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Abstract

Mikir Hills region, which represents the eastern segment of the Assam-Meghalaya Gneissic
Complex (AMGC) in northeast India, constitutes part of the Eastern Gondwana. The Mikir Hills
preserves multiple metamorphic and magmatic events ranging from Early Mesoproterozoic to
Early Cambrian. Out of these events, documenting the late Neoproterozoic to early Cambrian
tectonothermal events is helpful in correlating the continental blocks of Eastern Gondwana. We
present an integrated study involving field relations, petrology, P—T history and zircon-monazite
geochronology of hitherto poorly studied pelitic and quartzo-feldspathic gneisses from the Mikir
Hills region. These gneisses have experienced at least three deformation events (D, D, and D5)
with dominant foliation indicated by ENE-WSW striking and shallow-moderately dipping (<
40°) S, gneissic foliation. The peak metamorphism in pelitic and quartzo-feldspathic gneisses is
characterized by garnet(core)-K-feldspar—sillimanite—plagioclase—biotite—rutile-quartz—
ilmenite—melt and garnet—plagioclase—K-feldspar—biotite—quartz—ilmenite—melt assemblages,
respectively. The application of thermobarometric methods constrains the peak P—T conditions
of 7.5-8.4 kbar at 674778 °C and 6.7-7.4 kbar at 601-618 °C for pelitic and quartzo-feldspathic
gneisses, respectively. These results are consistent with the values estimated using phase
equilibria modelling and melt reintegration approach. The results of pseudosection modelling
suggests a clockwise P—T path for pelitic gneisses involving migmatisation during peak
metamorphism followed by near isothermal decompression from 8.0-8.6 kbar at 768—780 °C to
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4.0-5.0 kbar at 720-765 °C. In contrast, quartzo-feldspathic gneisses preserved slightly lower
peak P-T conditions at 3.8—4.6 kbar and 590—650 °C. The U-Pb zircon dating of migmatised
pelitic and quartzo-feldspathic gneisses yielded concordant ages of 1647 + 11 Ma and 1590 &+ 7
Ma, respectively. These dates represent the inherited igneous protolith components, possibly
equivalent to the Mesoproterozoic granulite facies metamorphism in the western AMGC. The
rarely preserved cores of monazite in pelitic gneisses yielded an older population of 1058 + 35
Ma, most likely representing a weak tectonic imprint associated with the amalgamation of India
with Western Australia and East Antarctica in the Rodinia assembly. However, the majority of
monazite grains in pelitic and quartzo-feldspathic gneisses show high Th/U ratios with ages
between 496 + 7 Ma and 467 + 16 Ma, indicating the timing of migmatisation that is
contemporary with voluminous ~500 Ma granite magmatism in and around the Mikir Hills. The
similarities in P—7— histories estimated in this study (eastern AMGC) and those obtained from
the Sonapahar-Umpretha region (central AMGC) confirm that these domains experienced
common tectonometamorphic history during Pan-African orogeny. The dominance of Late
Neoproterozoic migmatisation and magmatism in the Mikir Hills region indicate that the eastern
AMGC represent an active convergent margin with Western Australia and East Antarctica and
evolved as a hot orogen during the assembly of Western and Eastern Gondwana continental
fragments.

Keywords: Gondwana; Assam-Meghalaya Gneissic Complex; migmatisation; Neoproterozoic;
Geochronology; P—T-t history

Handling Editor: Vinod Samuel

1. Introduction

The assembly of the Gondwana supercontinent was mainly governed by continent-
continent collision, high-grade metamorphism, crustal anatexis and post-collisional magmatism,
leading to the development of various Pan-African orogenic belts (Fitzsimons, 2003; Meert,
2003; Collins and Pisarevsky, 2005; Santosh et al., 2017; Boger et al., 2019; Mulder et al., 2019).
The formation of Gondwana assembly is associated with two orogenic belts — the East African
orogen and the Kuunga orogen. The N-S striking East African orogen (~750—620 Ma) is formed
due to the closure of Mozambique Ocean, resulting in the collision between Sahara—Kalahari—
Congo crustal block to the west and India—Western Australia—East Antarctica to the east (Stern,
1994; Fritz et al., 2013). However, oceans still existed between southern and eastern India,
Congo Craton, Kalahari Craton, Western Australia and East Antarctica, which were subsequently
closed by ~500 Ma (e.g., Meert, 2003; Collins and Pisarevsky, 2005). This ocean closure led to
the development of the Kuunga orogen (~635-488 Ma), marking the youngest orogenic event in
the Gondwana assembly (Fig. 1a; Meert, 2003). This orogeny has resulted in high-grade
metamorphism along the margins of Congo and Kalahari cratons (557-555 Ma; 650875 °C at
6.7-11.0 kbar; Kuribara et al., 2019) and HT to UHT metamorphism in Androyan Group of
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Madagascar (~560-530 Ma; 950-1000 °C at 8—11 kbar; Jons and Schenk, 2011). Similar high-
grade metamorphic events have been reported throughout the Madurai, Trivandram, Salem and
Nagercoil blocks in Southern India (~550-500 Ma; 940—-1150 °C at 7-11 kbar; Plavsa et al.,
2015), Highland Complex of Sri Lanka (~580-530 Ma; 925-1150 °C at 9.0-12.5 kbar; Santosh
et al., 2014; Dharmapriya et al., 2015) and Prydz bay belt of Antarctica (~570-500 Ma; 800—
1000 °C at 9.0-13.5 kbar; Merdith et al., 2017; Spreitzer et al., 2021). Along the eastern margin
of India, the evidence of the Kuunga orogeny have been locally preserved in Eastern Ghats
(~550-500 Ma; Bose and Dasgupta, 2018). However, the studies reconstructing the large-scale
tectonism associated with the Kuunga orogeny along the northeastern margin of India are limited
and mostly focused on tectonothermal evolution of pelitic gneisses (Chatterjee et al., 2007, 2011;
Dwivedi et al., 2020) and geochemical and geochronological studies of magmatic rocks (Yin et
al., 2010; Majumdar and Dutta, 2016; Kumar et al., 2017) from specific locations of the Assam-
Meghalaya Gneissic Complex (NE India).

The Assam-Meghalaya Gneissic Complex (AMGC), located on the northeastern margin
of the Great Indian landmass, plausibly juxtaposed with the East Antarctica and Western
Australia shields during the East Gondwana amalgamation (Fig. 1a; Chatterjee et al., 2007,
2011). The AMGC has been regarded as one of the key crustal domain of East Gondwana due to
its abundant Neoproterozoic lithologies, which are critical for reconstructing the magmatic-
metamorphic evolution of Pan-African orogens. Over the past two decades, most of the
geological studies were focused on the western (Garo-Goalpara Hills; Chatterjee et al., 2007,
2011; Chatterjee, 2017) and central (Sonapahar-Umpretha-Umling; Chatterjee et al., 2011;
Dwivedi et al., 2020) parts of the AMGC (Fig. 1b). These studies identified two high-grade
(upper amphibolite to granulite facies) metamorphic events during 1672—1596 Ma and 496478
Ma (Chatterjee et al., 2007, 2011; Dwivedi et al., 2020, 2023) and a magmatic event at ~1129—
1039 Ma (Yin et al., 2010). Based on metamorphic history and the dominance of ~500 Ma
tectonism, the western extent of Pan-African orogeny in northeast India was identified between
the Garo-Goalpara Hills and Sonapahar areas of the central AMGC (Chatterjee et al., 2007).
They argue that this suture is continuous with the Prydz Bay belt in East Antarctica. However,
the characteristics and extension of Pan-African orogeny and its significance in the eastern parts
of the AMGC, particularly in the Mikir Hills region (Fig. 1b), have been poorly documented. For
example, U-Pb zircon dating of granitoids from the western and central parts of the Mikir Hills
yielded an age range of ~529-515 Ma (Majumdar and Dutta, 2016; Kumar et al., 2017). In
contrast, the easternmost parts of the Mikir Hills are dominated by Late Paleoproterozoic to
Early Mesoproterozoic granitoids (1644—1550 Ma; Gogoi et al., 2019) and gneisses (1430 £+ 10
Ma; Kumar et al., 2017). According to Majumdar and Dutta (2016), the emplacement of ~500
Ma granitoids represent a post-collisional magmatic event associated with the assembly of
Western and Eastern Gondwana. Although the gamut of these geological and geochronological
results indicates that the eastern extension of Pan-African orogeny extends further within Mikir
Hills region, the tectonothermal history of gneisses and associated lithologies of Mikir Hills in
the context of eastern Gondwana assembly has not been investigated in detail.

This study aims to fill the gap by investigating the metamorphic P—7-¢ history of
migmatised pelitic and quartzo-feldspathic gneisses from the Mikir Hills region (eastern AMGC;
Fig. 1b), an important crustal domain linking northeast India with other dismembered units in the
eastern Gondwana assembly. We combine the results of field relations, petrography, mineral
paragenesis, phase equilibrium modelling and zircon-monazite geochronology to provide a
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detailed account of the tectonothermal evolution of Mikir Hills within the framework of Eastern
Gondwana assembly. The new results can provide valuable insights into the spatial and temporal
distribution of Kuunga orogeny and have implications for correlating global Pan-African
orogens.

2. Geological background

The ~300 km long and ~100 km wide Assam-Meghalaya Gneissic Complex (AMGC;
Fig. 1b) represents an elevated Precambrian crustal block in northeastern India and is tectonically
detached from the Indian peninsular shield by the Rajmahal-Garo tectonic graben (Eremenco et
al., 1969). The Dauki fault bounds the AMGC to the south (Evans, 1964; Biswas and
Grasemann, 2005), the Brahmaputra Valley fault to the north (Gupta and Sen, 1988; Bilham and
England, 2001), the Jamuna fault to the west (Gupta and Sen, 1988) and the Naga Schuppen Belt
(Indo-Myanmar mobile belt, IMMB) to the east. The easternmost extension of AMGC is
represented by Mikir Hills, which is separated from the rest of the AMGC by the Kopili fault
(Figs. 1b and 2a). The AMGC (including Mikir Hills) is characterized by metapelites (including
gneissic variety), quartzo-feldspathic gneisses, mafic and calc-granulites, amphibolites and
granitoids (Fig. 1b; Mazumdar, 1976; Nandy, 2001; Ghosh et al., 2005; Chatterjee et al., 2007;
Yin et al., 2010). The gneisses are unconformably overlain by Shillong Group metasedimentary
rocks (i.e., micaceous quartzite, phyllite, mudstone, sandstone, and quartz arenite) and
Quaternary sediments (Nandy, 2001; Yin et al., 2010).

The metapelites in the western AMGC (e.g., Garo-Goalpara Hills) experienced prograde
and peak P—T conditions of 4.5-5.0 kbar at 600—650 °C and 7.5 kbar at 850 °C, respectively.
Monazite dating of these samples revealed the timing of this high-grade metamorphism at 1596 +
15 Ma (Chatterjee et al., 2007, 2011). Similarly, the metapelites from Umpretha (central AMGC)
and Sonapahar (central AMGC) regions recorded peak high-grade metamorphic conditions of
4.7-6.0 kbar at 710-760 °C (Chatterjee et al., 2011) and 5.8-8.2 kbar at 677-817 °C (Dwivedi et
al., 2020), respectively. Chatterjee et al. (2011) constrained the timing of high-grade
metamorphism in Umpretha metapelites at 494 + 15 Ma, whereas Dwivedi et al. (2020) obtained
the timing of peak metamorphism for Sonapahar metapelites at 478 = 7 Ma. The AMGC is also
composed of Mesoproterozoic granite gneisses (1400—1778 Ma; Bidyananda and Deomurari,
2007; Yin et al., 2010; Kumar et al., 2017) and Neoproterozoic intrusive granitoids (Kumar,
1990; Ghosh et al., 1991, 1994, 2005; Yin et al., 2010; Mazumdar and Dutta, 2016; Kumar et al.,
2017). However, except for the geochemical and geochronological characteristics of granitoids,
the P—T-t history of high-grade gneisses is poorly documented in the Mikir Hills region. The
present study deciphers the metamorphic history of gneisses exposed in the Mikir Hills region to
understand the tectonothermal evolution of the easternmost segment of the AMGC (Fig. 2a—).

3. Field relations and sample descriptions
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The migmatised pelitic and quartzo-feldspathic gneisses of the Mikir Hills region occur
as inliers within the Shillong Group of metasedimentary rocks and Quaternary sediments (Fig.
2a-c). Mesoscopically, the abundance of mica minerals, garnet, and cordierite are helpful in
distinguishing pelitic and quartzo-feldspathic gneisses (Fig. 3a—i). The pelitic gneisses are well
exposed near the Lang Phocheng area and associated with quartzo-feldspathic gneisses and
foliated granitoids (Figs. 2a—b and 3a—e). The gneisses are characterized by a dominant ENE—
WSW striking and shallow- to moderately-dipping (< 40°) gneissic foliation S, (Figs. 2b and 3a,
d). Locally, the gneissic foliation shows small-scale shallow-plunging (< 15° towards NNW)
upright folds with weakly developed S; axial planar fabric (Fig. 3d). The orientation of
penetrative fabric in foliated granites (Fig. 3e) is similar to that observed in gneisses, and evolves
into a steeply-dipping (up to 70°) gneissic foliation near Mahamaya Parbat area (Fig. 2b). The
early S; foliation, occurring as interfolial folds within S, gneissosity of quartzo-feldspathic
gneisses, is preserved as tight to isoclinal folds in northeastern parts (Moha Kro and Sarbura
Terang areas) of the Mikir Hills (Fig. 3f, g). These areas are dominated by steeply-dipping (up to
80°) S; axial planar foliation (Fig. 3h), which developed due to the shallow-plunging upright
folds on S, gneissosity (Figs. 2¢ and 31).

The pelitic gneisses collected from the Lang Phocheng area are defined by centimetre-
scale alternate leucocratic (K-feldspar > plagioclase > garnet > quartz > sillimanite) and
melanocratic (plagioclase > biotite > K-feldspar > quartz) layers (samples G52 and G53; Figs. 2b
and 3a—d; Table 1). The non-garnetiferous quartzo-feldspathic gneisses (K-feldspar > plagioclase
> quartz > biotite > opaques) are well preserved in and around Lang Phocheng, Kakoti Kro, and
Ganeshpur areas (Figs. 2b and 3d; Table 1). However, the garnet-bearing migmatised quartzo-
feldspathic gneisses (G54 and G55) are best exposed in the northeastern parts of Mikir Hills
around Sarbura Terang and Moha Kro areas (Figs. 2¢ and 3f—i). Mesoscopically, these gneisses
are classified as schlieren diatexites (cf. Ashworth and McLellan, 1985; Sawyer, 1998; Milord et
al., 2001) and show alternate leucocratic (K-feldspar >> plagioclase > quartz > biotite > garnet)
and melanocratic layers (biotite >> plagioclase > K-feldspar > quartz) layers (Fig. 3f).

4. Petrography and mineral chemistry

Two different types of gneisses, including migmatised pelitic gneisses and quartzo-
feldspathic gneisses, are investigated from the Mikir Hills region. The petrographic
characteristics, compositional variations and mineral paragenesis of representative pelitic (G52
and G53) and quartzo-feldspathic (G54 and G55) gneisses are presented in Figs. 4 — 8. Detailed
mineral compositions of these samples are given in Supplementary Data Table S1. Mineral
abbreviations are followed after Whitney and Evans (2010).

4.1. Sample G52 (pelitic gneiss)
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Sample G52 shows a gneissic structure with alternate leucocratic and melanocratic layers
and is composed (vol.%) of garnet porphyroblasts (~14%), matrix minerals such as quartz
(~32%), plagioclase (~18%), K-feldspar (~16%), cordierite (~8%), biotite (~6%) and sillimanite
(~5%) with ilmenite, rutile, spinel, zircon and monazite as accessory minerals (Fig. 4a; Tables 1
and 2). The prograde (Mpr) and peak (Mp) metamorphic assemblages in this sample are
represented by Bt; + Qz + Ilm + Rt + PI; £ Sil; and Grt + Kfs + Sil; + Bt; + Pl, + Qz + [lm +
Rt, respectively. The post-peak (Mpp) metamorphic episode is indicated by Grt;,, + Crd + Spl +
Kfs + Sil, + Bty + Pl; + Qz + Ilm assemblage.

The early foliation (S;), developed due to D deformation, is represented by curved
inclusion trails of quartz, biotite (Bt,), plagioclase (Pl;), ilmenite and rutile within garnet (Fig.
4a—c). Rutile is only observed as inclusion within garnet. The leucocratic (quartz > K-feldspar >
sillimanite > plagioclase > garnet > biotite) and melanocratic (plagioclase > garnet > biotite >
quartz > K-feldspar > sillimanite > ilmenite) layers define the pervasive S, foliation in the
sample (Figs. 2b and 4a). The inclusion trails (S;) in garnet are curved and show a low-angle
relationship with external foliation (S,), indicating that garnet porphyroblasts would have formed
during the early stages of D, deformation (Figs. 4a, b and 8). Sillimanite occurs as lensoidal
aggregates (Sil,) that were wrapped by the S, foliation (Fig. 4a, ¢). The alignment of lensoidal
sillimanite (Sil;) along with the matrix biotite (Bt,) defines the pervasive S, foliation in G52
(Fig. 4a—c). In addition to the inclusion-type plagioclase (Pl;), two types of plagioclase grains,
PI, and Pl;, are identified in the matrix. The anhedral plagioclase (Pl;) inclusions typically form
mantles around quartz inclusions in garnet, indicating the growth of Pl; during the initial stages
of melt crystallization. The continued melting has resulted in the development of discrete
plagioclase grains (Pl,) in the melanocratic and leucocratic layers (Fig. 4a), whereas the narrow
irregular films of plagioclase around the matrix minerals define Pl; grains (Fig. 4a, e). The K-
feldspar-plagioclase (Pl;) melt pseudomorphs surrounding lensoidal sillimanite (Sil,) aggregates
and quartz ribbons, and thin films of quartz and plagioclase (Pl;) around garnet represent the
melting signatures (Fig. 4a, d, ). These textural observations suggest that the partial melting in
pelitic gneisses possibly occurred during D, deformation (Figs. 2b and 4a). Fine-grained
elongated sillimanite (Sil,) needles overgrow the S, foliation (Fig. 4d, f), indicating that Sil,
growth post-dates D, deformation and possibly develop during D; deformation. Cordierite and
quartz symplectites form along the embayed grain boundaries of garnet porphyroblasts and are
preserved in the pressure shadow zones of garnets (Fig. 4g, h). Occasionally, cordierite is
associated with spinel by developing symplectite texture (Fig. 4j), indicating the late-stage
breakdown of garnet porphyroblasts. In addition, cordierite is also associated with matrix
minerals of plagioclase (Pl,), biotite (Bt,) and sillimanite (Sil;) (Fig. 4a). The elongated quartz
ribbons with interlobate to polygonal grain boundaries suggest medium to high-temperature (Fig.
4f; ~500-700 °C; Passchier and Trouw, 2005) deformation for the pelitic gneisses.

Garnet is almandine-rich (X, [Fe™?/(Fe*2+Mg+Ca+Mn)] = 0.70-0.75, Xpy,
[Mg/(Fe*>+Mg+Ca+Mn)] = 0.20-0.23, X, [Ca/(Fe™>+Mg+Ca+Mn)] = 0.02-0.07, Xsps
[Mn/(Fe*>+Mg+Ca+Mn)] = 0.01), and compositional profiles show an increase in X, content
with relatively uniform concentrations of Xp,, and Xg,,s from core to rim (Figs. 6a and 7a;
Supplementary Data Table S1). Garnet shows significant zoning in Xg,s content with a decreased
concentration from core (Xg;s = 0.05-0.07) to rim (X5 = 0.02—0.05) (Fig. 6a). The minimal
amount of ferric ion content, calculated through the charge balance method, indicates the
presence of insignificant andradite component in garnet (Supplementary Data Table S1). The
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inclusion-rich garnet core represents a part of the peak metamorphic assemblage, whereas
diffusional zoning recorded by garnet rims characterizes the post-peak metamorphic
readjustments (cf. Spear and Florence, 1992; La Roche et al., 2015; Hrushikesh et al., 2019).
Inclusion-type biotite (Bt;) is Mg-rich (Xg. = 0.36-0.43) and shows TiO, content in the range of
4.63-5.81 wt.%, whereas matrix biotite (Bt,) is relatively Fe-rich (Xg. [Fe/(Fe+tMg)] =0.47 —
0.63) with similar TiO, (4.41-6.90 wt.%) concentration (Fig. 7c). The matrix biotite (Btn)
associated with garnet has variable X, values (0.42—0.45) and TiO, (3.51-4.02 wt.%) contents.
The inclusion type plagioclase (Pl;) has X4, [Na/(Na+Ca+K)] values of 0.46—0.59, whereas Pl,
and Pl in the matrix are characterized by X, values of 0.65—0.71 and 0.73—0.77, respectively
(Fig. 7b; Supplementary Data Table S1). Cordierite grains show uniform composition with Xg,
values of 0.36-0.41 and minor volatile components up to ~2 wt.%. Spinel grains show hercynite
composition [Xy. (Fe2" — 2xTi— 0.5x(Fe3* + Cr)) = 0.67 — 0.75] with Al,0; and ZnO values of
57.42-59.15 wt.% and 2.60-5.62 wt.%, respectively. [lmenite grains occurring as inclusions
within garnet and those in the matrix show similar composition with uniform Xg. (0.96-0.97)
values (Supplementary Data Table S1).

4.2. Sample G53 (pelitic gneiss)

Structurally, pelitic gneiss samples (G53 and G52) show dominant S, foliation but show
variation in mineral abundances. This sample is composed (vol.%) of garnet (~5%), matrix
quartz (~46%), cordierite (~16%), K-feldspar (~9%), plagioclase (~7%), biotite (~4%) and
sillimanite (~4%) with accessory ilmenite, rutile, zircon and monazite (Fig. 4j; Tables 1 and 2).
The prograde (Mpgr) and peak (Mp) metamorphic assemblages in this sample are represented by
Bt; + Qz + Ilm + Rt + Kfs + Sil; + Pl; and Grt,,. + Kfs + Sil; + Bt, + Pl, + Qz + Ilm + Rt,
respectively. The post-peak (Mpp) metamorphic episode is represented by Grt,;,, + Crd + Kfs +
Sil, + Bty + Qz + Ilm assemblage.

Garnet porphyroblasts are inclusion-poor and rarely contain inclusions of quartz,
plagioclase (Pl;), biotite (Bt;), ilmenite and rutile (Fig. 4k—m). Although garnet lacks internal
foliation, the absence of pressure shadow zones around garnet indicates syn-to post-kinematic
growth of garnet with respect to S, matrix foliation (Fig. 4k—m). The alignment of matrix biotite
(Bt,) and sillimanite aggregates (Sil;) defines the schistosity in this sample. Breakdown of the
garnet has resulted in cordierite and sillimanite (Sil,) formation along the garnet grain boundaries
(Fig. 4k, 1). Plagioclase in the matrix occurs as discrete grains in melanocratic and leucocratic
layers (Pl,) and also forms thin films (Pl3) in the matrix that develop as a product of melt
crystallization. The discrete plagioclase grains formed in the melanocratic and leucocratic layers
represent Pl, grains (Fig. 41, m), whereas the thin films of plagioclase around the matrix minerals
characterize Pl; grains (Fig. 4k). Cordierite also occurs as a discrete mineral, indicating that
cordierite would have formed due to the breakdown of matrix biotite (Bt,) and sillimanite (Sil;).
The bulging and grain boundary migration microstructures (Fig. 41) indicate dynamic
recrystallization of quartz at elevated temperature conditions (> 600 “C; Passchier and Trouw,
2005).
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Garnet porphyroblasts are almandine-rich (Xajm = 0.83-0.85, Xpy, = 0.09-0.11, Xy =
0.02-0.04, Xgsps = 0.01). The compositional profile shows an increase in X, content and a
decrease in Xpy, and X, contents from core to rim (Fig. 6b). Xg,s content in garnet is
homogenous from core to rim. Inclusion-type biotite (Bt;) is Fe-rich (Xg, = 0.64-0.66) and
shows TiO; content in the range of 3.51-5.36 wt.%. The matrix biotite (Bt,) is relatively
enriched in Fe content (Xg. = 0.67 — 0.74) with slightly lower TiO, (3.02—4.45 wt.%)
concentration (Fig. 7c; Supplementary Data Table S1). The matrix biotite (Bty,y,) in contact with
garnet shows Xg, values 0.58-0.60 with and TiO, contents of 2.85-3.13 wt.% (Fig. 7c;
Supplementary Data Table S1). The inclusion-type plagioclase grains (Pl;) show Xy, values of
0.51-0.68. On the other hand, matrix (Pl,) type plagioclase and thin films of plagioclase (Pl3) are
characterized by X, values of 0.73—0.76 and 0.73—-0.77, respectively (Fig. 7b). Cordierite grains
show mostly uniform X, values of 0.54—0.57 with volatile components up to 2 wt.%. The
inclusion-type and matrix-type ilmenite grains show similar composition with Xg. values of
0.96-0.97.

4.3. Sample G55 (quartzo-feldspathic gneiss)

The sample G55 is characterized by well-developed gneissosity, showing alternate
leucocratic and melanocratic layers (Fig. 2b). The leucocratic layer of the gneiss is composed of
plagioclase (~43 vol.%), quartz (~40 vol.%), K-feldspar (~11 vol.%), biotite (~3 vol.%), ilmenite
(~1 vol.%) and garnet (< 1 vol.%) (Fig. 5a; Tables 1 and 2). The melanocratic layer consists of
biotite, plagioclase, K-feldspar, quartz and ilmenite. The peak mineral assemblage in this sample
is represented by garnet + plagioclase + K-feldspar + biotite + quartz + ilmenite + melt
assemblage. Garnet porphyroblasts are inclusion-free and developed in the leucocratic layers
(Fig. 5a). The garnet porphyroblasts are spessartine-rich (Xaum = 0.36-0.39, Xp,, = 0.04-0.07,
Xars = 0.02-0.03, Xgps = 0.53-0.55) and show uniform composition from core to rim (Figs. 6¢
and 7a). A weak diffusional zoning is observed in Xp, concentration at the garnet rim (Fig. 6¢).
Biotite forms as a matrix mineral with Xg, and TiO, concentrations of 0.51-0.52 and 2.11-2.60
wt.%, respectively. The matrix biotite shows slightly different composition (Xg. = 0.53; TiO, =
1.80-1.82 wt.%) at the garnet grain boundaries (Fig. 7¢). The composition of matrix plagioclase
shows X}, values of 0.84 and 0.86 (Fig. 7b; Supplementary Data Table S1). [lmenite grains are
enriched in Mn content (0.04—0.30 pfu) with exsolution of titanomagnetite (Xge+ = 0.88 — 0.98).

4.4. Sample G54 (quartzo-feldspathic gneiss)

This sample represents the leucocratic part of the quartzo-feldspathic gneiss and is
composed of quartz (~35%), plagioclase (~32%), K-feldspar (~24%), biotite (~3%), magnetite (<
2 vol.%), garnet (< 1%) and chlorite (< 1%) with accessory muscovite, ilmenite and monazite
(Fig. 5b; Tables 1 and 2). The melanocratic layer comprises biotite, plagioclase, K-feldspar,
quartz and ilmenite. The peak mineral assemblage in this sample is represented by garnet +
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plagioclase + K-feldspar + biotite + quartz + ilmenite + melt assemblage. Garnet formed post-
kinematic with matrix minerals and is chemically homogeneous with enriched almandine and
spessartine contents (Xam = 0.51-0.54, Xp;, = 0.03-0.04, X5 = 0.03-0.05, Xgps = 0.40-0.41)
(Fig. 5c; Supplementary Data Table S1). Plagioclase grains show X, values of 0.80 — 0.91 (Fig.
7a, b). The matrix biotite is characterized by Xg. and TiO, concentrations of 0.71-0.72 and 1.99—
3.22 wt.%, respectively (Fig. 7¢). [lmenite grains show enriched Mn content (0.12—0.29 pfu).
Rarely occurring muscovite grains show homogeneous composition with Si values of 3.13-3.20
pfu, and chlorite in the matrix shows enriched Xg. content of 0.70-0.71.

5. Mineral paragenesis

5.1. Prograde (Mpg) and Peak metamorphism (Mp) in pelitic gneisses

In pelitic gneisses (G52 and 53), biotite (Bt;) + rutile + ilmenite + quartz & plagioclase
(P1y) £ sillimanite (Sil;) minerals represent the prograde assemblage (Mpg). The occurrence of
lensoidal sillimanite (Sil;) aggregates, K-feldspar, and quartz in the matrix indicates that the rock
experienced melting under second sillimanite isograd conditions (Fig. 4). The sample lacks
muscovite grains, possibly suggesting that muscovite would have been completely consumed
during prograde melting. This prograde metamorphism would have stabilized matrix biotite
(Bt,), and its subsequent melting developed plagioclase (Pl,) and K-feldspar. Garnet appears to
have formed during the late stage of melting by engulfing the minerals in leucocratic layers.
Therefore, garnet core + K-feldspar + sillimanite (Sil;) + biotite (Bt,) + plagioclase (Pl,) + quartz
+ ilmenite assemblage (Mp) defines the peak metamorphic episode in pelitic gneisses (Fig. 8).
The formation of peak metamorphic assemblage can be explained by the following KFMASH
dehydration melting reaction (Pickering and Johnston, 1998):

Bt, + Pl + Sil; + Qz = Grt +P1, + Kfs + Liq (1)

The above-melting reaction forms plagioclase (Pl;) by recrystallizing the pre-existing plagioclase
(Ple) in the protolith. As a result, the Pl is enriched in calcium component because the sodium
component of Pl, would typically be portioned into melt (cf. Vernon and Clarke, 2008). The
continued melting has resulted in the growth of relatively sodium-rich plagioclase (Pl,). This
inference is consistent with an increase in the sodic component of Pl, (X4, = 0.65-0.73) relative
to P1; (Xap = 0.46-0.68). Eventually, the plagioclase (Pl3) crystallized from the final stage of
melt is enriched in the sodic component, which corroborates the growth of thin films of sodic
plagioclase (Pl3; Xap = 0.73-0.77) in the leucocratic and melanocratic layers (Figs. 4a, e, k and
7b).

5.2. Post-peak metamorphism (Mpp) in pelitic gneisses
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During post-peak metamorphism, garnet breakdown produced cordierite-quartz and
cordierite-spinel symplectites along its grain boundaries. This has resulted in the Fe-Mg
compositional zoning along the garnet rims (Fig. 4g—1). The formation of cordierite and
cordierite—spinel assemblages can be explained by the following FMAS reactions (Hensen, 1971;
Clarke and Powell, 1991):

Grt + Sil; = Crd + Spl (2)
Grt + Sil; + Qtz = Crd + Spl 3)

The cordierite is also observed as a breakdown product of matrix minerals, such as biotite
(Bt;) and sillimanite (Sil;) (Fig. 4a, j and k). The following KFMASH reaction explains the
stability of cordierite from matrix minerals (Hoffer, 1976):

Bt, + Sil; + Qz = Crd + Kfs + H,O (4)

The growth of fine-grained sillimanite (Sil,) around garnet porphyroblasts indicates garnet
breakdown during retrograde metamorphism (Fig. 4f). During this metamorphism, matrix biotite
shows compositional readjustments along the garnet grain boundaries. The following KFMASH
reaction explains the stability of retrograde minerals (Mahan et al., 2006):

Grt + Kfs + HyO = Btyyim + Sily + Qz (5)

5.3. Peak metamorphism in quartzo-feldspathic gneisses

The migmatised quartzo-feldspathic gneisses (G54 and G55) are characterized by the
stability of idioblastic garnet, overgrowing the matrix minerals composed of plagioclase—K-
feldspar—biotite—quartz in the leucocratic layer (Fig. 5). Field and textural observations suggest
that these gneisses have undergone significant melting. The stability of garnet and melt in
quartzo-feldspathic gneisses can be related by the following KFMASH melting reaction (Braun
et al., 1996):

Bt + Pl + Qz = Grt + Kfs + Liq (6)
The above-mentioned metamorphic reactions infer that the mineral assemblages in

migmatised pelitic and quartzo-feldspathic gneisses experienced metamorphism under upper
amphibolite to granulite facies conditions.

6. Estimation of pressure—temperature conditions
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6.1. Conventional thermobarometry

The peak and post-peak metamorphic conditions of migmatised pelitic gneisses (G52 and
(G53) and quartzo-feldspathic gneisses (G55) were estimated using the mineral assemblages
identified for different metamorphic episodes (Fig. 8). The results of conventional
thermobarometry are summarized in Table 3. The temperature conditions were estimated using
the garnet-biotite (Ganguly et al., 1996; Holdaway, 2000), garnet-cordierite (Bhattacharya et al.,
1988), spinel-cordierite (Vielzeuf, 1983) and Ti-in-biotite (Henry et al., 2005) thermometers. The
pressure conditions were calculated using the garnet-biotite-plagioclase-quartz (GBPQ; Wu et
al., 2004), garnet-aluminum silicate-quartz-plagioclase (GASP; Ganguly et al., 1996), garnet-
biotite-aluminum silicate-quartz (GBAQ; Wu et al., 2017) and garnet-cordierite-sillimanite-
quartz (GCSQ); Perchuk et al., 1985) barometers. The calculated pressure and temperature
conditions using conventional thermobarometry are typically associated with +1 kbar and +50 °C
errors, respectively (Table 3). These errors resulted from the uncertainties associated with the
thermodynamic dataset of solid solution phases, activity-composition relationships of mineral
phases, and analytical error propagated with the estimation of mineral compositions (Powell and
Holland, 2008; Palin et al., 2016; Deshmukh et al., 2017).

6.1.1. Peak metamorphic (Mp) conditions for pelitic gneisses

The mineral compositions of garnet core, matrix biotite (Bt;) and plagioclase (Pl,) were
used for calculating peak metamorphic conditions. The thermometers using garnet (core)—matrix
biotite (Bt,) pairs (Ganguly et al., 1996; Holdaway, 2000) and garnet (core)-biotite (Bt;)-
plagioclase (Pl,)-quartz (GBPQ; Wu et al., 2004) assemblage yielded peak (Mp) P—T conditions
of 7.5-8.4 kbar at 674778 °C and 5.7—7.4 kbar at 620-767 °C for samples G52 and G53,
respectively. The Ti-in-biotite thermometry gives similar temperature conditions for samples
G52 (740777 °C) and G53 (645-728 °C). The application of garnet (core)-sillimanite (Sil,)-
quartz-plagioclase (Pl,) (GASP; Ganguly et al., 1996) and garnet (core)-biotite (Bt;)-
aluminosilicate (Sil;)-quartz (GBAQ; Wu et al., 2017) barometers yields relatively lower
pressure ranges for G52 (4.79—6.59 kbar) and G53 (4.23—6.43 kbar) than GBPQ barometer.

6.1.2. Post-peak metamorphic (Mpp) conditions for pelitic gneisses

The post-peak metamorphic conditions were estimated using the compositions of matrix
minerals [i.e., biotite (Bt,;,,) and cordierite] that are in contact with the garnet rim. The garnet
rim-biotite (Bty,) pairs (Ganguly et al., 1996; Holdaway, 2000) and garnet (rim)-biotite
(Btyrim)—aluminosilicate (Sil;)—quartz (GBAQ; Wu et al., 2017) mineral assemblage yielded post-
peak (Mpp) P—T conditions of 2.14-2.52 kbar at 563—660 °C for sample G52 and 2.45-2.71 kbar
at 495-583 °C for sample G53. However, garnet (rim)-cordierite pairs yielded post-peak
temperature conditions at 670—708 °C and 564—599 °C for samples G52 and G53, respectively.
In contrast, the application of Ti-in-biotite thermometry yielded much higher temperature
conditions for the matrix biotite (Bty,y,) grains in contact with garnet (G52 = 715-759 °C; G53 =

11
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645-676 °C; Table 3). These temperatures are slightly higher than those obtained using garnet-
biotite and garnet-cordierite pairs due to the higher blocking temperatures for Ti in biotite
relative to Fe-Mg exchange (Henry et al., 2005). In addition, the application of garnet (rim)—
cordierite—sillimanite (Sil,)—quartz (GCSQ) barometer gives pressure ranges of 4.1-4.4 kbar
(G52) and 2.34-2.75 kbar (G53).

6.1.3. Peak metamorphic conditions for quartzo-feldspathic gneisses

Garnet porphyroblast shows uniform composition in the quartzo-feldspathic gneiss
(sample G55). The mineral pairs of garnet-biotite (Holdaway, 2000) and GBPQ (Wu et al., 2004)
assemblage yielded peak P—T conditions of 6.7—7.4 kbar and 601-618 °C. The application of Ti-
in-biotite (Henry et al., 2005) thermometry yielded similar temperature conditions of 625—658
°C (Table 3). However, the garnet-biotite thermometer by Ganguly et al. (1996) yielded lower
temperatures (496—531 °C) than the values of Holdaway (2000). The Ganguly et al. (1996)
thermobarometer uses thermobarometric data for Fe-Mg-Ca-Mn garnets and assumed ideality for
the co-existing biotite. This assumption would have led to some uncertainty on the pressure and
temperature estimates of Ganguly et al. (1996).

6.2. Phase equilibrium modelling and metamorphic P-T path

P-T pseudosection modelling was carried out using the Perple X software program
(version 6.9.1; Connolly, 2005), which uses an internally consistent thermodynamic data set
(hp62ver.dat) after Holland and Powell (1998) and updated in 2011. Pseudosection modelling
was performed in the MnNCKFMASHTO system (MnO-Na,O-Ca0O-K,0-FeO-MgO-Al,0s-
Si0,-H,0-Ti0,-0,), which provides realistic phase equilibria representation for the pelitic to
quartzo-feldspathic rocks (cf. Endo et al., 2012; White et al., 2014). The activity—composition
(a—x) solution models in the study of pelitic and quartzo-feldspathic gneisses are garnet, biotite,
white mica, cordierite, orthopyroxene, and silicic melt (White et al., 2014), K-feldspar
(Waldbaum and Thompson, 1968), plagioclase (Newton et al., 1980) and spinel (White et al.,
2002). The whole rock compositions usually represent the residual bulk composition after melt
loss and are suitable for determining the peak and post-peak metamorphic conditions of
migmatised rocks (White et al., 2004). The bulk compositions for the studied samples were
estimated by combining the mineral mode proportions obtained using the XMapTools program
(Lanari et al., 2014). This method uses ten-element X-ray element maps obtained for the entire
thin section while computing the modal abundance of minerals present in the rock (Figs. 4a, ]
and 5a, b). This approach precisely estimates the modal proportions of hydrous minerals and
Fe*3-bearing minerals (biotite, spinel and garnet) in the rock, which are used to calculate the bulk
H,0 and O, contents of the samples. The possible source of errors in the estimation of bulk
composition include uncertainties from (a) the selection of representative areas for mineral mode
calculations (Palin et al., 2016) and (b) the cumulative error associated with mode calculations of
major and fine-grained minerals using XMapTools program (Lanari et al., 2014). However, these
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uncertainties have a negligible effect on the overall bulk composition of the rock (Lanari et al.,
2014; Palin et al., 2016).

The prograde metamorphic evolution of migmatised samples can be evaluated by
estimating the possible protolith composition, and this involves the reintegration of melt that was
lost from the system into the residual bulk composition (White et al., 2004; Diener et al., 2008).
The melt accumulated in the rock begins to escape from the system when it reaches 7 vol.% and
is generally regarded as the upper limit for melt drain (Rosenberg and Handy, 2005). However,
approximately 1 vol.% of the melt can be retained along the grain boundaries (Sawyer, 2001),
indicating an overall melt loss of 6 vol.% for a single prograde melting event. In this study, we
used the down-temperature melt reintegration method (Korhonen et al., 2013), which adds the
lost melt to the residual composition to retrieve the possible protolith bulk compositions for the
migmatised gneisses. The P—T pseudosections constructed for the studied samples are shown in
Figs. 9, 10 and Supplementary Data Fig. S1. The normalized bulk compositions used for
pseudosection modelling are summarized in Table 4.

6.2.1. Migmatised pelitic gneisses (G52 and 53)

The P-T pseudosections for pelitic gneisses are constructed in a P—7 range of 2—12 kbar
and 500-900 °C (Fig. 9a—d). Petrographically, both these samples contain similar peak (Mp:
garnet (core) + biotite (Bt;) + sillimanite (Sil;) + K-feldspar + plagioclase (Pl,) + quartz +
ilmenite + melt) and post-peak (Mpp: garnet (rim) + cordierite + biotite (Btyiy,) + sillimanite
(Sily) + K-feldspar + plagioclase (Pl3) + quartz + ilmenite = spinel) metamorphic assemblages.

In sample G52, the peak metamorphic assemblage is stable over a P—T range of 5.0-8.5
kbar and 770-800 °C (Fig. 9a). The intersection of garnet core (Xam = 0.70-0.71, Xpy, = 0.21-
0.23 and X5 = 0.05-0.06), biotite (Bty; Xg. = 0.46—0.51) and plagioclase (Pl,; Xap = 0.69-0.71)
isopleths is used to constrain the peak metamorphic conditions at 8.0—8.6 kbar and 768—780 °C.
The post-peak metamorphic conditions (Mpp) are estimated using the garnet rim (Xg, = 0.73—
0.74, Xmg = 0.21-0.22 and X, = 0.03-0.04) and cordierite compositions (Xg, = 0.36-0.39) at
4.0-5.0 kbar and 720-765 °C (Fig. 9a). Although spinel is stable in the post-peak assemblage,
the estimated P—T conditions fall within the spinel-absent stability field. This is because
pseudosection modelling is unsuitable for modelling mineral phases in such a small volume.
Based on petrographic characteristics, spinel accounts for < 0.1 vol.% of the rock and therefore
not stable at the calculated P-T conditions. Furthermore, the spinel-magnetite solution model
employed in the pseudosection modelling does not account for the effect of Mn, Cr and Zn in the
solid solution (White et al., 2002). Therefore, the presence of significant amount of gahnite
component (ZnO = 2.6 — 5.5 wt.%) in spinel suggests possible deviation in the stability field of
spinel (> 800 °C and 4 kbar; Fig. 9a). Similarly, plagioclase (Pl;) isopleths were ignored while
estimating post-peak metamorphic conditions in the phase diagram. Based on compositional
difference, it is evident that Pl; plagioclase is more evolved (rich in X,p) than those formed
during the early stages of migmatisation (rich in Xa,; Pl; and Pl,), indicating a change in the
effective bulk composition from peak to post-peak metamorphism. However, the change of
effective bulk composition is not accounted while performing the pseudosection modelling. The
estimated peak and post-peak metamorphic conditions (Mp—Mpp) suggest a near-isothermal
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decompression path (Fig. 9a). For estimating prograde metamorphic conditions, approximately 6
vol.% of melt was added to the residual bulk composition, representing the first stage of melt
reintegration. The reintegrated bulk composition was used to compute a separate pseudosection
(Fig. 9d and Supplementary Data Fig. S1). The procedure is repeated for the second and third
stages of melt reintegration by adding 12 vol.% and 18 vol.% of melt to the system, respectively.
The corresponding pseudosections constrain the H,O saturated prograde assemblage (Mpg:
biotite + plagioclase + quartz + rutile + garnet + sillimanite & muscovite) in a range of 5.5-7.5
kbar and 645695 °C (Fig. 9b). The absence of muscovite in the sample indicates that the
muscovite would have consumed entirely during the prograde melting process. The combination
of Mpr—Mp and Mp—Mpp conditions suggests a clockwise P—T path involving prograde heating
and isothermal decompression (Fig. 9b).

For sample G53, the pseudosection topology is similar to sample G52. The peak
metamorphic assemblage is stable in a P-T range of 3.5-8.0 kbar and 720-770 °C (Fig. 9¢). The
intersection of garnet (Xam = 0.83-0.84, Xp;, = 0.10-0.11 and X, = 0.03-0.04), biotite (Bty;
Xre = 0.68-0.74) and plagioclase (Pl,; X, = 0.72—0.74) isopleths constrain the peak
metamorphic conditions at 5.8—7.5 kbar and 715-750 °C (Fig. 9¢). The post-peak melt
crystallization is marked by the growth of cordierite along the subhedral margins of garnet and
compositional readjustments in garnet rim. The intersection of garnet rim composition (Xge =
0.85-0.86, X = 0.09-0.10 and X, = 0.02) and cordierite composition (Xg, = 0.56-0.57)
yielded post-peak metamorphism conditions at 2.0-3.8 kbar and 640-730 °C (Fig. 9¢c). For
characterizing prograde stage, the melt reintegration is carried out in the field of peak
metamorphic assemblage at 7.25 kbar and 720 °C (Fig. 9d). Approximately 6 vol.% of melt was
added to the residual bulk composition, representing the first stage of melt reintegration. The
reintegrated new bulk composition was used to compute a new pseudosection (Fig. 9d and
Supplementary Data Fig. S1). The second stage of melt reintegration is performed by adding 12
vol.% of melt to the system, and prepared the corresponding pseudosection using the new bulk
composition (Fig. 9d and Supplementary Data Fig. S1). These results constrain the equilibrium
conditions of H,O saturated prograde assemblage (Mpr = K-feldspar + plagioclase + biotite +
quartz + rutile £ ilmenite = muscovite) up to 10 kbar and 625 °C. The combination of Mpr—Mp
and Mp—Mpp conditions suggests a clockwise P—T path for the sample, involving prograde
heating and isothermal decompression (Fig. 9d).

6.2.2. Migmatised quartzo-feldspathic gneiss (G55)

The pseudosection for sample G55 is constructed in the MnNCKFAMSHTO system
using the residual bulk composition in a P—7 range of 2—12 kbar and 500-900 °C (Fig. 10). The
observed metamorphic assemblage (garnet + K-feldspar + plagioclase + biotite + ilmenite +
quartz + melt) is stable over a wide P—T range of 3.0 to > 12.0 kbar and 600-820 °C (Fig.

10). However, the compositional isopleths of Mn-rich garnet (X, = 0.36-0.38, Xp, = 0.05—
0.08 and X5 = 0.02—-0.03), biotite (Xg. = 0.52—0.53) and plagioclase (X, = 0.84-0.86)
intersects at much lower P—T conditions of 3.8—4.6 kbar and 590-650 °C (Fig. 10). Further, the
absence of melt at these P—T conditions suggests that the garnet crystallized below the

solidus. This inference is consistent with the growth of subhedral garnet showing uniform
composition. The estimated P—T conditions indicate that the peak metamorphism and partial
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melting occurred at much higher temperatures. Therefore, the possible P-7 conditions in melt
bearing and melt-absent fields define an approximate cooling P—T history for the quartzo-
feldspathic gneiss (Fig. 10).

7. Geochronology

7.1. In situ U-Pb zircon dating

U-Pb zircon dating was performed for pelitic (G53) and quartzo-feldspathic (G55)
gneisses using the GeOHeLiS platform facilities at the University of Rennes, France. Back-
scattered (BSE) and cathodoluminescence (CL) imaging were performed on two polished thin
sections to identify zircon grains and document the internal zoning patterns. The details of
analytical settings are described in Supplementary Data Text, and the analytical conditions are
tabulated in Supplementary Data Table S2. All uncertainties are reported at the 2c level, and
systematic uncertainties are propagated to the final dates following Horstwood et al. (2016). The
systematic uncertainty, which is applied to the age of the population, is indicated in italics within
brackets for the concordant dates. The Concordia diagrams were constructed using the IsoplotR
software (Vermeesch, 2018). The CL zoning patterns and U-Pb zircon data are presented in Fig.
11 and Table 5 and Supplementary Data Table S3. Analytical data obtained for unknowns and
GJ-1 zircon standard (used as quality control material) are given in Supplementary Data Table
S3.

Zircon grains in the migmatised pelitic gneiss (G53) are subhedral to euhedral with
lengths of 40 to 100 um. Based on morphology, two zones are identified in zircon grains. These
include inclusion-bearing cores and inclusion-poor overgrowths (Fig. 11a, b). Zircon cores
contain rare inclusions of apatite and silicate minerals, whereas overgrowths on cores are
characterized by periodic oscillatory zoning. These grains show oscillatory to patchy zoning and
are characterized by bright-CL cores and dark-CL rims (Fig. 11a). As the dark-CL rims are too
narrow (< 20 pm) for spot analysis, bright-CL cores were selected for U-Pb dating. Three of the
analyses yield a concordant date of 1647 = 11 (£/6) Ma (MSWD = 1.3; Fig. 11a). Thirteen
analyses define a Discordia with an upper intercept of 1683 + 44 (+45) Ma (MSWD = 1.4; Fig.
11a). The bright-CL cores of zircon grains show oscillatory growth zoning with variable Th/U
ratios (0.59—-1.01; Table 5), indicating magmatic origin for these grains (Williams and Claesson,
1987; Hoskin and Black, 2000; Rubatto, 2002). Morphology, internal zoning patterns, and
chemical compositions suggest that the zircon grains crystallized during the early to late
magmatic stage. Therefore, the concordant date obtained from the zircon core (1647 = 11 Ma)
and upper intercept age of 1683 + 44 Ma are interpreted as the crystallization age of an igneous
protolith.

Zircon grains from the migmatised quartzo-feldspathic gneiss (G55) are subhedral to
euhedral prismatic grains with a long axis of grains variable between 40 and 80 um (Fig. 11b).
These grains show weakly zoned dark-CL xenocrystic cores surrounded by intermediate CL
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zones with oscillatory zoning, and bright-CL recrystallized rims. Occasionally, the cores of
zircon grains contain inclusions of apatite and silicate minerals, whereas overgrowth zones lack
mineral inclusions. The xenocrystic cores and recrystallized rims are too narrow for analysis, so
the oscillatory zones were considered for U-Pb dating. Six analyses from five zircon grains
yielded a concordant date of 1590 = 7 (=/4) Ma (MSWD = 1.0; Fig. 11b). Sixteen analyses
define a Discordia with an upper intercept of 1613 + 19 (£22 Ma (MSWD = 1.3; Fig. 11b). The
Th/U ratios from oscillatory zones are variable between 0.31 and 1.82 (Table 5), suggesting an
igneous origin for these grains. Zircon internal structures, compositional variations and
overlapping of core and overgrowth U-Pb ages indicate that zircon grains were formed during
early to late magmatic stages (cf. Wang et al., 2014; Jiang et al., 2019). Therefore, we interpret
the Concordia (1590 + 7.3 Ma) and Discordia upper intercept (1613 = 19 Ma) dates as the
crystallization age of an igneous protolith.

7.2. U-Th—total Pb monazite dating

Monazite dating was performed on migmatised pelitic gneisses (G52 and G53) and quartzo-
feldspathic gneisses (G54 and G55) from the Mikir Hills region. X-ray element mapping (YL,,
ThM,, UM, and PbM,) of monazite grains has been performed to identify different chemical
zones. According to Williams et al. (2006), the weighted mean of U-Th-total Pb dates obtained
from a single chemical domain can represent the timing for a specific geological event.
Therefore, the simultaneous processing of these X-ray maps (cf. Williams et al., 2006) is helpful
in identifying two distinct compositional domains in pelitic (CDpl and CDp2) and quartzo-
feldspathic gneisses (CDqg1 and CD2) (Fig. 12). In addition, the monazite spot ages were
processed using CHIME (chemical Th-U-total Pb isochron method) dating approach (Suzuki et
al., 1991; Suzuki and Kato, 2008), which is useful to determine meaningful data from a
homogeneous age domain showing notable chemical variation. The combination of these two
approaches is helpful in identifying mixed ages in the multiple monazite spot ages (Fig. 12 and
Supplementary Data Fig. S2; Table 5 and Supplementary Data Table S4).

Subhedral to anhedral monazite grains in sample G53 occur as inclusions in matrix
minerals composed of quartz, K-feldspar and plagioclase. A few grains are hosted within the
biotite grains that define the pervasive foliation. X-ray element maps of Th and Y show two
distinct compositional domains, CDpl and CDp2 (Fig. 12a, b). The compositional domain CDpl
represents patchy zones in monazite and composed on low-Y and low-Th/U contents (Y,03 =
0.37-1.84 wt.%; ThO, = 3.90—4.95 wt.%; UO, = 0.24—1.08 wt.%). The zones around CD5p1
represent the domain CDp2 and composed of moderate-Y and high-Th/U contents (Y,0; = 0.30—
2.81 wt.%; ThO, = 4.20-5.48 wt.%; UO, = 0.17-0.36 wt.%; Table 5 and Supplementary Data
Table S4). Spot analysis on CDpl and CDp2 domains yielded age populations of 1058 + 35 Ma
(n=6; MSWD = 1.8) and 467 + 16 Ma (n = 5; MSWD = 0.24), respectively (Fig. 12c).

The monazite grains in sample G52 occur in various sizes (~50 um—600 um) and are

hosted as inclusions within garnet porphyroblasts and quartzo-feldspathic matrix in the
leucocratic layers (Fig. 12d, e). These monazite grains show sector and oscillatory growth zones
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and are characterized by low Y content with variable concentrations of Th and U (Y,O3 =up to
0.59 wt.%, ThO, =5.21-10.76 wt.%, UO, = 0.11-1.62 wt.%; Table 4 and Supplementary Data
Table S4). The zoning identified in this sample is equivalent to the CDp2 domain of sample G53.
Despite showing compositional zoning, monazite grains yielded a single-age population of 480 +
8 Ma (n=31; MSWD = 2.8) (Fig. 12f).

Monazite grains in sample G54 are hosted in the quartzo-feldspathic matrix, displaying
concentric growth zoning (CDgq1) and sporadic patchy zoning (CDg2). X-ray element maps show
wide variation in Y, Th and U contents of monazite grains (Fig. 12g, h). The CDg1 is
characterized by low LREE and high Th/U contents (Y,03; = 1.69-2.90 wt.%; ThO, = 8.71—
16.85 wt.%; UO, = 0.12-0.47 wt.%), whereas CDg2 is composed of high-LREE and low-Th
contents (Y,03 = 1.71-2.33 wt.%; ThO, = 3.75-9.77 wt.%; UO, = 0.06—0.39 wt.%; Table 5 and
Supplementary Data Table S4). These two compositional domains yielded distinct age
populations at 496 + 7 Ma (n = 18; MSWD = 1.4) and 439 £+ 13 Ma (n = 5; MSWD = 0.30),
respectively (Fig. 12i).

Monazite grains in sample G55 are fine to medium-sized (~60 um—120um), subhedral to
anhedral and occur as inclusions within K-feldspar, quartz and biotite in the matrix (Fig. 12, k).
The CDg1 (Y205 = 2.33-3.22 wt.%; ThO, = 6.95-8.02 wt.%; UO, = 0.09-0.36 wt.%) and CDq2
(Y705 = 1.98-2.49 wt.%; ThO, = 2.92-5.36 wt.%; UO, = 0.18-0.87 wt.%) monazite domains
show distinct compositions and yielded ages of 469 = 16 Ma (n = 3; MSWD = 0.67) and 427 +
17 Ma (n = 5; MSWD = 0.74), respectively (Fig. 121; Table 5 and Supplementary Data Table
S4).

8. Discussion

8. 1. Metamorphic evolution of gneisses from the Mikir Hills

The metamorphic P—T evolution of pelitic and quartzo-feldspathic gneisses of the Mikir
Hills area is established based on mineral paragenesis, mineral chemistry (including garnet
zoning patterns), conventional thermobarometry and pseudosection modelling (Fig. 13a).
Mesoscale structures and microtextures indicate that the gneisses have experienced three stages
of deformation (D;, D, and D3), and three episodes of metamorphism (Mpr, Mp and Mpp). In
pelitic gneisses, the curved inclusion trails (Bt; + Qz + Ilm + Rt & Pl;) in garnet demarcate the
relict S; foliation, indicating that the stability of garnet core formed during prograde
metamorphism (Mpgr) and postdates D; deformation. During prograde metamorphism, the
gneisses witnessed significant melting that resulted in the development of melanocratic and
leucocratic layers and melt migration microtextures with stability of peak metamorphic
assemblage (i.e., Grt.y, + Kfs + Sil; + Bt, + Pl, + Qz + Ilm £ Rt). Due to high-temperature
(migmatised) peak metamorphism, the signatures of prograde metamorphism were mostly
obliterated. However, melt-reintegration phase equilibria modelling suggested that the prograde
metamorphism occurred in the garnet and sillimanite stability field. This is indicated by the
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stability of sillimanite (Sil;), K-feldspar and plagioclase (Pl,). Pseudosection modelling suggests
that the peak metamorphic assemblages in samples G52 and G53 are stable in the P—T conditions
of 8.0-8.6 kbar at 768—780 °C and 5.8—7.5 kbar at 715-750 °C, respectively (Figs. 9a—d and
13a). These results broadly corroborate the results obtained using conventional thermobarometry
(Table 3). The post-peak metamorphism stabilized cordierite-quartz and cordierite-spinel
symplectites at P—7 conditions of 4.0-5.0 kbar at 720-765 °C and 2.0-3.8 kbar at 640-730 °C,
respectively. Overall, the results of pseudosection modelling, including the melt reintegration
approach, determined a clockwise P—T path for migmatised pelitic gneisses (G52 and 53) and a
cooling path for migmatised quartzo-feldspathic gneiss (G55) in the Mikir Hills region (Figs. 2, 9
and 10). The clockwise P—T trajectory of pelitic gneisses involves migmatisation-related peak
metamorphism followed by isothermal decompression.

For quartzo-feldspathic gneisses, pseudosection modelling suggests that the peak
metamorphic assemblage (i.e., garnet + K-feldspar + plagioclase + biotite + ilmenite + quartz +
melt) is stable over a wide range of P—T conditions at 3.0 to > 12.0 kbar and 670-800 °C (Fig.
10). However, the compositional isopleths indicate that these equilibrated at much lower P—

T conditions of 3.8—4.6 kbar and 590-650 °C (Fig. 10). These results are consistent with those
P-T conditions (6.7-7.4 kbar and 601-658 °C; Table 3) calculated using conventional
thermobarometry. The P—T estimates on quartzo-feldspathic gneisses broadly match the peak and
post-peak metamorphic conditions of pelitic gneisses (Fig. 13a). Therefore, it is evident that both
gneisses affected by common metamorphic episodes.

The preservation of weakly retrogressed upper amphibolite to granulite facies
assemblages indicates substantial melt loss from the system during the metamorphism of
migmatised pelitic gneisses (cf. White and Powell, 2002). In general, the large-scale crustal
melting can be explained either by prograde heating (crustal thickening and volatile-induced
melting; Fig. 14a) or decompression melting mechanisms (Harris and Inger, 1992; Harris and
Massey, 1994; Patifio Douce and Harris, 1998; Harris et al., 2004; Searle et al., 2009; Streule et
al., 2010; Groppo et al., 2012). The textural relations and phase equilibria modelling results
suggest that the melting in pelitic gneisses occurred due to the biotite melting (reaction 1)
reaction. The melting in gneisses would have been triggered mainly by prograde heating with a
minor effect of isothermal decompression (Streule et al., 2010; Groppo et al., 2012).

Previous studies were mainly focused on the metamorphic evolution of western and
central parts of the AMGC (Chatterjee et al., 2007, 2011; Dwivedi et al., 2020), and P-T paths
reconstructed from these studies are correlated with the P—7—¢ paths obtained from this study
(Fig. 13b). The garnet-orthopyroxene granulites exposed in western AMGC (Garo-Goalpara
Hills) recorded a counterclockwise P—T path (Chatterjee et al., 2007). In contrast, garnet-
cordierite-sillimanite-bearing pelitic granulites from central AMGC (Umpretha and Sonapahar
areas) show clockwise P—T paths under near-isothermal decompression conditions (Chatterjee et
al., 2011; Dwivedi et al., 2020). The metamorphic conditions obtained for pelitic gneiss (in this
study) are broadly similar to the P—T conditions derived from pelitic granulites in the Umpretha
area (Chatterjee et al., 2011) but show a significant variation as compared to the Sonapahar
pelitic granulites, where Dwivedi et al. (2020) obtained extreme temperature conditions (>820
°C) using average P—T method. Their study would have overestimated the P—T conditions as the
average P—T method ignores the activity corrections for melt components (cf. Dasgupta et al.,
2009; Sorcar et al., 2014).
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8.2. Interpretation of zircon-monazite age data and timing of migmatization

The zircon ages from the Mikir Hills migmatised pelitic (G53) and quartzo-feldspathic
(G55) gneisses yielded Concordia age of 1647 £ 11 (£/6) Ma (n = 3; MSWD = 1.3) and an upper
intercept age of 1683 + 44 (+45) Ma (MSWD = 1.4) for sample G53 (Fig. 11a). Sample G55
yielded slightly lower Concordia and upper intercept ages of 1590 £ 7 (+/4) Ma (MSWD = 1.0)
and 1613 £ 19 (£22) Ma (MSWD = 1.3), respectively (Fig. 11b; Table 5). These zircon grains
are characterized by Th/U ratios of 0.59—1.82, indicating that the zircon growth occurred in
magmatic conditions (Th/U > 0.1; Hoskin and Schaltegger, 2003; Rubatto, 2017; Yakymchuck et
al., 2018). According to their study, metamorphic zircons mostly show Th/U ratios < 0.1,
primarily controlled by the presence other Th-bearing minerals such as monazite and xenotime.
Therefore, the ages obtained from oscillatory zircon cores are interpreted to represent the
inherited igneous components of their Mesoproterozoic protolith (ca. 1647-1590 Ma). The
Mesoproterozoic protolith components in the Mikir Hills, although preserved as relict zircon
cores, can be temporally equivalent to the Mesoproterozoic high-grade granulites in the western
AMGC near Garo-Goalpara Hills (Fig. 13c—¢).

Monazite dating of two pelitic gneisses yielded two weighted mean age groups at 1058 +
35 Ma and 480 = 8 Ma to 467 £ 16 Ma (Fig. 12). The older age population (1058 + 35 Ma)
obtained from monazite cores (CDpl) may plausibly attest to a thermal event associated with 1.1
Ga granite magmatism (Yin et al., 2010) in the Mikir Hills region. Low Y + HREE and low
Th/U ratios in CDpl possibly indicate that this domain is formed in low-grade metamorphic
conditions (cf. Zi et al., 2023) from a protolith that is poorer in Y + HREE budget. We speculate
that the later high-grade migmatization event would have largely obliterated the mineralogical
growth related to ~1058 £ 35 Ma metamorphism. Significant negative Y and Eu anomalies and
high Th/U ratios (Supplementary Data Fig. S2) in younger monazite domains infer that these
monazites were formed in equilibrium with a high abundance of garnet and plagioclase in high-
temperature metamorphic conditions, involving partial melting. During partial melting, Th and U
partitioned into the melt (Keppler and Wyllie, 1990), and the monazites forming from this melt
preferentially sequester Th in its chemical composition (Bea and Montero, 1999; Xing et al.,
2013), resulting in high Th/U ratios. We interpret that this episode of metamorphism crossed the
muscovite and biotite breakdown melting reactions, consistent with the petrographic
observations and mineral paragenesis. Therefore, we relate the ~480 +£ 7 Ma to 467 + 16 Ma age
population to the peak metamorphic conditions and migmatisation in pelitic gneisses. A similar
age of 496 + 7 Ma is obtained from high Y and Th domains of quartzo-feldspathic gneisses,
indicating that these rocks experienced a common partial melting event along with pelitic
gneisses during ~496—467 Ma.

Younger monazite domains in four samples, with ages between 439 + 13 Ma and 427 +
17 Ma, are interpreted to represent the timing of fluid-mediated regrowth of monazites. If
monazite grains are regrown under fluid-mediated conditions, the newly formed domains
generally crosscut the original zoning patterns along dissolution—precipitation fronts and usually
develop patchy monazite domains (Williams et al., 2006; Putnis, 2009; Hetherington et al., 2010;
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Hurai et al., 2015). Similar patchy textures are observed in CDg2 monazite domains, which are
depleted in Th, Pb and HREE concentrations relative to CDg1 monazite domains (Fig. 12 and
Supplementary Data Fig. S2; Supplementary Data Table S4). Therefore, the younger population
(439427 Ma) obtained from these disseminated patchy zones represent the timing of the
regrowth of monazites in response to fluid infiltration.

A large dataset of U-Pb zircon ages and U-Th-total Pb monazite ages are available from
western, central and eastern parts of the AMGC, and these ages are correlated with the ages
yielded in this study (Fig. 13c—e). Previous studies on AMGC gneisses identified four major age
populations at ~1670-1520 Ma, ~1430-1350 Ma, ~1140-1000 Ma and ~520—480 Ma (Fig. 13c—
e). In addition, the Assam-Meghalaya gneissic complex recorded three episodes of granite
magmatism at ~1700-1470 Ma, ~1150-980 Ma and ~560—420 Ma (Fig. 13c—d). Although
geochronological data from gneisses of Mikir Hills (eastern AMGC) is scarce, Yin et al. (2010)
reported augen gneisses with an age range of 1628—1400 Ma, which are coeval with ages from
granites in the Mikir Hills region. These plutons include Panbari-Geleki, Kuthori and Dallamara
granites, yielding U-Pb ages of 1644 &+ 33 Ma, 1599 + 17 Ma and 1550 + 25 Ma, respectively
(Gogoi et al., 2019). In summary, the 1647-1590 Ma zircon ages obtained from this study are
corresponding to the timing of emplacement of igneous protolith or high-grade metamorphism in
the Mikir Hills region, whereas younger ages (496—467 Ma) are related to the timing of
migmatisation in the eastern AMGC (Fig. 14a). The timing of migmatisation was coeval with the
emplacement of various granitoids, including Nongpoh (507 + 7 Ma), Krydem (513 + 9 Ma) and
South Khasi (517 £ 9 Ma) plutons in the central AMGC (Kumar et al., 2017), and Kathalguri
(516 = 3 Ma; Majumdar and Dutta, 2016) and Kaziranga Park (529 + 6 Ma; Kumar et al., 2017)
plutons in the Mikir Hills regions (Fig. 14a).

8.3. Significance of Meso- to Neoproterozoic tectonism in the Mikir Hills

The 1596 + 15 Ma monazite age reported from metapelites in Garo Hills (western
AMGC) have been interpreted to represent the timing of granulite facies metamorphism and are
correlated with a collisional event associated with the amalgamation of North Indian Block
(NIB) and South Indian Block (SIB) along Central Indian Tectonic Zone (CITZ) (Chatterjee et
al., 2007; Chatterjee, 2017). According to these authors, the southward subduction of the oceanic
lithosphere underneath the SIB has led to the formation of an island arc. The sediments deposited
in the back-arc basin witnessed intense heating and metamorphism, followed by isobaric cooling
and the formation of granulites exhibiting anti-clockwise P—T paths (Chatterjee et al., 2007).
Although Mesoproterozoic high-grade metamorphism is unidentified in the Mikir Hills region,
the present study shows the occurrence of 1647-1590 Ma magmatic zircons in pelitic and
quartzo-feldspathic gneisses. These ages overlap with the timing of ubiquitous granite
magmatism (i.e., 1674-1561 Ma; Gogoi et al., 2019) in the Mikir Hills. The inheritance of
similar zircon ages (i.e., 1704—1520 Ma) in orthogneisses and pelitic gneisses from central
AMGC (Yin et al., 2010; Dwivedi et al., 2023) and in Mikir Hills (1647—1590 Ma; this study)
infers a regionally extensive ~1600 Ma tectono-magmatic event in northeast India. Previous
geochronological studies suggest that Western Australia and East Antarctica lack ~1600 Ma

20



807
808
809

810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835

836

837
838

839

840
841
842
843
844
845
846
847
848

tectonic imprint but record a strong ~1126-968 Ma tectonism in the Leeuwin, Mullingarra, and
Northampton Complexes of Western Australia and Prince Charles Mountains—Prydz Bay region
of East Antarctica (Figs. 1 and 14b; Myers, 1990).

The weakly preserved ~1058 + 35 Ma tectonic imprint in the Mikir Hills can be
corroborated with similar tectonothermal events recorded in various parts of AMGC. Chatterjee
et al. (2007) reported ~1078 + 31 Ma for monazite cores from metapelites in Sonapahar (central
AMGC; Fig. 13d). However, they have not interpreted the tectonic significance of this event.
Later, Yin et al. (2010) reported ~1129—1039 Ma magmatism near Guwahati (central AMGC)
and from the northern Mikir Hills using U-Pb zircon geochronology. In eastern India, the island-
arc magmatism between the Eastern Ghats belt and Rayner Province (East Antarctica) resulted in
UHT metamorphism at ~1030-970 Ma (Fig. 14a; Bose et al., 2022). This thermal imprint is
reported from other nearby crustal domains in India (i.e., Bastar Craton, Singhbhum Craton,
Dharwar Craton and central Indian tectonic zone) (Bose et al., 2022). The ~1100-1000 Ma
tectonothermal episode recorded in eastern India can be correlated with temporally equivalent
felsic magmatism and associated metamorphism in Western Australia and East Antarctica (Wang
et al., 2008; Grew et al., 2012; Spreitzer et al., 2021). A prolonged and complex history of high-
grade metamorphism is recorded in the basement complexes of Western Australia at 1090—1020
Ma (Fig. 14b). Similarly, East Antarctica preserved significant Grenvillian ages and was devoid
of Mesoproterozoic tectono-metamorphic events (Fig. 14b). The orthogneisses in the Larsemann
Hills (Prince Charles Mountain-Prydz Bay region) recorded magmatic episodes during 1126—968
Ma (Wang et al., 2008; Grew et al., 2012) and high-pressure metamorphism at ~911 + 9 Ma
(Spreitzer et al., 2021). The geochronological correlations among Western Australia, East
Antarctica and Eastern India suggest that these land masses were juxtaposed and shared a
common tectono-thermal history during Grenvillian Orogeny (Fig. 14b; Collins and Pisarevsky,
2005; Boger, 2011; Ksienzyk et al., 2012; Markwitz et al., 2017). Although these correlations
suggest that the Mikir Hills region shared a common tectonic history with Western Australia and
East Antarctica, the Mikir Hills would have been located distantly from these crustal units. As a
result, the Mikir Hills region (this study) and central AMGC (Chatterjee, 2017) recorded a weak
imprint of ~1100-1000 Ma event.

8.4. Late Neoproterozoic magmato-metamorphic events and its significance in the assembly of
eastern Gondwana

Late Neoproterozoic Circum-Indian orogens are helpful in paleogeographic
reconstructions of Supercontinent Gondwana. These orogens are typically regarded as collisional
belts resulting from final amalgamation between India-Western Australia-East Antarctica
(eastern Gondwana) and Africa-South America (western Gondwana) continental blocks (Collins
and Pisarevsky, 2005 and references therein). A compilation of the P—T paths obtained from
Prydz Bay region (East Antarctica)-Western Australia—AMGC (northeast India) are provided in
Fig. 13b, and a summary of tectono-magmatic episodes is given in Fig. 14. The Leeuwin
Complex in Western Australia preserved the youngest high-grade metamorphic event at ~522 + 2
Ma (Collins, 2003) and ~526 + 12 Ma (Markwitz et al., 2017), indicating the tectonic event
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associated with the assembly of Gondwana supercontinent (Boger, 2011). The mafic granulites
from Larsemann Hills recorded ultrahigh temperature metamorphism at ~530 Ma, marking the
signatures associated with Gondwana assembly in East Antarctica (Liu et al., 2007; Wang et al.,
2022). Similar ~545-530 Ma granulite facies metamorphism with a clockwise P—T was reported
from metapelites in the Prince Charles Mountain-Prydz Bay region, East Antarctica (Boger and
Wilson, 2005; Liu et al., 2013).

A number of studies have described Late Neoproterozoic metamorphic events in the
southern India and Eastern Ghats (~550—450 Ma; Mezger and Cosca, 1999; Dobmeier and Raith,
2003; Plavsa et al., 2015; Sheikh et al., 2020), while limited information has been obtained from
northeast India, particularly the Assam-Meghalaya gneissic complex. Kumar et al. (2017)
reported a strong Late Neoproterozoic granite magmatism (~529-515 Ma) from the Mikir Hills
region (eastern AMGC). As shown in the present study, various rocks of Mikir Hills preserve the
evidence for deformation (minimum two stages), high-grade peak metamorphism (5.3—8.6 kbar
and 730-780 °C) and partial melting during 496—467 Ma. This metamorphic history (this study)
from Mikir Hills is reported for the first time and is similar to the younger tectonothermal
evolution (Chatterjee et al., 2007, 2011; Dwivedi, 2011, 2020) reported from high-grade pelitic
gneisses of the central AMGC, indicating that these domains shared a common
tectonometamorphic history during Late Neoproterozoic. Further, the clockwise P—T paths from
pelitic gneisses (in the present study) fall within the thermal gradients of 75 °C/km (High-T peak
metamorphism) and 150 °C/km (Fig. 13b; post-peak isothermal decompression), which is
characteristic of a Proterozoic collisional or accretionary orogen (Kelsey and Hand, 2015) related
to the East Gondwana supercontinent assembly.

This study confirms the eastern extension of the Pan-African orogenic front, which is
spread for ~300 km between central and eastern AMGC. The dominance of Late Neoproterozoic
reworking of the Paleo- to Mesoproterozoic crust and high-grade metamorphism suggest that the
eastern AMGC represent the lower part of an active convergent margin. The contractional
deformation at ~550—450 Ma led to crustal thickening associated with the collision (Kuunga
Orogeny) between India-Australia-Antarctica cratons. The possible magmatic underplating
beneath the Mesoproterozoic crust would have resulted in prograde partial melting of pelitic and
quartzo-feldspathic gneisses (Mpr to Mp), followed by isothermal decompression event (Mp to
Mpp) during orogenic collapse (Fig. 14a). Post-collisional crustal thinning accompanied by the
emplacement of A-type granitoids in the AMGC (Fig. 14a; cf. Majumdar and Dutta, 2016) is
likely to have played a significant role in the exhumation of the Mikir Hills region (eastern
AMGC) after the cessation of compressional tectonics leading to the assembly of east Gondwana
supercontinent.

9. Conclusions
The conclusions drawn from this study are summarized below:

(1) The migmatised pelitic and quartzo-feldspathic gneisses of the Mikir Hills region of the
eastern Assam-Meghalaya gneissic complex provide robust examples of regional high-grade
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metamorphism in accretionary-collisional belt developed during the assembly of eastern
Gondwana supercontinent.

(2) The new results obtained using phase equilibria modelling indicate that the pelitic and
quartzo-feldspathic gneisses of Mikir Hills have experienced peak metamorphic conditions of
8.0-8.6 kbar at 768—780 °C and 3.8—4.6 kbar at 590-650 °C, respectively.

(3) The 496 = 7 Ma to 467 + 16 Ma monazite ages obtained in this study are interpreted to
represent the timing of regional migmatisation in the Mikir Hills region (eastern AMGC).

(4) Zircons from pelitic and quartzo-feldspathic gneisses preserved relics of Mesoproterozoic
igneous protolith ages (1647 = 11 Ma to 1590 + 7 Ma) that are equivalent to granulite facies
rocks present in the western AMGC. The ~1058 + 35 Ma age identified in monazites possibly
represents the tectonism associated with the amalgamation of India with Western Australia-East
Antarctica during the Rodinia assembly.

(5) The dominance of Late Neoproterozoic migmatisation and magmatism indicate that the Mikir
Hills regions represent an active convergent margin, which evolved as a hot (Kuunga) orogen
during the assembly of eastern Gondwana. The Late Neoproterozoic tectonothermal events
related to the AMGC are broadly consistent with those observed in Western Australia and East
Antarctica.
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Figure captions

Figure 1: (a) Paleogeographic reconstruction of Indian shield-Western Australia—East Antarctic
shield during the Late Neoproterozoic to Early Paleozoic Era (800-500 Ma) in the Gondwana
supercontinent assembly (after Gray et al., 2008; Meert and Lieberman, 2008). The acronyms are
ADFB: Aravalli-Delhi Fold Belt; BKC-Bundelkhand Craton; VB-Vindhyan Basin; CITZ-Central
Indian Tectonic Zone; CGB-Chhattisgarh Basin; CGC-Chotanagpur Gneissic Complex; SC-
Singhbhum Craton; EGB-Eastern Ghats Belt; CB-Cuddapah Basin; DC-Dharwar Craton; BC-
Bastar Craton; SGT-Southern Granulite Terrain; NC-Napier Complex; OG-Oygarden Group;
RC-Rayner Complex; CL- Coats Land; DG-Denman Glacier; AFO-Albany—Fraser orogen. (b)
Generalized geological map showing the location of Mikir Hills (red box) in the Assam-
Meghalaya gneissic complex (AMGC; adapted from Bhukosh, Geological Survey of India). The
possible western extent of the Pan-African suture in AMGC is shown for reference (blue-dashed
line; Chatterjee et al., 2007). The inset map indicates the simplified geological map of India,
showing various tectonic subdivisions (Dey et al., 2019), including AMGC. The map also shows
the published age data reported from different gneisses of the AMGC (1-Chatterjee et al., 2007,
2-Chatterjee et al., 2011; 3-Borah et al., 2019; 4-Majumdar and Dutta, 2016).

Figure 2: (a) Generalized geological map showing lithological variation in the Mikir Hills
region (Geological Survey of India quadrangle map 83F). The pelitic and quartzo-feldspathic
gneisses investigated in this study were collected from southwestern and northeastern parts (blue
boxes) of the Mikir Hills region, respectively. Published age data reported from different
granitoids of the Mikir Hills (1-Gogoi et al., 2019; 2- Kumar et al., 2017) are shown on the map.
(b—c) Geological maps of the southwestern and northeastern Mikir Hills summarize mesoscopic
structural patterns from migmatised pelitic gneisses, quartzo-feldspathic gneisses and foliated
granites. Stereographic projections of penetrative foliation (gneissosity) suggest that both
gneisses preserve similar structural patterns. However, the southwestern part is characterized by
gently dipping (< 30°) S, gneissosity and the northeastern part is dominated by steeply dipping
S; gneissic foliation. The pelitic and quartzo-feldspathic gneisses show pervasive gently-dipping
(< 30°) gneissic foliation (S,) that was folded to develop spaced (weakly-developed) axial planar
foliation (S;).

Figure 3: Field photographs showing the general appearance and structural relations of
migmatised (a—c) pelitic gneisses, (d) quartzo-feldspathic gneisses and (e) foliated granite in the
southwestern Mikir Hills region. The polished slabs (b, c) of pelitic gneisses (samples G52 and
53) show distinct gneissic banding and numerous garnet porphyroblasts. Both gneisses have
undergone extensive partial melting by developing alternate leucocratic and melanocratic layers.
Garnet porphyroblasts are mostly developed in leucocratic layers. (f—i) Field photographs
showing mesoscale structures from quartzo-feldspathic gneisses in the northeastern Mikir Hills
region. The early foliation (S;) is preserved as interfolial tight to isoclinal folds within the S,
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gneissosity. The shallow plunging folds on S, foliation develop penetrative S; foliation in
northeastern Mikir Hills. Mineral abbreviations are after Whitney and Evans (2010).

Figure 4: X-ray element maps, microphotographs and back-scattered electron (BSE) images
showing textural characteristics and mineral assemblages of migmatised pelitic gneisses (a—i)
G52 and (j—m) G53. (a) XMapTools produced a thin section scale mosaic showing the typical
mineral assemblage in sample G52. (b) Garnet core shows curved inclusion trails of quartz,
biotite (Bt;), ilmenite and rutile, and the rim parts of garnet are devoid of inclusion trails
(Supplementary Data Table S1). (¢) Growth of garnet porphyroblast with large inclusions of
plagioclase (Pl;) and quartz, indicating that garnet porphyroblasts formed in a matrix composed
of biotite (Bt;) + plagioclase (Pl,) + quartz + ilmenite + rutile. (d) Thin films of quartz, wetting
the grain margins of garnet, indicate the presence of melt in the sample. (e—f) The melt layers in
pelitic gneisses show lensoidal sillimanite (Sil,) aggregates rimmed by plagioclase (Pl;) and K-
feldspar (in set image in ‘e’). In addition, fine-grained sillimanite grains (Sil,) have overgrown
garnet rims and matrix biotite grains. (g—h) Cordierite grains are developed within pressure
shadow zones of garnet and appear to have formed due to the breakdown of garnet. (i) Garnet
porphyroblast showing inclusions of biotite (Bt,), plagioclase (Pl;), quartz and ilmenite. (j)
Locally, intergrowth texture between cordierite and spinel is observed, indicating the breakdown
of garnet. (k) XMapTools produced a thin-section mosaic showing the typical mineral
assemblage in sample G53. (I-m) Inclusion-poor garnet porphyroblasts formed within the matrix
comprise plagioclase (Pl,), quartz, biotite and ilmenite. Sillimanite grains (Sil,) are developed
within the matrix minerals and oriented along the foliation. The thin films of quartz wetting the
grain boundaries of garnet indicate melting signatures in sample G53. Mineral abbreviations are
from Whitney and Evans (2010).

Figure 5: X-ray element maps, microphotographs and back-scattered electron (BSE) images
showing textural characteristics and mineral assemblages of migmatised quartzo-feldspathic
gneisses (G54 and G55). (a—b) XMapTools produced a thin section scale mosaic showing typical
mineral assemblage in samples G55 and G54. (c—) These gneisses comprise euhedral to
subhedral aggregates of garnet porphyroblasts, K-feldspar, plagioclase, quartz, ilmenite and
biotite. Mineral abbreviations are from Whitney and Evans (2010).

Figure 6: Garnet X-ray element maps and compositional profiles from (a—b) migmatised pelitic
gneisses (G52 and G53) and (¢) migmatised quartzo-feldspathic gneiss (G55). Zoning profiles in
pelitic gneisses (A-B and C-D) show an increase in XAy, and a decrease in Xpy, and X, from
core to rim. In contrast, garnet porphyroblasts in quartzo-feldspathic gneiss (E-F) show a more
or less homogeneous composition, with a slight decrease in Xy, content towards garnet rims.

Figure 7: Triangular diagrams of (a) pyrope—almandine—(spessartine+grossular) (Mange and
Morton, 2007) and (b) orthoclase—anorthite—albite (Deer et al., 1992) showing compositional
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variations in garnet and feldspar minerals, respectively. (¢) Xy, vs Ti (pfu) and Xy, vs Al'Y
binary diagrams show biotite compositional variations for the samples G52, G53, G54 and G55.
Pfu: per formula unit.

Figure 8: A schematic diagram summarizing mineral growth and their compositional variation
during different deformation and metamorphic stages observed in (a) migmatised pelitic gneisses
(samples G52 and G53) and (b) quartzo-feldspathic gneisses (samples G54 and G55).
Abbreviations: Mpg-prograde; Mp-peak; Mpp-post-peak. Mineral abbreviations are from Whitney
and Evans (2010).

Figure 9: MnNCKFMASHTO pseudosections constructed for migmatised pelitic gneisses (a—b)
G52 and (c—d) G53 using the Perple X software program (version 6.9.1). In Figures (a) and (c),
residual bulk compositions, measured based on modal abundance, have been used for
pseudosection modelling. The intersection (yellow field) of garnet (X, Xprp and Xgys), matrix
biotite (Xg.) and plagioclase (Ply; Xap) 1s used to determine peak P—T conditions, whereas garnet
(Xaim»> Xprp and Xgy) and cordierite (Xg.) compositions are used for estimating post-peak
metamorphic conditions. The thick, bold lines connecting the peak and post-peak metamorphic
conditions suggest decompression P—T paths for the pelitic gneisses. The melt-reintegrated
pseudosections were utilized to identify possible prograde paths for the studied samples. For
sample G52, the melt-reintegrated pseudosections were constructed after adding 6 vol.%, 12
vol.% and 18 vol.% (three stages) of melts to the measured bulk composition. Similarly, 6 vol.%
and 12 vol.% (two stages) of melts were added to sample G53. The dashed grey arrows in figures
(b) and (d) represent a possible prograde heating path for the samples G52 and G53. The red
stars indicate the positions where melt was reintegrated to the system, and the vertical panels
(white lines) represent the pseudosection fields with various proportions of reintegrated melts.
Thick red and purple lines indicate melt-in and cordierite-in stability fields, respectively. All
mineral abbreviations are after Whitney and Evans (2010).

Figure 10: MnNCKFMASHTO pseudosection constructed for the migmatised quartzo-
feldspathic gneiss (G55) using the measured bulk composition. The intersection (yellow field) of
garnet (Xaim, Xprp and Xgyrs), matrix biotite (Xr.) and plagioclase (Xap) isopleth compositions
determines the peak P—T conditions. Thick red and purple lines indicate melt-in and muscovite-
out stability fields, respectively. The dashed arrow represents the possible P—T path, connecting
the melt-bearing field and garnet-stabilised peak metamorphic conditions. All mineral
abbreviations are after Whitney and Evans (2010).

Figure 11: Representative cathodoluminescence (CL) images and Wetherill plots showing
zoning patterns and age distribution of zircon grains, respectively, from (a) migmatised pelitic
gneiss (G53) and (b) migmatised quartzo-feldspathic gneiss (G55). Zircon grains are shown with
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analyzed spots (25 um) and the corresponding 2’Pb/?%Pb dates (+2c errors). In the Concordia
plots, the number of data points considered for age calculation is indicated with ‘n’. The upper
intercept (UI) and lower intercept (LI) age values and corresponding MSWD values are shown.
The green-filled and grey ellipses represent data points considered for age calculation and
discarded data points, respectively.

Figure 12: Back-scattered electron images, X-ray element maps and probability density plots
showing textural occurrence, compositional variations and age distribution of monazites,
respectively, from (a—f) migmatised pelitic gneisses (G53 and G52) and (g—1) migmatised
quartzo-feldspathic gneisses (G55 and G54). Monazite X-ray elements maps are marked with
individual spot ages (+2c), whereas probability density plots are shown with weighted mean
ages (£20). In addition, compositional domains identified for different pelitic (CDpl and CDp2)
and quartzo-feldspathic (CDql and CDg2) gneisses are shown. Mineral abbreviations are after
Whitney and Evans (2010).

Figure 13: (a) Pressure-temperature diagram showing a summary of P—7 paths obtained for the
pelitic gneisses (G53, pink line; G52, blue line) and quartzo-feldspathic gneiss (G55; green line).
The diagram also shows a schematic representation of mineral growth during prograde, peak and
post-peak metamorphic episodes. (b) The P —T paths obtained in this study are correlated with
the Late Cambrian to Ordovician metamorphic P—T paths derived from rocks of the central
AMGC (NE India; blue lines) and Prydz Bay (East Antarctica; black lines) regions. Central
AMGC: AM1-Umpretha metapelites (Chatterjee et al., 2007); AM2—Sonapahar metapelites
(Dwivedi et al., 2020). Prydz bay: 1-Grove Mountains Mafic granulites (Liu et al., 2009); 2—
Grove mountains metapelites (Chen et al., 2018); 3—Pelitic and mafic granulite of Larsemann
Hills (Carson et al., 1997); 4-Mather paragneiss from Rauer Group (Kelsey et al., 2007); 5-UHT
granulites from Larsemann Hills (Wang et al., 2022), 6—Brattstrand Bluffs paragneiss
(Fitzsimons, 1996). P-T ranges of different metamorphic facies are given after Stiiwe (2002).
Thermal gradients are adapted from Kelsey and Hand (2015). Abbreviations: AF—Amphibolite
facies; GR—Granulite facies; UHT—Ultra-High temperature facies; HGR—High-P granulite facies.
(c—e) Summary of zircon and monazite ages obtained from eastern, central and western parts of
the Assam-Meghalaya Gneissic Complex. The peak ages (dashed lines; in Ma) shown on the
diagrams are considered from probability density plots. Horizontal bars shown in (a) and (b)
represent the age ranges of three major episodes (1700-1470 Ma, 1150-980 Ma and 560420
Ma) of granite magmatism in the Assam-Meghalaya Gneissic Complex. (*)U-Th-total Pb
monazite ages are compiled from Chatterjee et al. (2007, 2011), Chatterjee (2017), Borah et al.
(2019) and Dwivedi et al. (2020).

Figure 14: (a) A schematic diagram (not to scale) illustrating the tectonic-metamorphic
evolution of AMGC (including Mikir Hills) during ~1100-1000 Ma and ~550-450 Ma. The
tectonic scenario between India and Antarctica during ~1100-1000 Ma is adopted from Bose et
al. (2022). Abbreviations: BC-Bastar Craton, DC-Dharwar Craton, SC-Singhbhum Craton,
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AMGC-Assam-Meghalaya Gneissic Complex. The contractional deformation at ~550-450 Ma
led to crustal thickening associated with the collision between India-Australia-Antarctica cratons.
At this stage, magmatic underplating beneath the Mesoproterozoic crust resulted in prograde
partial melting of pelitic and quartzo-feldspathic gneisses (Mpg to Mp), followed by isothermal
decompression event (Mp to Mpp) during orogenic collapse. This high-grade metamorphic
episode is contemporary with the emplacement of post-collisional A-type granitoids in the
AMGC, including the Mikir Hills region (Majumdar and Dutta, 2016). (b) The schematic
diagram showing the correlation of magmato-metamorphic events among Assam-Meghalaya
Gneissic Complex (AMGC, northeast India), Western Australia and Prydz Bay (East Antarctica).
References (AMGC): [1] Kumar et al., 2017; [2] Majumdar and Dutta, 2016; [3] Chatterjee et
al., 2007; [4] Chatterjee et al., 2011; [5] Dwivedi et al., 2020; [6] Yin et al., 2010; [7] Gogoi et
al., 2019; References (Western Australia): [i] Collins, 2003; [ii] Markwitz et al., 2017; [iii]
Boger, 2011; [iv] Bruguier et al., 1999; References (Prydz Bay): [a] Spreitzer et al., 2021; [b]
Matthews, 2013; [c] Grew et al., 2012; [d] Wang et al., 2008; [e] Tong et al., 2019; [{f] Zong et
al., 2021; [g] Liu et al., 2009.

Table captions

Table 1: Lithology, sample locations and mineral assemblages of investigated samples in the
Mikir Hills.

Table 2: Calculated modal abundances (vol.%) of various minerals in migmatised pelitic
gneisses (G52 and G53) and quartzo-feldspathic gneisses (G54 and G55) using the XMapTools
program.

Table 3: Summary of conventional thermobarometry results obtained for pelitic gneisses (G53
and G52) and quartzo-feldspathic gneiss (G55) of the Mikir Hills.

Table 4: Whole rock compositions (in wt.%) of migmatised pelitic gneiss (G52 and G53) and
quartzo-feldspathic gneiss (G55) along with normalized bulk compositions and melt-reintegrated
bulk compositions (mol.%) used for phase equilibrium modelling.

Table 5: Summary of zoning patterns, textural setting, compositional variations and age ranges
obtained for zircon (G53 and G55) and monazite (G52, G53, G54 and G55) grains from pelitic
and quartzo-feldspathic gneisses.
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Supplementary Figure captions

Figure S1: MnNCKFMASHTO pseudosections constructed for pelitic gneiss samples (a—c) G52
and (d—e) G53 after different stages of melt-reintegration.

Figure S2: (a) Age vs. LREE, (b) age vs. Th/U, (c) age vs. HREE and (d) chondrite-normalized
(McDonough and Sun, 1995) plot showing chemical composition variation of different
compositional domains in migmatised pelitic and quartzo-feldspathic gneisses. (e—f) ThO,*
(ThO, plus the equivalent of UO;) vs. PbO plots showing chemical isochron ages for different
monazite compositional domains. The errors in the figure represent 2¢ analytical uncertainty.

Supplementary Table Captions

Table S1: Detailed compositions and structural formulae of the various minerals in migmatised
pelitic gneisses (G53 and 52) and quartzo-feldspathic gneisses (G54 and 55).

Table S2: Analytical conditions for LA-ICP-MS zircon dating.

Table S3: Summary of LA-ICPMS analyzed U-Pb zircon isotope ratios and dates (in Ma) for
pelitic gneiss (G53), quartzo-feldspathic gneiss (G55) and zircon standard (GJ1).

Table S4: Monazite trace element data (in wt.%) and corresponding U-Th—total Pb ages (in Ma)
obtained for migmatised pelitic gneisses (G53 and 52) and quartzo-feldspathic gneisses (G54 and
55).

Highlights

Mikir Hills form part of the Kuunga orogen during the final assembly of Gondwana

Gneisses of Mikir Hills preserve high-grade metamorphism and migmatisation.

P-T estimates suggest a clockwise P—T history with isothermal decompression path.
Zircons inherited Mesoproterozoic protolith ages 1647 = 11 Ma and 1590 + 7 Ma.
Monazite dating reveals the timing of migmatisation at 496 + 7 Ma to 467 = 16 Ma.

YV VVVY
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Table 1: Lithology, sample locations and mineral assemblages of investigated samples in the Mikir
Hills
S. Rock type (sample number) | Lat/long Mineral assemblage
No.
1 Migmatised pelitic gneiss 26°09.540' Garnet + Cordierite + Sillimanite +
(G52) 93°09.910 K-feldspar + Plagioclase + Biotite +
Spinel + Quartz + [lmenite + Rutile +
Monazite + Zircon
2 Migmatised pelitic gneiss 26°09.350' Garnet + Cordierite + Sillimanite +
(G53) 93°09.970' K-feldspar + Plagioclase + Biotite +
Quartz + IImenite + Rutile +
Monazite + Zircon
3 Migmatised quartzo- 26°32.423' Garnet + K-feldspar + Plagioclase +
feldspathic gneiss (G55) 93°42.292 Biotite + Quartz + [Imenite +
Magnetite + Monazite + Zircon
4 Migmatised quartzo- 26°33.893' Garnet + K-feldspar + Plagioclase +
feldspathic gneiss (G54) 93°41.319 Biotite + Quartz + Ilmenite +
Chlorite + Muscovite + Monazite +
Zircon

Table 2: Calculated modal abundances (vol.%) of various minerals in migmatised pelitic
gneisses (G52 and G53) and quartzo-feldspathic gneisses (G54 and G55) using the XMapTools

program.

Sample No. G53 G52 G55 G54
Garnet 505 13.53 042 0.20
Plagioclase 18.21 34.69 25.87
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1559

1560

1561

1562

1563

1564

1565

1566

Ilmenite

Biotite

K-feldspar

Quartz

Sillimanite

Cordierite

Rutile

0.86 1.19 0.73

846 587 1.99

12.58 1598 8.82

45.89 31.68 33.39

4.15 477 -
1584 742 --
0.04 0.05 --

0.08

2.77

24.27

28.54

Table 3: Summary of conventional thermobarometry results obtained for pelitic gneisses (G53 and 52) and
quartzofeldspathic gneiss (G55) of the Mikir Hills.

Metamorphic
events

Rock types (sample | Mineral pairs
no.) used

Mineral equilibria used for
thermobarometry and
Calibrations

T(°C)

P (kbar)
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Peak (Mp)

G52 (Migmatised Grt(core)-Bt, | Grt-Bt thermometry 700-753 | -
pelitic gneisses) (Holdaway, 2000)
Grt(core)-Bt,- | GB-GASP thermobarometry | 674-778 | 4.92-6.59
Pl, (Ganguly et al., 1996)
Bt, Ti-in-Biotite thermometry 740-777 | -
(Henry et al., 2005)
Grt(core)-Bt,- | Grt-Bt-PI-Qz barometer (Wu | - 7.52-8.42
Pl, et al., 2004)
Grt(core)-Bt, | Grt-Bt-Als-Qz barometer - 4.79-5.72
(Wu et al., 2017)
G53 (Migmatised Grt(core)-Bt, | Grt-Bt thermometry 620-673 | -
pelitic gneisses) (Holdaway, 2000)
Grt(core)-Bt,- | GB-GASP thermobarometry 636767 | 4.23-5.56
Pl, (Ganguly et al., 1996)
Bt, Ti-in-Biotite thermometry 645-728 | -
(Henry et al., 2005)
Grt(core)-Bt,- | Grt-Bt-PI-Qz barometer (Wu | - 5.70-7.37
Pl, et al., 2004)
Grt(core)-Bt, | Grt-Bt-Als-Qz barometer - 5.68-6.43
(Wu et al., 2017)
G55 (Migmatised Grt(core)-Bt Grt-Bt thermometry 601-618 | -
quartzo-feldspathic (Holdaway, 2000)
gneisses)
Grt(core)-Bt- GB-GASP thermobarometry 496-531 | -
PI (Ganguly et al., 1996)
Bt Ti-in-Biotite thermometry 625658 | -

(Henry et al., 2005)
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Grt(core)-Bt- Grt-Bt-PI-Qz barometer (Wu | - 6.66-7.44
Pl et al., 2004)

Post-peak G52 (Migmatised Grt(rim)-Bt, Grt-Bt thermometry 611-658 | -

(Mpp) pelitic gneisses) (attached to (Holdaway, 2000)
Grt)
Grt(rim)-Bt, Grt-Bt thermometry 563660 | -
(attached to (Ganguly et al., 1996)
Grt)
Grt(rim)- Grt-Crd thermometry 670-708 | -
Crd(rim) (Bhattacharya et al., 1988)
Spl-Crd Spl-Crd thermometry 667-720 | -

(Vielzeuf, 1983)
Bt, (attached | Ti-in-Biotite thermometry 715-759 | -
to Grt) (Henry et al., 2005)
Grt(rim)-Bt, Grt-Bt-Als-Qz barometer - 2.14-2.52
(attached to (Wu et al., 2017)
Grt)
Grt(rim)- Grt-Crd-Sil-Qz (Perchuk et - 4.14-4.43
Crd(rim) al., 1985)
G53 (Migmatised Grt(rim)-Bt; Grt-Bt thermometry 552-564 | -
pelitic gneisses) (attached to (Holdaway, 2000)

Grt)
Grt(rim)-Bt, Grt-Bt thermometry 495-583 | -
(attached to (Ganguly et al., 1996)
Grt)
Grt(rim)- Grt-Crd thermometry 564-599 | -
Crd(rim) (Bhattacharya et al., 1988)
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1567

1568

1569

Bt, (attached
to Grt)

Ti-in-Biotite thermometry
(Henry et al., 2005)

645-676

Grt(rim)-Bt, Grt-Bt-Als-Qz barometer - 2.45-2.71
(attached to (Wu et al., 2017)

Grt)

Grt(rim)- Grt-Crd-Sil-Qz (Perchuk et - 2.34-2.75
Crd(rim) al., 1985)

Table 4: Whole rock compositions (in wt.%) of migmatised pelitic gneiss (G52 and G53) and quartzo-
feldspathic gneiss (G55) along with normalised bulk compositions and melt-reintegrated bulk
compositions (mol.%) used for phase equilibrium modelling.

S.
No. Whole rock composition (in wt.%)
Sam Si Al, Fe Mn Mg Ca Na, Ti K, H, 0 Tota
ple 0O O; O O O O O O, O O |
59. 22. 8 00 21 12 15 12 2. 0. 0. 100
G52 80 29 99 9 3 9 8 9 33 24 04 03
Normalised molar propotion
1
Stage of
Sam melt Figur Si Al, Fe Mn Mg Ca Na, Ti K, H, o Tota
ple reintegr ¢ o, O3 O O O O O 0o, O O |
ation
. Fig. 66. 14. 8 00 35 15 17 1.0 1. 0. 00 100.
G52  Residual
esicual ga 48 60 36 8 3 4 0 8 65 8 8 00
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Fig. 66. 14. 7. 00 33 14 18 05 1. 2. 0.0 100.
1st st
SLSIAge gy 48 28 94 8 5 9 7 73 20 7 00
2nd Fig. 66. 13. 7. 00 31 14 19 05 1. 3. 0.0 100.
stage 8b 05 8 50 7 6 3 0 4 79 59 7 00
3rd Fig. 65. 13. 7. 00 30 13 20 05 1. 5 0.0 100.
stage 8b 45 48 08 7 0 7 1 1 8 17 6 00
Whole rock composition (in wt.%)
Sam . Si Al, Fe Mn Mg Ca Na, Ti K, H, Tota
ple  Detils o 0,0, 0O 0O 0 0 0 0, 0 o %4
62. 16. 6. 00 09 09 27 0.8 7. 0. 0. 100
G353 65 95 59 9 7 7 5 367 51 04 02
Normalised molar propotion
Stage of
Sam melt Figur Si Al, Fe Mn Mg Ca Na, Ti K, H, 0 Tota
ple reintegr ¢ O, O; O O @) O O 0O, O O |
ation
Residug] Fi& 69 1L 6. 00 16 11 29 06 5 1. 0.0 100.
8¢ 11 02 08 8 0 5 4 9 39 87 7 00
Fig. 68. 10. 5 00 15 11 29 06 5 3. 0.0 100.
G33 lststage o4" 56 g1 75 g 0 7 5 25 27 7 00
2nd Fig. 67. 10. 5. 00 14 10 30 06 5 4. 0.0 100.
stage 8d 86 58 43 7 2 5 0 1 09 8 6 00

Whole rock composition (in wt.%)
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1570

1571

Sam Si Al, Fe Mn Mg Ca Na, Ti K, H, 0 Tota
ple 0o, O; O O O O O 0o O O 2]
77. 12. 2. 06 03 1.1 46 0.7 2. 0. 0. 101.
G55 18 19 06 2 2 8 0 9 03 12 04 09
Normalised molar propotion
3
Stage of
Sam melt Figur Si Al, Fe Mn Mg Ca Na, Ti K, H, o Tota
ple reintegr e o, O3 O O (@) O O 0O, O O |
ation
GS5 Residual | &
esidual 9. b 81. 75 1. 05 05 13 46 06 1. 0. 00 100.
09 5 81 5 0 2 9 2 36 42 8 00

Table 5: Summary of zoning patterns, textural setting, compositional variations and age ranges obtained from
zircon (G53 and G55) and monazite (G52, G53, G54 and G55) grains of pelitic and quartzo-feldspathic gneisses.

U-Pb zircon dating

Lithology Zoning pattern in zircons Th/U ratios Concordant and
discordant ages (in
Ma) (+20)
G53: Migmatised | Bright-CL oscillatory growth
pelitic gneiss zones rimmed by dark-CL
metamorphic recrystallization Concordant age: 1647
rims; bright-CL xenocrystic +11(xl6)Ma (n=
core surrounded by dark-CL 3; MSWD = 1.3);
oscillatory zoning pattern; Discordia age: Upper
Oscillatory zoning surrounded intercept 1683 + 44
by patchy zoning which is (+45)Ma (n =13,
further rimmed by bright-CL 0.59-1.01 MSWD = 1.4)

recrystallization rims

48




G55: Migmatised
quartzo-
feldspathicgneiss

Dark-CL xenocrystic cores
surrounded by oscillatory
zoning pattern; Oscillatory
zoning pattern surrounded by
bright-CL recrystallization
rims; bright-CL patchy zoning
surrounded by dark-CL
oscillatory zoning pattern;
Metamictized core surrounded
by oscillatory zoning pattern

0.77-1.82

Concordant age: 1590
+7 14 Ma (n=6;
MSWD = 1.0);
Discordia age: Upper
intercept 1613 + 19
(£22) Ma (n = 16;
MSWD = 1.3)

U-Th-(total) Pb monazite dating

Lithology

Textural setting

Compositional variations (in
wt.%)

U-Th-Pb(total) ages
(£20)

G53: Migmatised
pelitic gneiss

Medium sized (~100 pm to
~200 pum; long axis),
subrounded to rounded and
subhedral to anhedral
prismatic grains occurring as
inclusions within shape-
preferred biotite and in quartz
+ K-feldspar+ plagioclase
matrix

CDypl: Y,05=0.37 to 1.84;
ThO, = 3.90 to 4.95,

U0, = 0.24 to 1.08;

CDp2: Y,0; = 0.30 to 2.81;
ThO, = 4.20 to 5.48;

U0, =0.17 to 0.36

CDpl: 1016 + 48 Ma to
1112 £ 55 Ma; Mean
age: 1058 + 35 Ma
(n=6; MSWD = 1.8);
CDp2: 460 + 33 Ma to
479 + 36 Ma; Mean
age: 467 £ 16 Ma (n=5;
MSWD = 0.24)

G52: Migmatised
pelitic gneiss

Medium-to-long prismatic
(~50 pm to ~600 um; long
axis), wedge-shaped and
ellipsoidal subhedral to
anhedral grains ) occurring as
inclusions within garnet and
quartz + K-feldspar+
plagioclase matrix

CDp2: Y,053 =up to 0.59;
ThO, =5.21 to 10.76;
UO,=0.11to0 1.62

CDp2: 450 + 35 Ma to
530 £ 22 Ma; Mean
age: 480 £ 8 Ma (n=31;
MSWD =2.8)

G55: Migmatised
quartzo-
feldspathicgneiss

Subrounded short-to-medium
subhedral to anhedral grains
ranging from ~60 pm to ~120
pm (long axis) in size
occurring as inclusions within
K-feldspar, quartz and biotite
in the leucosome part of the
rock

CDgl: Y,05=2.33 to 3.22;
ThO, =6.95 to 8.02;

U0, =0.09 to 0.36;

CDg2: Y,05=1.98 to 2.49;
ThO, =2.92 to 5.36;
UO,=0.18t0 0.87

CDgl:455+30Mato
478 + 27 Ma; Mean
age: 469 £ 16 Ma (n=3;
MSWD = 0.67);

CDq2: 403 £ 47 Ma to
450 + 41 Ma; Mean
age: 427 £ 17 Ma (n=5;
MSWD = 0.74)

Prismatic subrounded medium
to long (~80 um to ~200 pum;

CDgl: Y,05 =1.69 to 2.90;
ThO, =8.71 to 16.85,

CDgl:471 +21 Mato
523 £ 22 Ma; Mean
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G54: Migmatised
quartzo-
feldspathicgneiss

long axis) and subhedral to
anhedral grains occurring as
inclusions within K-feldspar,
plagioclase, quartz and biotite
in the matrix

U0, =0.12 to 0.47;

CDg2: Y,0; = 1.71 10 2.33;
ThO, = 3.75 t0 9.77,

U0, = 0.06 to 0.39

age: 496 £ 7 Ma (n=18;
MSWD = 1.4)

CDg2: 429 + 28 Ma to
450 + 34 Ma; Mean
age: 439 + 13 Ma (n=5;
MSWD = 0.30)

1572

1573

50




