rim area of the garnetdcdwalve formed after the complete
consumption of quartz via reaction Bt+Sil => GrtH8{fs+melt during the prograde
decompression with increasing temperature. Howeneghe Rock C, formation of a vast area
of Grt; (from core to rim) is a result of the reaction. (Bhe reaction (4) represents only at the
mantle area in one side of the £rt

Authors have further evaluated tHe-T evolution of Rock D using textural
observations coupled with pseudosections, petrdgengrids and conventional
thermobarometry and found that the Rock D has eheti1 kbar at 788 during prograde

metamorphism. Subsequently, it has undergone ang@ession stage with increasing
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temperature, reaching pedkof ~900 °C at ~9 kbar. Using petrogenetic gridanbers of
workers (e.g Hiroi et al., 1994) have shown thacten (5) had taken place prior to reaction
(6).

Theprograde conditions existed in minor silica-defitidlomains of Gitof Rock D
were evaluated using pseudosections (using Pepgléx after Connolly, 2005) based on
calculated local bulk rock compositions for theicsitdeficient domain of Gyt using
estimated ratios among garnet, kyanite, corundudnstawrolite (Table 3). Based on textural
observations (Fig. 5.), it is inferred that all @odum grains enclosed by garnet are produced
as a result of staurolite breakdown via reactign This is a reaction with changes in minor
elements (e.g., minor Ti enrichment in staurolitel ®ome Mn and Ca dilution in garnet).
The modal abundances of Ggtaurolite and kyanite prior to the corundum fedoy break-
down of staurolite, were recalculated (Table 3)e Tasults suggest that some kyanite was
already present before staurolite started to brmakd The amount of ¥ was added
stoichiometrically equivalent to that ideally re=idin the staurolite, which is likely to have
escaped the system along the prograde path. Psstidos were calculated in FMAS and
FMAS systems aKug. = 0.15 which was thi&yug of Gr.. Though staurolite haXyg = 0.29,
the effect ofXygy of staurolite was neglected as the obtained stiteikmlume in Gri is ~1%.
The used composition have labeled in each pseutimsed-igure 7a shows the model-
pseudosection (where Si@ol% is 38.01) for this small reaction domain,usig local
equilibrium (e.g. Stiwe, 1997) within the g@porphyroblast hosting the reaction domain.
This shows that thé>-T field for the inferred staurolite breakdown reantiis largely
consistent with the FASH end-member reaction, last $hifted to higheP andT. Thus, the
results indicate that staurolite broke down to 6Ky + Crn + V (bold field) between 8 and
12 kbar at temperatures between 730 and 800 °C §&jg It is likely that HO was lost from

the assemblage at this stage.
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Since the assemblage outside the, @arphyroblast contains abundant quartz and it
lacks corundum, it is deduced that garnet origynaliclosed some quartz. Hence, another
two pseudosections (Fig.6b, c) were calculated aftieling some Si©(SiO, mol% at 38.5
and 40.08) to investigate a possible earlier pagldihg to quartz depletion. It turns out that,
above 6 kbar, the resulting diagram (Figure 6b@rib not change even more $i® added.
Thus the results show that reaction (5) operatdddmn 8 and 12 kbar at temperatures
between >730 °C. These calculations are typicdl thie obtained result from pseudosections
constructed under the pre-melting, of which orignagk composition was calculated through
stepwise re-integrations of melt into the residiBF composition, showing that the rock has

reached > 10 kbar at 750-7%5 during prograde metamorphism.

6. Discussion

6.1 A model for the incorporation of silica-satuedtand silica-deficient microdomains in
single garnet grains

Silica-saturated and silica-deficient portionshie same garnet can result in different
ways. One possibility is the consumption of qualtzing the progress of garnet formation
reactions, which could lead to quartz depletiog.(eAlvarez-Valero and Kriegsman 2010;
Dharmapriya et al. 2015a). Subsequent garnet-phogueactions may lead under the silica-
deficient garnet rims (e.g. Dharmapriya et al., 201 This mechanism generally leads to a
concentric zonation pattern with silica-saturatesimdins in the garnet core and silica-
deficient domains in the garnet mantle to rim.

In a second mechanism, quartz can be incorporatedyarnet by crystallization of a
melt inclusion (Sawyer, 2001; Harley, 2008). Evemlehydration melting reaction under

silica-deficient conditions can produce a melt gh#sat later precipitates forming quartz.
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This mechanism can produce a random distributiouzfrtz-bearing and quartz-deficient
domains in garnet.

Here, we discuss an alternative mechanism to follinasaturated and silica-
deficient domains in single garnet grains in ameraliting pattern that may explain some
contrasting observations. In addition, it is essérib evaluate the P-T conditions at which
the particular silica-saturated and silica-defitiamineral reactions were taken place, due to
the fact that silica-saturated granulites are galyeindicative of high to extreme temperature
metamorphism (Kelsey and Hand 2015). Such silitarated granulites may contain mineral
assemblages, which are diagnostic to ultrahigh ésaipre conditions (e.g. Harley, 2008;
Kelsey and Hand 2015). In contrast, the stabilftgikica-deficient granulites usually expands
to lower temperatures than that for silica-satutatesemblages. Further, there are only few
localities of silica-deficient granulites globallwhich record temperatures less than 900 °C
(e.g. Sharma and Prakash, 2008; Nasipuri et ab;Z@&kash and Sharma 2011; Prakash and

Sharma 2008; Prakash et al. 2013; Prakash and 301g).

6.1.1 Formation of Git

The distribution of inclusion phases in Greveals that high Al/low-Si reaction (1)
has contributed to the growth of core areas of sgamget grains and rim areas of some other
grains. Similarly, high-Al/high-Si reaction (2) mhoced mantle to rim areas of some garnet
grains, but core to mantle areas of some othengyraience, we consider that Ggrains
have grown across alternating microdomains witledéht effective bulk compositions,
namely high-Al/low-Si versus high-Al/high-Si microchains.

However,P-T estimations indicated that the reaction (1) cquidbably have taken
place prior to the reaction (2) during the progrddeompression. Thus, it is more logical to

explain the high Al/low-Si reaction (1) around t@re and high-Al/high-Si reaction (2) from

21



mantle to rim of the same garnet grain. Nevertlselg® presence of high-Al/high-Si reaction
(2) from core to rim of one side of the garnet &igh Al/low-Si reaction (1) in the rim area
of other side of the same garnet revealed thatdhe and mantle area of the particular garnet

is younger than the rim area of the same garne¢septed by the reaction (1).

6.1.2. Formation of Gst

Inclusions of kyanite+sapphirine in the core ameGSrt,, indicated that garnet started
growing via reaction (3) in high-Al/low-Si domaine|lowed by reaction (2) in high-Al/low-

Si mantle to rim areas.

6.1.3. Formation of Ggt

The inclusion phases indicate that most of; Gas formed via reaction (2) which is
typical for high-Al/high-Si domains. However theegence of sillimanite+sapphirine and
spinel+sillimanite without quartz as inclusions icates that some high-Al/low-Si
microdomains were present where garnet grew vieticea(4). Hence, Gsthas also grown

across microdomains with different compositionsryprograde metamorphism.

6.1.4. Formation of Gjt

Inclusion phases of Grteveal that this garnet type also grew acrossadamains
with different bulk compositions. The incorporati@f sillimanite pseudomorphs after
kyanite accompanied by quartz + staurolite in ¢corem on one side of a garnet (Fig. 5I,m,n)
indicates that this side of the garnet has formed ihigh-Al/high-Si microdomain via

reaction (6). Sillimanite pseudomorphs after kyanitcorundum toward the mantle on the
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other side in the same garnet (Fig. 5k) indicated the particular portion of the garnet has
formed via reaction (5) in a high-Al/low-Si micreomhain. In the FASH chemical system
(e.g. Hiroi et al., 1994), reaction (6) operateater P-T conditions than reaction (5).

In contrast, core to mantle areas of some othes Wth corundum and sillimanite
psudomorphs after kyanite + staurolite indicateat the evolution of those garnets had taken
place via the reaction (5) at aluminum-rich, sHd=ficient microdomains. However, the
presence of quartz, kyanite and/ or kyanite-psewdphs + staurolite + K-feldspar towards
the mantle to rim area of some g(tvhere corundum, kyanite-pseudomorph + staurolite
present at the core) indicates that the mantlémcarea of these garnets had formed at Al-
rich, silica-saturated microdomains and hence iaddpnt from reaction (5).

One possibility is that the quartz inclusion begnportions of Gu could have formed
via reaction (6) Though, in the FASH chemical system (e.g. Hiroalet 1994) the reaction
(6) takes place relatively at lowExT conditions prior to reaction (5). However, Fockerth
(1998) suggested that end-member Mg-staurolitetables at very wide range dP-T
conditions of pressures from 12 to 66 kbar and satpres ranging from 608 to 918 °C. Ti
content can also shift the stability field of swlie to relatively higher temperature
conditions (e.g. Rasse and Shenk, 1994). Howenethe present case, thesgcontent of
staurolite in both silica saturated and deficieatdins are approximately similar (~0.30).
Available experimental and thermodynamic studiestatirolite suggest that typically Fe-rich
staurolite becomes unstable above the amphibaditée$ resulting the progress of the
((KYFMASH) continuous reactionSt+Ms+Qtz=> Grt+ Bt+ Ky+H,O or the reaction (6) at
~700 °C (e.g., Spear and Cheney, 1989: Tsunoga&/andreenen, 2011). However, both
reactions take place prior to the reaction (5pif-t space. Hence the possibility is that the
garnet formation could initiate in Al-rich but gtmdeficient microdomains and, then

continue into Al-rich and quartz-saturated microéams. Further, the core area of the garnet
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may also be formed in Al-rich and quartz-deficiemtodomains. In such a case, the quartz
inclusion-bearing mantle to rim area of the gansetelatively older than the corundum

inclusion bearing core.

6.2. Existence of silica-saturated and silica-defait microdomains in metasediments during
the prograde metamorphism

Locally existing of macro to micro scale silicatgatted and silica-deficient bulk
compositional domains are reported in metasedinfeots numerous medium to high grade
metamorphic terrenes (e.g. Powell and Vernon, 18dgrid et al., 2008, 2013; Jiao, 2013;
Harley, 2008; Dharmapriya et al., 2015a). For aangxe, Dharmapriya et al., (2015a)
reported macro-scale compositional differences betwsilica-saturated and silica-deficient
rock domains from the HC. Authors argued that tre@sapositional domains may reflect a
primary heterogeneity in the sediment during depwsi A number of workers reported
evidence for the presence of closely associatetashturated and silica-deficient
microdomains in medium grade to HT/UHT metamorploicks (Powell and Vernon, 1979;
Adjerid et al., 2008, 2013; Jiao, 2013; Kelsey &tahd, 2015). Jiao et al., (2013) reported
existence of silica-saturated and silica-deficraitrodomains in HT granulites of Khondalite
belt, North China Craton. Those authors showedutektevidence for various inclusion
bearing garnets and different garnet break dowmtitges at silica-saturated and silica-
deficient microdomains in the same rock. Furthedjefid et al., (2013) reported textural
evidence for silica-saturated and silica-deficieaictions occurring in close microdomains at
UHT granulites of Khanfous area in Ouzzal metaerakioggar, Algeria. Silica-saturated and
silica-deficient domains can result in metasedimgntrocks by processes such as
metamorphic differentiation (e.g. Fletcher, 197iQrmation of differentiated crenulated

cleavages (e.g. Williams, 1972; Granath, 1980)stetiization of silica saturated melt pods in
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silica-deficient rocks (e.g. Harley, 2004, 200®)yadl influxes of silica rich fluid phase into
silica deficient rock (e.g. Leite et al., 2009) aedistence of original compositional
heterogeneity in protolith sedimentary rocks whigpresent silica-saturated and silica-
deficient domains (e.g. Dharmapriya et al., 201%axtual evidence indicated that genesis of
all studied garnets incorporate inclusion phasgsesenting distinct silica saturated and
silica-deficient dehydration reactions which coatthtribute to progress of garnet formation
around upper amphibolite (e.g. @rto amphibolite to granulite facies transitiong(eGrt,
Grt, and Grf). In other words, garnets have grown across difereffective bulk
compositional microdomains which probably existgd ta amphibolites facies conditions
during the prograde evolution. Therefore, one fmldyi is to consider that the silica-
saturated and deficient microdomains in;Gd Grt; probablyrepresent heterogeneous
compositional layers such as paleobeddings/lan@inatihich perhaps have occurred as few
centimeter to millimeter in thickness in the premursediments. Conversely, differentiated
crenulated cleavages during prograde metamorphisiy aiso cause to existence of such
silica-saturated and silica-deficient domains.

Existence of various millimeters to few centimesmale alternate compositional
lamellae due to sedimentary bedding or laminatisna common feature of sedimentary
rocks. The bulk chemical compositions (such ag=8iand Al content) of those individual
lamella can vary according to the nature of depdsgediments. As an example, Emiliani
(1992) reported banded iron formations consistihdaminated layers of iron-rich/ silica-
poor and iron-poor/silica-rich intervals. Sedimewtdamination, bedding and typical
structures of sedimentary rocks such as cross-bgdtid graded bedding may be preserved
in low to medium grade metasedimentary rocks (Haekel Goodge, 1990; Bucher and
Grapes, 2011). Unfortunately, it is often impossibd recognize paleobedding of protolith

sediments in high grade metamorphic rocks (e.gsdPé and Trouw, 1998). Occasionally,
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preservation of relict paleobedding of protolithliseents in highly deformed granulite facies
rocks has also rarely been reported (e.g. Touf85;1Perera, 1994; Kehelpannala, 1997,
2003). Perera, (1994b) reported evidence for pvasien of paleo cross-bedding in granulite
facies rocks in the HC. Kehelpannala (1997, 20@®)orted evidence for preservation of
paleo bedding in metasediments from the WC closel@WC inferred tectonic contact.
Further, Kehelpannala (2003) argued that some efnietasedimentry rocks of the HC
contain modified primary- sedimentary beddings €phkedding), which may have resulted
from strong deformation and metamorphism of a secgief sandstone, pelites and semi-
pelite of protholith sediments. Touret (1965) repdrpreservation of extremely delicate
structures such as flysch-type banding or crossibgdin southern Norway granulite
domain.

There are number of workers (e.g. Voll and Kleimedly 1991; Kleinschrodt; 1994,
Kroner et al., 1994b; Kehelpannala, 1997, 2003) whggested a phenomena of strong
flattening of original sedimentary sequence oflit at the lower crustal level. Kroner et al.,
(1994b) argued that original supracrustal sequém¢ke Highland sedimentary basin were
subjected to folding, thrusting and strong flatbgniwhile transporting into the lower crust
during the final stages of continental collisioom@and Sri Lanka, simultaneous with assembly
of Gondwana. Hence, it is reasonable to argue tt&tlocal existence of millimeter to
micrometer scale Al-rich silica-saturated and Akhrisilica-deficient lamella during the
prograde evolution, which were present as few owstér to millimeter scale bedding or
laminations prior to strong flatting event of origl sedimentary prololiths.

Alternatively, such Al-rich silica-saturated and-idh silica-deficient microdomains
could be present during prograde metamorphism dueexistence of differentiated
crenulation cleavage which is a common type ofvdga in multiply-deformed, intermediate

to high-grade metapelitic rocks (Bell and Cuff, 298Villiams et al., 2001). Several workers
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(e.g. Schoneveld, 1977; Bell and Cuff, 1989; Kind d&ell, 2005; Sharib and Bell, 2011)
have reported evidence for genesis of garnet pooplgsts across the compositionally
different, differentiated crenulation cleavagesurtker, existence of quartz-rich and quartz-
deficient micro domains across the differentiatezhalation cleavages have also reported in
the literature (e.g. Williams, 1972; Fletcher, 19@ranath, 1980).

The next questions are, if the above garnets (&@rt;)) have grown across different
effective bulk compositional micro-domains: (1) wks/the evidence for continuation of
theses different effective bulk compositional mid@mains is absent in the matrix? (2) why
do the garnets not show chemical zonation at siiatarated and silica-deficient minerals

bearing domains?

6.3. Disappearance of compositional domains inntiaerix

The answer to the first question above is the heghperature associated multiple
deformation history of the Highland Complex, whiobuld probably obliterate the evidence
of the existence of different compositional lamelia the rock. Number of workers (e.g.
Berger and Jayasinghe, 1976; Yoshida et al., 1B8@gsman, 1991, 1994; Kehelpannala,
1991, 1997) suggested that the Sri Lankan basesnéfiered multiple deformation events.

Most of above workers (Berger and Jayasinghe, 1¥t@egsman, 1991, 1994;
Kehelpannala, 1997) have suggested that the presajur gneissic foliation and major
lineation ($ and L, respectively) in the HC granulites have been redutiuring the B
deformation event simultaneously with the peak metghism of HC during assembly of
Gondwana (e.g Kehelpannala, 2004; Kroner et abD3R0The evidence for early foliation
(S1) represented in some of mineral inclusions aslstrandicating a well developed
crenulation, resulted during;@leformation event in the host garnets (Yoshidal.et1990;

Kehelpannala, 1991, 1997; Kreigsman, 1991) and soimers, mainly sillimanite needles,
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display an internal folding or crenulations (Kelaipala, 1991; Kriegsman, 1991 ; Kroner et
al.,, 1994b). Presence of mineral lineation, whgloblique to major matrix lineation,lin
some garnets, could represent the early minerahtian Ly (Yoshida, 1990; Kriegsman,
1991, 1994; Kehelpannala, 1990, deformation event may have had two main phases
(Kehelpannala, 1997): the first phase is less gtrand resulted an early phase producing
crenulation folds (some of which are now includedyarnet porphyroblasts) and small scale
crenulation fold hinges found in metapelites, aatgd the most strong ductile deformation
caused the formation of strong stretching lineaflof) and prominent foliation ¢

Suggested bdeformation, which predates the peak granuliteefametamorphism in
the HC, has been interpreted as being due to sane tectonic event. Some rare textural
evidences preserved in garnet porphyroblasts itelitdat the HC metasediments have
entered from sillimanite stability field to kyanitgability field during prograde evolution
probably due to the crustal thickening (Raase aneSk, 1994; Malaviarachchi and Takasu,
2011a; Dharmapriya et al., 2014b, 2015b).

All of our studied garnets are formed by dehydrati@actions during prograde
metamorphism. Hence growths of theses garnetsthiee place underiland early stage of
D, events, which took place prior to peak metamomhiBherefore, during the .event, the
crustal thickening may have caused strong flatgeaimd transport of metasediments into the
lower crust. During this crustal thickening evem pbriginal sedimentary sequence in the HC
have probably been continuously destroyed (Kroheat.e1994b; Kehepannala, 1997, 2003).
Although the original sequence of the sedimentamitsucould be destroyed by tectonic
stresses, there is a tendency to preserve origadakobedding/laminations of the sediment
sequence in the macro to micro scale (e.g. PgE984) and Kehelpannala, (1997, 2003).

There is sufficient evidence in studied Rock A, el & for rotation of the foliation

during the prograde evolution. The mantle area v Gntains rotated crenulation lineation

28



demarcated by biotite and tiny sillimanite needlesy. 2b, c, d), which is oblique to the
major matrix lineation of the rock. In Rock C asliweome of the garnet contains rotated
crenulation lineation demarcated by sillimanite dies (Supplementary file 2g), which is
oblique to the major matrix lineation of the rotk.Rock D, Type 1 garnet contains mineral
lineation, which is demarcated by preferred oridrqeartz grains are now oblique to major
lineation L in the rock matrix (Supplementary file 2i, j). Fugr, existence of curved quartz
grains in core to mantle of garnet (Type 3; Supgletary file 2I) also provides evidence for
rotation of the foliation during prograde metamaspin

However, at the late stage of the @eformation (Kehepannala, 1997), the original
sedimentary sequence probably have been destrayddesvorked due to strong tectonic
stresses and associated granulite facies metamsorpliistimated peak metamorpheT
conditions of all of above studied rocks are 9-t@arkand 900 — 978C. However, even
under such higher temperature conditions a coraidielamount of melt can be produced, as
clearly seen by field and textural evidence (exstence of in-situ melts in the UHT
granulites in the HC) coupled with pseudosectiofcuwtations (e.g, Dharmapriya et al.,
(2015a, b, 2016)). Some of these generated maaitidn could escape from the system
making considerable changes in the bulk chemicahpmsition of the ordinal rock.
Remaining fraction of melt phases may have cortieidbio rework the compositions of the
original rock in macro to micro scales. Furthegsl@f some melt phases from the system and
crystallizations of new minerals from the existingelt phases during cooling after peak
metamorphism could also change the original madtnactures and compositions in the
studied pelitic granulites. In this context, thepresentative illustration interpreting the

formation of various garnet grains from G Grt, is shown in Fig. 7.

6.4. Chemical Homogenization of the garnets
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The absence of compositional difference acrossgtmaet in silica-saturated and
silica-deficient mineral bearing domains could hes do the self-diffusion of the garnet at
high to UHT metamorphism. Further, growth zoninggafnet are frequently obliterated in
high-grade garnet due to volume diffusion (Blackhur969, Grant and Weiblen, 1971, Tracy
et al. 1976, Yardley, 1977, Tuccillo et al., 198@rnando et al, 2003). Since the rates of self-
diffusion of cations in silicates commonly increaseonentially with temperature (Yardley,
1977), the studied garnets could lead to chemioatdgenization across the garnet grain-

profile in quartz saturated and quartz deficiemenal bearing domains.

7. Conclusion

The textural evidence of the studied garnets indgdhat their evolution has taken
place via different dehydration reactions duringgsade metamorphism. These dehydration
reactions have taken place in silica-saturated slich-deficient microenvironments of the
studied rocks. Due to incorporation of mineral usibns, which represent both silica-
saturated and silica-deficient domains in sameaiayiwe speculate that these garnets have
continued to grow across different effective butknpositional microdomains. Due to strong
ductile deformation-associated UHT metamorphism,tamerphic differentiation and
crystallization of in-situ melt, the existing congdional microdomains may have
disappeared and modified resulting in more homogesiematrix within the rocks. The
absence of compositional difference across theegagrown in silica-saturated and silica-
deficient domains could be due to the chemical lgen@ation via self diffusion of elements

at high to UHT metamorphism.
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Figure and Table Captions

Figure captions

Fig. 1. Geological map of Sri Lanka showing the lithot@dtosubdivision (after Cooray,
1994). A star shows sampling locality and circlesve UHT localities reported so far: 1.
Osanai (1989)T = 900 °C; 2 & 3. Kriegsman and Schumacher (1999):830 °C (here it is
corrected as 956C); 4. Sajeev and Osanai (2004a): T = 950 °C: jeeSaand Osanai
(2004b): T = 1150 °C; 6. Osanai et al. (2008)= 1000 °C and 7. Sajeev et al. (2007
925 °C. 8 Dharmapriya et al. (2015a): 950-875 (b) Detailed geological map (modified

after Kréner et al., 2003) and the sampling losit

Fig. 2. Microtextures of Gitin Rock A. (b-h: Microtextures of the first Grgrain shown in
image (a) in garnet rich layer, i-l Microtextureistioe second Grtgrain shown in the garnet
rich layer, m-o: Microtextures of the third Gdrain sown in image (n) in the garnet rich
layer). (a) a petrographic thin section representire garnet rich layer, (b) a mosaic of BSE
images of a Gitin which the quartz-deficient core domain and taaturated mantle to rim
domains are shown, (c) CPL image showing the immtuphases at the boundary of silica-
saturated and silica-deficient domains, (d) clasew of the core area of the garnet in image
(c), (e) inclusions of sapphirine, spinel, silimanand quartz, (f) tiny inclusion phases of
garnet coexisting with sapphirne+spinel (g) coexist of spinel and sillimanite. Gedrite is
also present, (h) formation of biotite+plagioclaseona around garnet, (i) a mosaic of rim of
one side to rim of opposite side (cross the cofeg garnet, (j) the image representing the
inclusion phases close to the boundary of silicarated and silica-deficient domains, (k)
BSE image of core area of the garnet, spinel. Siliynanite are also present, () closer view

of the center part of the image (k) where coexstent gedrite+sapphirine and gedrite+spinel
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are present, (m) presence of clusters of spingifseape-sillimanite toward the rim area of
garnet, (n) a thin section representing the gashehage (0) a mosaic of the garnet in which
the rim area of one side contains a silica-deficidomain and the rest of the portion

representing a silica saturated domain.

Fig. 3. Microtextures of Geg in Rock B, (a) mineral inclusions from core to r{im BSE
image of the image (a), (c) BSE image represemntiimgral inclusions in the core area, (d)

tiny isolated sillimanite inclusion at the rim area

Fig. 4 Microtextures of GH in Rock C, (a) the whole view of the studied gariile) BSE

image showing the inclusion phases of core to neaa(c) the sapphirine and spinel bearing
inclusion domain, (d) BSE image showing the sapp@iand spinel bearing domain, (e) BSE
image showing coexistence of sapphirine+sillimar(feBSE image showing coexistence of

spinel+sillimanite

Fig. 5. Petrography of Gjtin Rock D (images b-d show the textures of the Gfrthe image
(a); images i-m shows the textures of the, @ftthe image (h), (a) a petrographic thin section
showing a Gg¢ (b) a mosaic showing anhedral corundum and sifliteaclusters which
pseudomorph kyanite in the core area, (b) aggreafdibrolitic sillimanite pseudomorphing
kyanite, (c) isolated kyanite grain towards the @me. An isolated quartz grain also present
close to kyanite, (e) tiny spinel inclusions anducmum inclusions in coarse prismatic
sillimanite; a staurolite grain is also presentha bottom right hand side of the image, (f) an
isolated staurolite grain, (g) formation of pyropitg towards the rim, (h) petrographic thin
section of another phorphyroblastic garnet grain core existence of corundum and

sillimanite clusters which pseudomorph kyaniteha mantle area, (j) tiny inclusion of quartz
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close to kyanite pseudomorph after sillimanite, (leplated cluster of sillimanite
pseudomorphing kyanite (I) close association ofaisal quartz and cluster of sillimanite
pseudomorphing kyanite, (m) isolated quartz, sfgaroand cluster of sillimanite

pseudomorphing kyanite.

Fig. 6. P-T pseudosection represented in FMASH system usingl lmck compositions
calculated from mineral analyses and estimated ddnoes for specific garnet Gith Rock
D under different bulk Si@content: (a) at Si©= 38.01 mole %, (b) Si3= 38.5 mol %, (c)

SiO, = 40.8 mol %

Fig. 7. A cartoon illustrating the evolution of porphyrabtic garnets across alternating
silica-saturated and silica-deficient microdomaiBiee the rotation of the foliation of each

rock during the progress of the garnet growth.

Table captions

Table 1.Representative EPMA data of the studied garnets

Table 2 Representative EPMA data of biotite, staurobf@nel, sapphirine and corundum
inclusions in the studied garnets

Table 3.Reaction and mass balance of staurolite breakdoRAEH system.

Appendices
Supplementary file 1.Field relations of studied rocks: (a) The quargnirwhich Rock A
and C collected, (b) a hand specimen of Rock A Tf@h section representing garnet rich

layer of Rock A, (d) The quarry from which Rock Basvcollected, (e) a hand specimen of
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Rock B, (f) a large rock fragment of Rock C, (ghand specimen of Rock C, (h) the road

exposure form which the Rock D was collected, pad specimen of Rock C.

Supplementary file 2 Images a & b from rock A; c-f from rock B, g &flom rock C; i-
from rock D, (a) a garnet grain away from the garieh layer, (b) the matrix of the rock A,
(c) the matrix of the rock B, (d) orthopyroxenelisianite corona and
orthopyroxene+cordierite symplectites around thengfa (e) exsolved hematite-ilmenite-
rutile, (f) a sapphirine grain surrounded by platase in the matrix, (g) a garnet grain free of
any symplectite. See the orientation of sillimaitel rotated crenulations lineation inside the
garnet, (h) the matrix of the rock C, (i) a sketdimgram showing inclusion phases,
distributed from rim to core of garnet Type 1,djjented quartz grains in the core area of the
garnet Type 1, (k) distribution of inclusion pha$esn rim to core under PPL, (I) snowball

garnet (Type 3), (m) inclusion phases of garnetel4p

Supplementary file 3. Raman spectra with characteristics peaks. (a) Kgasmclosed by

Grty; (b) kyanite enclosed by Grt

Supplementary file 4. Analytical procedures at thre EPMA laboratories
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Table 1. Representative EPMA data of studied garnets

Rock A Rock B Rock C Rock D
Core Mantle Rim Core  Mantle Rim Core Mantle Rim Core  Mantle Rim

SO, 39.98 3950  39.50 40.61 40.08  40.30 40.58 3929 3973 36.82 36.24 36.73
TiO; 0.05 0.00 0.05 0.05 0.00 0.02 0.02 0.02 0.00 0.04 0.03 0.03
Al;03 22.28 2243 22.03 22.64 22.89 22.46 22.69 2243 2243 20.98 21.09 21.10
Cr,04 0.00 0.02 0.00 0.04 0.04 0.00 0.04 0.01 0.00 0.01 0.01 0.02
FeO 2397 2537 2626 21.97 2228 2202 2218 2327 2480 3377 34.29 34.43
MnO 0.58 0.65 0.71 2.02 193 2.32 0.51 0.65 0.89 351 334 311
MgO 11.53 10.93 9.83 12.25 13.16 12.99 14.00 13.27 12.07 3.35 3.49 3.65
CaO 229 1.95 1.36 1.87 107 1.03 0.78 0.73 0.68 2.18 1.63 152
Na,O 0.03 0.04 0.02 0.00 0.01 0.02 0.00 0.01 0.00 0.03 0.01 0.00
K0 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Total 100.71  100.89 99.78 1015 10145 101.16 100.80 99.69 100.60 100.69  100.13 100.59
O 12 12 12 12 12 12 12 12 12 12 12 12

Si 3.005 2984 3.024 3.013 2974  3.000 3.005 2.968 2.992 2.958 2.933 2.952
Ti 0.003 0.000 0.003 0.003 0.000 0.001 0.001 0.001 0.000 0.002 0.002 0.002
Al 1.974 1997 1.988 1.980 2002 1970 1.981 1997 1991 1.987 2,012 1.999
Cr 0.000 0.001 0.000 0.002 0.002  0.000 0.002 0.001  0.000 0.001 0.001 0.001
Fe 1.507 1.603 1.682 1.363 1.383 1.371 1.374 1.470 1.562 2.269 2.321 2.314
Mn 0.037 0.042 0.046 0.127 0.121 0.146 0.032 0.042 0.057 0.239 0.229 0.212
Mg 1.292 1230 1122 1.355 1.455 1.441 1.545 1.494 1.355 0.401 0.421 0.437
Ca 0.184 0.158 0.112 0.149 0.085  0.082 0.062 0.059  0.055 0.188 0.141 0.131
Na 0.004 0.006 0.003 0.000 0.001 0.003 0.000 0.001 0.000 0.005 0.001 0.000
K 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Tcaotti 'on 8.007 8.020 7.981 7.993 8.024  8.015 8.002 8.033 8.012 8.049 8.060 8.047
Fe* 0.021 0.060 0.000 0.000 0.072  0.045 0.006 0.100 0.036 0.048 0.178 0.140
Fe* 1.486 1542 1.682 1.355 1311 1.326 1.367 1370 1526 2.220 2.142 2.174
Alm 0.496 0.519 0.576 0.459 0.441 0.443 0.455 0.462 0.510 0.728 0.730 0.736
Spe 0.012 0.014 0.015 0.042 0.041 0.049 0.011 0.014 0.019 0.078 0.078 0.072
Pyr 0431 0414 0372 0.449 0490 0481 0.514 0.504  0.453 0.132 0.143 0.148
Grs 0.052 0.034 0.138 0.061 0.013  0.015 0.017 0.006  0.009 0.044 0.017 0.017
Xwmg 0.46 043 040 0.50 0.51 0.51 0.53 0.50 0.46 0.15 0.15 0.16




Table 2. Representative EPMA data of biotite, staurolite, spinel, sapphirine and corundum inclusions

in studied garnets

Bt St Spl Spr Crn
Rock Rock  Rock Rock Rock Rock Rock  Rock  Rock Rock
A B C D A C A B C D
SO, 3742 36.78 36.72 23.29 0.12 0.09 12.16 1324 12.60 0.01
TiO, 6.77 5.01 6.39 155 0.02 0.01 0.03 0.07 0.07 0.01
Al,O3 1661 1634 16.76 57.87 63.20 63.70 64.65 6045 6151 100.62
Cr,0s 0.00 0.03 0.00 0.13 0.08 0.04 0.02 0.11 0.00 0.04
FeO 9.13 9.02 9.88 11.23 19.13  14.59 7.01 9.48 9.78 0.43
MnO 0.03 0.07 0.05 0.05 0.08 0.00 0.06 0.04 0.05 0.00
MgO 1569 18.01 16.02 2.55 1443 1552 16.01 1661 15.23 0.00
Cao 0.01 0.00 0.02 0.05 0.03 0.00 0.01 0.01 0.04 0.00
NaO 0.47 0.09 0.42 0.00 0.02 0.00 0.03 0.04 0.00 0.00
K,0O 9.45 9.78 9.56 0.00 3.14 0.01 0.02 0.00 0.00 0.00
ZnO 0.00 0.00 0.00 156 3.14 5.59 0.00 0.00 0.00 0.00
Total 9558 9512 95.82 98.28 100.26 99.54 100.01 100.05 99.29 101.12
0] 22 22 22 23 4 4 10 10 10 3
Si 5419 5367 5.336 3.230 0.003  0.002 0722 0.796 0.763 0.000
Ti 0.737 0549 0.698 0.162 0.000 0.000 0.001 0.003 0.003 0.000
Al 2835 2809 2871 9.461 1960 1972 4521 4283 4.393 1.995
Cr 0.000 0.003 0.000 0.014 0.002 0.001 0.001 0.005 0.000 0.001
Fe 1106 1101 1.201 1.303 0421 0.320 0.348 0477 0.496 0.006
Mn 0.004 0.009 0.006 0.006 0.002 0.000 0.003 0.002 0.003 0.000
Mg 3386 3916 3469 0.527 0.566  0.607 1416 1488 1376 0.000
Ca 0.002 0.000 0.003 0.007 0.001  0.000 0.001 0.001 0.003 0.000
Na 0132 0.025 0.118 0.000 0.000 0.000 0.003 0.005 0.000 0.000
K 1746 1820 1772 0.000 0.001  0.000 0.002 0.000 0.000 0.000
Zn 0.000 0.000 0.000 0.160 0.061 0.108 0.000 0.000 0.000 0.000
cTact)itgil 15366 15.600 15.476 14.870 2955 2903 7018 7.059 7.037 2.002
XMmg 0.75 0.78 0.74 0.29 0.57 0.66 0.80 0.76 0.74




Table 3 Reaction and mass balance of staurolite breakdown reaction in FASH

Grt Ky Crn H,0O St
FASH end-member
system (molar)

FeO 3 0 0 0 4
Al,O3 1 1 1 0 9
SO, 3 1 0 0 75
H,O 0 0 0 1 2
Reaction coefficient 1.333 35 4,167 2 -1
molar V 11.526 4.404 2.545 44.88
Observed mode (V %) 60 25 14 1

Observed mode
(molar) 5.2 5.7 55 0.02
Origina mode (molar) 3.45 1.06 0 1.34

Normalised 0.23 0.07 0 0.09
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Highlights
* Incorporation of aternating silica-saturated and silica deficient inclusion phasesin single
grain garnet porphyroblast are reported
* Independent silica-saturated and silica-deficient dehydration reactions which govern the
growth of such complex garnets during prograde metamorphism are described

* A model to explain the occurrences of such complex garnets has been discussed.



