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Abstract

This paper presents three different age domains, obtained by electron microprobe monazite
dating, for granulitic gneisses collected from the Shillong-Meghalaya Gneissic Complex in
Sonapahar, NE India, which contain radioactive materials, e.g. thorium (3.32-7.20 wt %), ura-
nium (0.133-1.172 wt %) and lead (0.101-0.513 wt %). The microprobe analyses of monazite
grains in the rock samples show that the monazites have three different ages ranging from
Mesoproterozoic to Neoproterozoic. The oldest age (1571 + 22 Ma) represents a peak meta-
morphic event, the youngest dominant age indicates the Pan-African tectonic event
(478 £7Ma) and the intermediate age marks the Grenvillian orogeny (1034 + 91 Ma) or
may be a mixing artefact; these ages are located at the cores, rims and intermediate parts of
the monazite grains, respectively. The equilibrium mineral phases calculated for the granulitic
gneisses from Sonapahar lie in a P-T range from 5.9 kbar/754 °C to 8.3 kbar/829 °C in the
NCKFMASH system. Plotting the P-T conditions of the granulitic gneisses reveals a clockwise
P-T path. Two major metamorphic events are observed in Sonapahar. The M; metamorphic
stage is represented by peak mineral assemblages of prograde garnet-forming reactions
(8.2 kbar/~713 °C) during Mesoproterozoic time (1571 + 22 Ma). The M, metamorphic stage
featured decompression (3.9 kbar/~701 °C) in which garnet-sillimanite broke down to form
cordierite along an isothermal decompression path during the Pan-African tectonic event
(478 +7 Ma).

1. Introduction

The Sonapahar area is situated in the West Khasi Hills district of Meghalaya, NE India, and is a
part of the Shillong-Meghalaya Gneissic Complex (SMGC), also known as the Shillong Plateau.
The SMGC belongs to the NE portion of India, with the Garo, Khasi and Jaintia hills outlining
the southern, northern and western parts of the plateau, respectively. The SMGC is still one of
the least-known granulite belts in the world, as little attention has been paid to the basement
rocks (Precambrian Litho Units) of northeastern India. This deficiency motivated us to
conduct electron microprobe (EPMA) monazite dating of the granulites in the study area to
determine the ages of the metamorphic events, i.e., whether they are Palaeoproterozoic or
Mesoproterozoic, for correlation of the metamorphic history with global metamorphic events.
Different types of amphibolite- to granulite-facies mineral assemblages have been identified in
the Sonapahar area of the SMGC, which reflects prograde metamorphism from the greenschist
to the granulite facies. A preliminary note on the gneissic complex of the Nongmaweit-
Rambrai-Nongstoin Plateau was provided by Ghosh (1952), while Banerjee (1955) noted
the petrology of the metamorphites around Sonapahar. Ghosh & Saha (1954) and Lal et al.
(1978) reported sapphirine-bearing granulites from Sonapahar. The exposure of the basement
rocks in the SMGC is limited; thus, granulite-facies rocks are reported only from some parts of
the plateau, namely, the Sonapahar area (Lal et al. 1978; Chatterjee et al. 2007; Dwivedi, 2011;
Dwivedi & Theunuo, 2013, 2017), Goalpara Hills (Chatterjee et al. 2007, 2011) and Patharkhang
(Dwivedi & Theunuo, 2011).

Monazite dating with an electron microprobe has been performed based on the total abun-
dances of Th, U and Pb (Suzuki & Adachi, 1991, 1994; Montel et al. 1996; Braun et al. 1998;
Williams et al. 1999, 2007; Suzuki & Kato, 2008; Hazarika et al. 2017). The EPMA monazite
dating technique can identify the preserved history of polyphase metamorphic events for the
comparison of the metamorphic evolution with past geological records. Different methodolo-
gies are applied to extract the history of the rock, which provide crucial datasets constraining the
evolution of the SMGC. The evolutionary records of granulites are preserved in the form of
different mineral assemblages and associations in different rock types, fabrics and textural rela-
tionships. The EPMA monazite dating of the metapelitic granulites of the SMGC reveals
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predominantly Mesoproterozoic ages of 1621-1596 Ma for a post-
Si/pre-S, stage of metamorphism, with poorly constrained 1141-
946 Ma ages and more significant ages of 649-524 Ma, which are
considered syn-S, and post-S, stages of metamorphism, respec-
tively (Chatterjee et al. 2007, 2011; Chatterjee, 2017). U-Pb zircon
dating of granite gneiss basement rocks from the central SMGC
yielded Neoarchaean to Neoproterozoic ages, which range from
~2600 to ~1100 Ma (Bidyananda & Deomurari, 2007; Kumar et
al. 2017). Yin et al. (2010) found three stages of granite intrusion
at ~1.6 Ga, ~1.1 Ga and ~0.5 Ga in the central SMGC, which were
revealed by the same analytical technique. In the present study, an
attempt has been made to meticulously study the granulites of
Sonapahar based on the most recent methodology (monazite dat-
ing, bulk composition modelling and P-T conditions) employed
for the interpretation of its metamorphic evolution and correlation
with global tectonics.

2. Geological setting

The SMGC is located in the northeastern extension of the Indian
Peninsular Precambrian shield, and comprises the NE-SW-trending
Proterozoic Shillong basin with metasedimentary rocks of the
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Shillong Group (Bidyananda & Deomurari, 2007; Yin et al. 2010)
(Fig. 1). The area around Sonapahar (latitude 25° 39’ N to
25° 42’ N and longitude 91° 01’ E to 91° 07’ E) is located along
the eastern part of the Nongchram fault (Gupta & Sen, 1988;
Golani, 1991) (Fig. 1). This area lies in the central part of the
SMGC and is ~60 km west of the town of Shillong (Fig. 2).

The SMGC is surrounded in the north by the Oldham and
Brahmaputra Valley faults and in the south by the N-dipping
Dauki fault and its related fold system, while the western portion
of the plateau is bounded by the N-S Jamuna fault; along the
eastern side, it is bordered by the Indo-Myanmar mobile belt
and Kopili rift, which separate the plateau from the Mikir Hills
(Evans, 1964; Desikachar, 1974; Acharyya et al. 1986; Nandy,
1986, 2001; Gupta & Sen, 1988; Rajendran et al. 2004; Yin et al.
2010) (Fig. 1). The SMGC is separated from the main Indian
Peninsular shield by the Cretaceous Rajmahal volcanic rocks
and Tertiary Ganges-Brahmaputra alluvium; the plateau covers
an area of ~47000 km? (Fig. 1). Desikachar (1974) proposed that
the SMGC is part of the eastern extension of the Chhotanagpur
gneissic complex (CGC) and the Central Indian Tectonic Zone
(CITZ) of central India. The ENE-WSW-trending CITZ was
formed by the collision and suturing of the North Indian Block
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(NIB) and South Indian Block (SIB) at ~1.5 Ga due to the subduc-
tion of the SIB under the NIB in the Indian Peninsular shield
(Bhowmik et al. 2012, 2014). Some authors have also suggested
that the NIB was subducted southward below the SIB (Yedekar
et al. 1990; Mishra et al. 2000), and another proposal was
double-sided subduction (Naganjaneyulu & Santosh, 2010).
However, the northeastern part of the Indian Plate is subducting
under the Tibetan Plateau from the north; in the same way, the
Burmese Plate is also over-riding it from the east. Thus, the
Shillong Plateau is a mobile foreland spur, which tends to resist
the Burmese block that is moving westward (Desikachar, 1974).

The Proterozoic metasedimentary rocks and the basement
gneisses are composed of amphibolite- to granulite-facies rocks
derived from Neoarchaean-Palaeoproterozoic gneissic rocks
(Chatterjee, 2017 and references therein). The Sonapahar area is
composed of granulite-facies metapelites and quartzofeldspathic
gneisses, including sillimanite-bearing gneisses, basic granulites,
amphibolites and granite gneisses (Lal et al. 1978; Nandy, 2001;
Dwivedi & Theunuo, 2013, 2017). However, the Sonapahar area
has a significant occurrence of metapelitic granulites and has expe-
rienced multiple phases of deformation (Chatterjee et al. 2007;
Chatterjee, 2017). There are three stages of metamorphism occur-
ring in the metapelites, and they were metamorphosed along a
counter-clockwise P-T path (Chatterjee et al. 2007).

The SMGC was assembled with the Columbia, Rodinia and
Gondwana supercontinents during different periods of tectonic
orogeny. Rodinia was an accretionary product of fragmented plates
from the Columbia supercontinent, with rifting starting in
Mesoproterozoic times (~1.5 Ga). Three episodes of magmatism
(~ 1.5, ~ 1.0 and ~ 0.5 Ga) were reported from the SMGC based
on U-Pb zircon dating (Yin et al. 2010), which are consistent with
the metamorphic events demarcated by monazite dating
(Chatterjee et al. 2007). This correlation suggests that the magma-
tism and metamorphic events were related to each other. A chemi-
cal age of 1.15-0.93 Ga reveals the SMGC was situated adjacent to
East Antarctica (Prydz Bay) during the Rodinia amalgamation

https://doi.org/10.1017/50016756819001389 Published online by Cambridge University Press

rock types present in the study area.

(Borah et al. 2019). The SMGC was located to the north of the
NW-trending Eastern Ghats orogeny, and it was considered a part
of the Rodinia supercontinent (~1.0 Ga), which was produced by
India-Antarctica collision (Dalziel, 1991; Hoffman, 1991; Moores,
1991; Li et al. 2008). The high-grade rocks of the Eastern Ghats
Mobile Belt of the Indian Plate correlated with the Napier and
Rayner Province in East Antarctica during the Grenvillian orogeny
(~1.0 Ga) (Mezger & Cosca, 1999; Boger et al. 2000; Fitzsimons,
2000). The Rodinia supercontinent achieved the highest strength
of accretion during the Grenvillian orogeny (~1.0 Ga), after which
drifting was again started from ~0.75Ga, finally forming the
Gondwana supercontinent during Neoproterozoic times
(~0.5 Ga) (Rogers & Santosh, 2002; Chatterjee et al. 2007, 2011;
Li et al. 2008; Yin et al. 2010; Kumar et al. 2017; Borah et al
2019). This orogeny experienced significant magmatism and
contraction during the amalgamation of Eastern Gondwana
(0.55-0.50 Ga) (Ghosh et al. 2004; Collins et al. 2007; Biswal
et al. 2007). Several authors have suggested that the western margin
of the Pan-African suture passing through Prydz Bay in Antarctica
possibly passes through the SMGC (Fitzsimons, 2000, 2003;
Chatterjee et al. 2007; Kelsey et al. 2008). The SMGC and Prydz
Bay belt witnessed their latest high-grade event and have a shared
common Early Palaeozoic metamorphic history during the final
stages of metamorphism related to the Pan-African collision
(~0.5 Ga). The Prydz Bay Pan-African suture continues through
the SMGC in NE India (Chatterjee et al. 2011). According to
Gupta & Sen (1988), the SMGC lies along the direct continuation
of the Ninety-East Ridge. They also considered that a major
N-S-trending lineament called the Um-Ngot lineament that devel-
oped during Late Jurassic to Early Cretaceous times might consti-
tute a location for neotectonic activity in the SMGC (Srivastava
et al. 2019 and references therein). Additionally, the oblique north-
eastward counter-clockwise movement of the Indian Plate has
produced severe compressional tectonics; hence, the SMGC is tec-
tonically sensitive and seismically very active (Harijan et al. 2003;
Ramesh et al. 2005).
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3. Sample collection, preparation and analytical
techniques

Geological mapping and the collection of 40 representative rock
samples from the Sonapahar area were carried out during different
courses of fieldwork. Representative samples of all available rock
outcrops were collected. A Global Positioning System instrument
(Garmin GPSMAP 78s) was used to record the locations (latitude/
longitude) of the collected samples, and these data are presented in
online Supplementary Material Table SI.

Thin-sections of all collected rock samples were prepared, and,
after fine polishing, the slides were studied under a Leica petrologi-
cal microscope (LEICA DM 2500 P). The detailed petrographic
study revealed different types of mineral assemblages and textures.
Based on the petrography, thin-sections of different important
rocks were selected for further probe analysis.

We chose three samples (Sn-26, Sn-24 and Sn-11) for the elec-
tron microprobe analyses, which were carried out at the Geological
Survey of India (GSI) laboratory in Faridabad, and IIT Kharagpur
(CAMECA SX100 EPMA). The minerals were analysed with a
CAMECA SX100 electron microprobe in Faridabad. Different
accelerating voltages and standards were used for silicate analysis
and monazite mineral dating. The polished thin-section was coated
with a 40 nm layer of carbon for electron microprobe analysis
using a LEICA-EM ACE200 carbon coating instrument. For sili-
cate analysis, the accelerating voltage was 15 kV with a beam cur-
rent of 10 nA and a beam diameter of 1 micron. Andradite was
used as a natural silicate mineral to verify crystal positions using
an internal standard (SP2-LiF, SP3-LPET, SP4-LTAP and SP5-
PET) with wavelength dispersive (WD) spectrometers (SP#) in
the CAMECA SX100 instrument. The standards used for different
elements were Al (Al,O3), Si and Ca (CaSiO;), Ti (TiO,), Cr (Cr),
Zn (Zn), Na (albite), K (orthoclase), Fe (Fe,O3), Mn (rhodonite),
Mg (peridotite), Ba (BaSO,), F (CaF,), Na (NaCl) and P (apatite); a
Ni pure metal standard was supplied by CAMECA-AMETEK,
which was used for routine calibration and quantification. For
monazite, the accelerating voltage was 20 kV with a beam current
of 200 nA and a beam diameter of 2 microns. The counting times
were 240 s (U and Pb), 120 s (Th and Y), 30 s (Pr, Sm, Gd and Dy),
20 s (La, Ceand Nd) and 10 s (Si, P and Ca); U was measured using
U M X-ray intensity with corrections performed for Th Mc inter-
ference. Interference correction was also performed for Th Mz and
Y Lc3 overlap on Pb Ma X-ray intensity. Other X-ray lines were
used for different elements: Ka (Si, P and Ca), La (Y, La and Ce),
LB (Pr, Nd, Sm and Dy) and Ma (Th). Quantification of rare earth
element (REE) analyses in monazite mineral phases and U, Th and
Y elemental X-ray mapping of monazite grains were obtained at an
accelerating voltage of 20 kV, with a beam current of 200 nA and
0.5 pm/pixel spatial resolution. All REE analyses were carried out
on LiF crystals attached to SP2, and Pb, Th and U were analysed
with LPET crystals connected with the SP3 spectrometer in a
CAMECA-SX100 EPMA instrument. Synthetic glass standards
of all REEs (La to U) supplied by CAMECA-AMETEK were used
for routine calibration and quantification.

4. Rock types and their field relationships
4.a. Mineral assemblages and textural relationship

The investigated area contains different types of rocks: granulitic
gneisses, migmatites, cordierite-sillimanite gneisses, Mg-Al
granulitic rocks, biotite gneisses, quartz-sillimanite schists,
two-pyroxene-bearing basic granulites, massive sillimanite rocks
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and coarse-grained porphyritic granites (Fig. 2). The garnet-
cordierite-bearing granulitic gneiss (Sn-26), garnet-absent
cordierite-bearing granulitic gneiss (Sn-24) and cordierite-
spinel-bearing granulitic gneiss (Sn-11) were studied in detail
for the purpose of monazite dating. The mineral abbreviations
used in this study are from Whitney & Evans (2010).

4.0.1. Garnet-cordierite-bearing granulitic gneiss

The garnet-cordierite-bearing granulitic gneiss (Sn-3, Sn-26 and
Sn-27a, b) is massive and dark grey, mostly medium grained,
and shows a granulitic texture. In sample Sn-26, porphyroblasts
of quartz and cordierite can be clearly observed (Fig. 3a) with a
pitted appearance, which is probably due to pinitization of the cor-
dierite grains. Microscopically, these rocks contain garnet, cordier-
ite, biotite, quartz, plagioclase, K-feldspar (mostly perthitic) and
sillimanite. In addition, the accessory minerals present in minor
amounts are magnetite, ilmenite, rutile, zircon, monazite, etc.
Garnet occurs as medium- to large-sized, subhedral and rounded
grains within the groundmass. Fine to medium flakes of biotite
grains are found wrapping the boundaries of garnet and cordierite,
whereas biotite and sillimanite occur as inclusions in gar-
net (Fig. 3b).

4.0.2. Garnet-absent cordierite-bearing granulitic gneiss
Different representative samples (Sn-4a,b, Sn-5a,b,c, Sn-7, Sn-21,
Sn-22, Sn-23 Sn-24a,b,c and Sn-25) of garnet-absent cordierite-
bearing granulitic gneiss were collected from the study area.
These rocks consist of cordierite, biotite, plagioclase, sillimanite,
K-feldspar and quartz with minor amounts of the accessory min-
erals ilmenite, magnetite, zircon, rutile, monazite, etc. Cordierite
grains occur as medium to coarse anhedral phenocrysts, whereas
biotite, sillimanite and quartz occur as inclusions (Fig. 3¢). Biotite
grains occur mostly as small flakes in the groundmass, defining the
foliation.

4.a.3. Cordierite-spinel-bearing granulitic gneiss

Samples Sn-9a,b, Sn-10 and Sn-11a,b include cordierite, spinel,
biotite, sillimanite, K-feldspar, quartz and magnetite. They also
contain minerals such as ilmenite, monazite and zircon as acces-
sory phases. Cordierite occurs as medium- to coarse-grained poi-
kiloblasts that contain numerous inclusions of spinel, sillimanite
and magnetite as possible prograde minerals (Fig. 3h).

4.b. Petrography and mineral chemistry

4.b.1. Garnet

Garnet crystals in Sn-26 are characterized by their isotropic optical
properties and range in diameter from 0.1 to 0.6 mm. Two gener-
ations of garnets occur in the garnet-cordierite-bearing granulitic
gneisses, out of which the prograde garnets contain inclusions of
biotite and trails of sillimanite needles (Fig. 3b). The textural rela-
tionships of the garnets suggest that crystallization of the garnets is
related to the prograde metamorphic event via metamorphic
reaction 1.

The prograde garnet coexists with biotite-sillimanite-
K-feldspar-plagioclase-quartz with other minor phases of rutile
and ilmenite. The second stage of garnet participates in a retrograde
decompression reaction and coexists with garnet-cordierite—
sillimanite-quartz and garnet-cordierite-sillimanite-biotite-K-
feldpar—plagioclase-quartz. The electron microprobe compositional
mapping of the garnets across the crystals shows that the garnets
from Sonapahar are rich in Fe and Mn and poor in Ca and Mg,
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Fig. 3. (Colour online) (a) Field photograph showing porphyroblasts of quartz and cordierite in garnet-cordierite-bearing granulitic gneisses. (b) Photomicrograph of coarse
xenoblasts of garnet sillimanite in granulitic gneiss showing dodecahedral outline and inclusions of trails of biotite (plain-polarized light; PPL). (c) Photomicrograph of large
poikiloblasts of cordierite with trails of sillimanite and biotite occurring as inclusions (PPL). (d) Photomicrograph showing small grains of sillimanite and biotite occurring
as inclusions within cordierite, and garnet coexisting with cordierite in cordierite-bearing granulitic gneiss (PPL). (e) Photomicrograph showing biotite flakes wrapped around
cordierite grains and aligned to S, foliation; some flakes also define S;. The intergrowth of biotite and sillimanite is also observed (PPL). (f) Photomicrograph showing poikiloblasts
of cordierite with sillimanite and garnet occurring as inclusions (PPL). (g) Photomicrograph showing corroded porphyroblast of garnet is breaking down to biotite and cordierite
(PPL). (h) Back-scattered electron (BSE) image of corona texture in which magnetite at the core is rimmed by spinel followed by cordierite. (i) Photomicrograph of corona texture in
which dark green spinel is rimmed by sillimanite, which occurs within the poikiloblastic cordierite (PPL). (j) Hair perthite intergrowth of plagioclase and K-feldspar showing
quadrille structure in granulitic gneiss (cross-polarized light; XPL) (mineral abbreviations from Whitney & Evans, 2010).
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Table 1. Representative electron microprobe analysis of garnet from
Sonapahar granulitic gneisses

SB Dwivedi et al.

Table 2. Representative electron microprobe analysis of biotite from
Sonapahar granulitic gneisses

Sample No. Sn-26/1c  Sn-26/1r  Sn-26/2c  Sn-26/9  Sn-26/22 Sample No.  Sn-11/2c  Sn-11/3r  Sn-26/2r  Sn-26/3c  Sn-26/2c
Oxide wt % Oxide wt %
SiO, 37.43 37.56 37.26 37.47 38.01 SiO, 34.70 34.90 34.40 35.00 34.80
TiO, 0.05 0.05 0.07 0.03 0.01 TiO, 3.42 3.79 3.08 3.49 3.72
Al,O3 20.89 20.94 21.12 21.23 20.94 Al,O3 17.20 16.60 16.70 17.80 17.50
Cry,03 0.10 0.00 0.02 0.09 0.07 Cry,03 0.00 0.00 0.13 0.00 0.07
FeO 34.37 34.11 33.32 33.49 34.15 FeO 21.40 20.00 21.70 21.70 21.20
MnO 3.48 3.58 3.59 3.29 3.77 MnO 0.18 0.07 0.08 0.11 0.05
MgO 2.85 2.66 2.98 2.94 2.56 MgO 8.32 8.71 7.86 7.19 7.28
Cao 0.86 0.64 0.68 0.64 0.68 Cao 0.00 0.00 0.29 0.03 0.01
Total 100.03 99.54 99.04 99.18 100.19 Na,O0 0.14 0.14 0.09 0.18 0.10
Cations for 12 oxygen atoms K,0 9.70 9.73 9.40 9.34 9.44
Si 3.02 3.04 3.03 3.03 3.03 Cl 0.04 0.03 0.01 0.02 0.03
Y7 3.02 3.04 3.03 3.03 3.03 F 1.23 1.33 1.46 0.96 121
Al 1.99 1.98 1.99 1.99 1.98 Total 96.33 95.30 95.20 95.82 95.41
Ti 0.003 0.003 0.004 0.002 0.000 Cations for 11 oxygen atoms
Cr 0.007 0.000 0.001 0.006 0.005 Si 2.72 2.72 2.70 2.71 2.73
Y 2.000 1.983 1.995 1.998 1.985 AV 1.28 1.28 13 1.29 1.27
Fe 2.32 231 2.28 2.29 2.33 Y7 4 4 4 4 4
Mn 0.24 0.25 0.25 0.23 0.26 Al 0.30 0.25 0.26 0.33 0.32
Mg 0.34 0.33 0.36 0.36 0.31 Ti 0.20 0.22 0.18 0.20 0.18
Ca 0.075 0.056 0.06 0.056 0.06 Cr 0.00 0.00 0.01 0.00 0.01
X 2.975 2.936 2.96 2.936 2.96 Fe?* 1.40 131 1.44 141 141
Almandine 77.96 78.69 77.26 78.08 78.64 Mn 0.01 0.01 0.01 0.01 0.00
Pyrope 11.51 11.00 12.28 12.24 10.53 Mg 0.97 1.01 0.93 0.83 0.87
Grossularite 2.52 191 2.03 191 2.02 Y 2.88 2.80 2.83 2.78 2.79
Spessartine 8.01 8.41 8.43 .77 8.81 Ca 0.00 0.00 0.03 0.00 0.00
Xug 0.13 0.12 0.14 0.14 0.12 Na 0.02 0.02 0.01 0.03 0.02
Where, Xug = Mg/(Fe + Mg); r - rim; c - core K 0.97 0.97 0.98 0.96 1.00
X 0.99 0.99 1.02 0.99 1.02
The garnets consist of 77.26 to 78.69 mol. % almandine, 10.53 to d ol il oLl ol ol
12.28 mol. % pyrope, 1.91 to 2.52 mol. % grossularite and 7.77 to F 0.31 0.33 0.35 0.24 0.30
8.81 mol. % spessartine (Table 1). Xong 043 0.44 039 037 033

4.b.2. Sillimanite

Sillimanite occurs as needles or fibrolites (0.07 to 0.5 mm in length)
intimately intergrown with biotite. Most of the sillimanite needles
and biotite flakes occur as inclusions within the porphyroblasts of
cordierite, whereas garnet porphyroblasts occur within the matrix
or adjacent to the cordierite (Fig. 3d), which suggests prograde
metamorphic reaction 3.

4.b.3. Biotite

Biotite is pleochroic with brown or yellowish brown to reddish or
dark brown colours, and biotite flakes range from 0.1 to 0.8 mm in
length. The parallel orientation of biotite flakes and intergrowths of
biotite and sillimanite are also observed, which are wrapped
around the cordierite grains and aligned to the S, foliation, with
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Where, Xyg = Mg/(Fe + Mg); r - rim; c - core

some flakes defining S; (Fig. 3e). This textural condition suggests
retrograde reaction 4.

The Xy of the biotite is low and ranges from 0.37 to 0.44. The
TiO, in the biotites from the samples of the granulitic gneisses
ranges from 3.08 to 3.79 wt % (Table 2).

4.b.4. Cordierite

Cordierite is characterized by yellow pleochroic haloes with poly-
synthetic and sector twinning. Cordierite mainly occurs as coarse
porphyroblasts (sizes 0.8 to 1.5 mm) and contains inclusions of
biotite and sillimanite (Fig. 3c) suggesting reaction 2.
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Table 3. Representative electron microprobe analysis of cordierite from
Sonapahar granulitic gneisses

Sample No.  Sn-26/3c  Sn-26/6r  Sn-11/9  Sn-11/10  Sn-11/11

Oxide wt %
SiO, 48.74 48.93 48.78 48.54 49.19
TiO, 0.02 0.04 0.02 0.00 0.00
Al,O3 32.44 32.48 32.49 32.71 3291
Cry,05 0.02 0.12 0.06 0.00 0.00
FeO 8.53 8.77 831 8.74 8.19
MnO 0.19 0.21 0.26 0.34 0.27
MgO 8.06 8.02 8.31 8.24 8.14
Na,0 0.04 0.06 0.03 0.11 0.13
Total 98.04 98.63 98.26 98.68 98.83

Cations for 18 oxygen atoms
Si 5.03 5.03 5.02 4.99 5.03
ALV 3.95 3.94 3.94 3.95 3.97
Y2 8.98 8.97 8.96 8.94 9.00
Ti 0.002 0.003 0.001 0.00 0.00
Cr 0.002 0.01 0.005 0.00 0.00
Fe* 0.74 0.75 0.72 0.75 0.70
Mn 0.02 0.02 0.02 0.03 0.02
Mg 124 1.23 1.27 1.24 1.24
Y 1.994 2.013 2.016 2.02 1.96
Na 0.008 0.012 0.006 0.019 0.026
X 0.008 0.012 0.006 0.019 0.026
Xwvg 0.63 0.62 0.64 0.62 0.64

Where, Xyg=Mg /(Fe + Mg); r - rim; c - core

Cordierite also contains xenoblastic to sub-idioblastic garnets,
rounded blebs of quartz and sillimanite as inclusions (Fig. 3f). This
textural relationship suggests metamorphic reaction 5. Highly cor-
roded garnet also occurs within the cordierite porphyroblasts with
adjacent large biotite flakes (Fig. 3g). The textural relationships of
the garnet suggest decompression reaction 6.

The cordierite analyses show summations of between 98.04 and
98.83 wt %, suggesting that this mineral may be hydrous, contain-
ing 1.17-1.96 wt % H,O and gaseous species. The Xy, ranges
between 0.62 and 0.64 (Table 3).

4.b.5. Spinel

Spinel from Sn-11 appears in garnet-absent cordierite-bearing
granulitic gneisses and shows granular exsolution of magnetite.
A corona texture forms in which magnetite at the core is rimmed
by spinel followed by cordierite porphyroblasts (Fig. 3h) and sug-
gests prograde reaction 7 for the appearance of spinel.

Sharp grain contacts between spinel and sillimanite are
observed. Spinel also occurs as inclusions within sillimanite
(Fig. 3i). At times, both sillimanite and spinel occur as inclusions
within cordierite porphyroblasts, suggesting reaction 8.

The Xy of spinel in the granulitic gneiss ranges from 0.14 to
0.16 (Table 4). This wide range of Xy, suggests a solid solution
from spinel (MgAl,O,) to hercynite (Fe?*Al,O,).
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Table 4. Representative electron microprobe analysis of spinel from Sonapahar
granulitic gneisses

Sample No. Sn-11/1c Sn-11/1r Sn-11/16 Sn-11/17

Oxide wt %
Sio, 0.11 0.03 0.71 0.21
TiO, 0.01 0.02 0.04 0.06
Al,03 56.10 55.80 56.60 55.80
Cr,03 0.76 1.12 1.23 1.21
Fe,03 2.98 2.86 1.20 1.62
FeO 36.30 35.70 35.10 35.90
MnO 0.36 0.34 0.46 0.27
MgO 4.01 3.98 3.87 4.23
Cao 0.00 0.00 0.05 0.01
Na,O 0.02 0.05 0.04 0.03
Total 100.65 99.9 99.3 99.34

Cations for 4 oxygen atoms
Si 0.01 0.00 0.03 0.01
Ti 0.00 0.00 0.00 0.00
Al 1.95 1.94 1.96 1.94
Cr 0.01 0.03 0.03 0.03
3z 1.97 1.97 2.02 1.98
Fe3t 0.06 0.06 0.03 0.04
Fe?t 0.91 0.88 0.87 0.89
Mn 0.01 0.01 0.01 0.01
Mg 0.16 0.15 0.15 0.17
Ca 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00
Y 1.14 1.10 1.06 111
Xvg 0.14 0.14 0.14 0.16

Where, Xy = Mg/(Fe -+ Mg); r - rim; c - core

4.b.6. Feldspar
K-feldspar is mostly mesoperthitic with lamellar intergrowths of
plagioclase in the main masses of K-feldspar characterized by a
quadrille structure (Fig. 3j). These grains also form a mosaic fabric
with garnet, biotite and quartz. At times, contacts between
K-feldspar and biotite are serrated. Myrmekitic intergrowths with
vermicules of quartz and clear albite with characteristic lamellar
twinning occur between K-feldspar grains and K-feldspar-
plagioclase grains. The Xc,=Ca/(Na+ Ca+K) ratio of the
granulitic gneisses ranges from 0.01 to 0.31 (Table 5). A minor
component of Fe is observed in the plagioclase, which is present
as Fe** (0.00 to 0.02 pfu). This component may be due to AI** sub-
stitution or to extremely fine inclusions of opaque minerals in the
plagioclase.

The metamorphic reactions 1 to 8 discussed in Sections 4.b.1 to
4.b.5, on the basis of the textural relationships of the coexisting
mineral phases, are presented in Section 5 below.

5. Metamorphic evolution

The metamorphic evolution of the granulites from the area around
Sonapahar (Riangdo) has been documented based on detailed
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Table 5. Representative electron microprobe analysis of plagioclase and
K-feldspar from Sonapahar granulitic gneisses

Sample No.  Sn-11/13  Sn-11/27r  Sn-26/1c  Sn-26/1r  Sn-26/7

Oxide wt %
SiO, 68.10 60.48 63.05 63.00 62.12
TiO, 0.03 0.00 0.01 0.04 0.07
Al,O3 19.40 24.56 24.8 23.77 23.35
Fe,03 0.00 0.00 0.47 0.11 0.38
MnO 0.00 0.03 0.04 0.06 0.08
MgOo 0.01 0.00 0.13 0.01 0.12
Ca0o 0.22 6.37 3.69 4.02 4.97
Na,O 10.81 7.88 8.65 9.10 8.45
K,0 1.62 0.13 0.14 0.11 0.07
Total 100.25 99.45 100.97 100.22 99.6

Cations for 8 oxygen atoms
Si 2.99 2.70 2.75 2.76 2.76
Ti 0.00 0.00 0.00 0.00 0.01
Al 1.00 129 1.28 1.23 1.23
Fe3+ 0.00 0.00 0.02 0.01 0.01
Mn 0.00 0.00 0.00 0.01 0.01
Mg 0.00 0.00 0.01 0.00 0.01
X7 4.00 8195 4.06 4.01 4.03
Ca 0.01 0.31 0.17 0.24 0.24
Na 0.92 0.68 0.73 0.77 0.73
K 0.09 0.01 0.01 0.01 0.01
X 1.02 1.00 0.91 1.02 0.98
Xca 0.01 0.31 0.19 0.23 0.24

Where, Xc,=Ca/(Ca + Na + K), r-rim, c - core

petrological studies, reaction textures, monazite dating, bulk com-
position modelling and the P-T path of metamorphism.

5.a. Metamorphic stages and deformation

Detailed petrographic studies on the different types of rocks reveal
several diverse mineral assemblages in Sonapahar that exhibit vari-
ous mineral reaction textures. These textural relationships suggest
different mineral reactions, which are discussed in Sections 4.b.1
to 4.b.5.

In the granulitic gneiss, the textural relationships of the garnet
suggest two phases of crystallization in which the first prograde
garnet formed due to the breakdown of biotite and is related to
the first metamorphic event (M;). The following prograde and
retrograde/decompression reactions are referred to the M; and
M, metamorphic events, respectively.

(a) Prograde reactions during M,

biotite + sillimanite + quartz < garnet + K-feldspar + H,O
(1)
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biotite + sillimanite + quartz < cordierite 4+ K-feldspar + H,O
()

biotite + sillimanite 4+ quartz < garnet + cordierite

+ K-feldspar + melt  (3)
magnetite 4 sillimanite < spinel 4 quartz + O, (7)
(b) Retrograde/decompression reactions during M,

cordierite + K-feldspar + H,O « biotite + sillimanite + quartz

4)
garnet + sillimanite 4 quartz < cordierite (5)
garnet + sillimanite 4+ K-feldspar 4 quartz ©)

+ cordierite + biotite + melt

spinel + magnetite + sillimanite + quartz < cordierite 4+ O,

(8)

Here, reaction 1 is responsible for the formation of prograde
garnet in the absence of cordierite, whereas reactions 3, 5 and 6
appear in the garnet-cordierite-bearing granulitic gneiss, and reac-
tions 2 and 4 are observed in the garnet-absent cordierite-bearing
granulitic gneiss; however, reactions 7 and 8 are involved in the
cordierite-spinel-bearing granulitic gneiss.

5.b. P-T pseudosection

Based on the mineral assemblages observed for the granulitic
gneisses (Sn-3, Sn-26 and Sn-27a, b), a P-T pseudosection for min-
eral equilibria modelling was calculated using THERMOCALC
v.3.33 (Powell & Holland, 1988, updated June 2009). For the
granulitic gneiss, the calculations were carried out in the
NCKFMASH model system. The average chemical composition
(in mol %) of the granulitic gneiss is SiO,=67.74, Al,O;=
10.75, FeO=5.36, MgO=6.37, CaO0=0.78, Na,O=1.39,
K,0 =226 and H,0=5.35 The MnO content is very low
(0.07 wt %) in these samples, so it is neglected in the modelling.
Different mixing models of minerals are used for the calculation
of the pseudosection. The NCKFMASH system utilizes garnet, bio-
tite and liquid (melt) from White et al. (2007), cordierite from
Holland & Powell (1998), and alkali-feldspar and plagioclase from
Holland & Powell (2003). The NCKFMASH pseudosection
consists of the minerals garnet, cordierite, biotite, K-feldspar
and sillimanite, whereas quartz, liquid and plagioclase are taken
as saturate phases.

The P-T pseudosection in the NCKFMASH model system is
calculated for the specific bulk composition of the Sonapahar
granulitic gneisses. The NCKFMASH system is calculated with
the addition of Na,O and the appearance of one mineral phase
(plagioclase) (White et al. 2001), by which we obtain one di-
variant, five tri-variant and five tetra-variant fields in a P-T range
from 2 to 10 kbar and 650 to 900 °C (Fig. 8). The stable mineral
equilibria are calculated for the NCKFMASH system with the peak
assemblage  (garnet-biotite-sillimanite-K-feldspar—plagioclase—
liquid-quartz) stable in the P-T range of 6.7 kbar/774 °C to
8.3 kbar/829 °C, and it also participates in the appearance of
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Table 6. Representative mineral chemistry data of monazite from Sonapahar granulitic gneisses
Sample No. Sn-11 Sn-24 Sn-26
Oxide wt % 1/4 1/5 3/10 3/11 3/15 1/7 1/12 2/2 2/8 3/1 3/2 1/1 1/10 1/12 1/25 1/16 1/22
SiO, 0.64 0.78 0.80 079 085 0.04 0.10 0.04 0.03 0.51 0.52 0.72 0.25 0.63 0.27 0.47 0.41
P,05 29.5 308 293 295 29.0 291 292 285 28.7 28.8 28.4 30.4 304 291 30.8 30.0 31.7
Ca0 1.10 1.10 1.12 111 1.14 1.69 1.40 1.45 1.37 1.44 1.40 1.18 1.51 141 1.50 1.59 1.49
Y,03 3.81 3.67 287 294 275 232 293 205 3.25 0.39 0.40 1.68 3.54 242 3.34 1.55 3.42
La,03 11.6 12.3 11.7 11.7 12.1 13.8 13.7 14.2 14.6 17.1 17.1 12.5 12.5 13.4 12.5 133 12.4
Ce,03 26.8 26.5 26.7 26.8 27.1 27.3 27.1 27.7 27.1 288 29.9 26.0 25.8 26.9 25.8 26.9 25.2
Pry,03 343 342 364 359 363 325 340 337 3.33 3.17 3.26 3.62 346 345 3.40 341 3.61
Nd,05 11.7 11.5 12.1 120 121 115 116 124 12.3 10.2 10.6 12.0 109 11.0 10.8 10.8 10.8
Sm,03 2.25 224 236 231 233 1.70 190 1.93 1.94 0.91 1.01 2.24 229 220 2.32 2.22 2.37
Gd,03 1.95 1.94 1.95 2.04 1.94 111 1.43 1.27 1.35 0.48 0.41 1.82 2.07 1.97 2.10 1.80 2.12
Dy,03 0.38 041 032 041 033 0.00 0.15 0.10 0.24 0.00 0.00 0.13 041 0.30 0.42 0.05 0.63
PbO 0.12 0.13 0.14 014 013 0.22 0.16 0.18 0.15 0.17 0.17 0.18 0.17 0.18 0.16 0.43 0.42
ThO, 5.71 559 631 617 576 623 543 546 5.24 7.18 7.10 7.39 571 5.80 5.70 6.54 5.40
uo, 0.18 0.29 0.16 0.17 0.15 1.17 0.84 1.08 0.65 0.18 0.18 0.55 1.08 1.05 1.08 0.96 1.08
Total 99.17 100.67 99.47 99.67 99.31 99.43 99.34 99.73 100.25 100.43 100.45 100.41 100.09 99.81 100.19 100.02 101.05
Cations for 4 oxygen atoms

Si 0.026  0.030 0.030 0.030 0.034 0.003 0.005 0.003 0.010 0.022 0.022 0.028 0.010 0.027 0.012 0.019 0.016
P 0.976 0.987 0.976 0.976 0.969 0.990 0.990 0.990 0.979 0963 0.969 0.990 0.990 0.947 0.990 0.990 1.000
Ca 0.045 0.043 0.045 0.045 0.048 0.073 0.061 0.063 0.061 0.063 0.061 0.049 0.062 0.061 0.062 0.067 0.061
Y 0.080 0.077 0.060 0.070 0.060 0.039 0.063 0.044 0.069 0.010 0.010 0.037 0.074 0.054 0.069 0.033 0.067
La 0.169 0.173 0.169 0.169 0.176 0.199 0.194 0.194 0.196 0.252 0.252 0.181 0.181 0.200 0.181 0.191 0.171
Ce 0.384 0372 0.384 0.384 0.389 0.398 0.392 0412 0.396 0442 0442 0365 0.365 0.400 0.365 0.381 0.368
Pr 0.051 0.051 0.051 0.051 0.052 0.049 0.049 0.049 0.049 0.049 0.049 0.051 0.051 0.054 0.051 0.047 0.047
Nd 0.164 0.159 0.164 0.164 0.171 0.151 0.151 0.151 0.152 0.127 0.127 0.167 0.153 0.161 0.153 0.153 0.148
Sm 0.029 0.028 0.029 0.029 0.029 0.024 0.024 0.024 0.024 0.015 0.015 0.028 0.028 0.029 0.028 0.028 0.027
Gd 0.025 0.023 0.025 0.025 0.024 0.015 0.019 0.019 0.019 0.003 0.003 0.023 0.028 0.025 0.028 0.023  0.027
Dy 0.003  0.003 0.003 0.003 0.003 0.000 0.001 0.001 0.003 0.000 0.000 0.003 0.003 0.003 0.003 0.000 0.009
Pb 0.002  0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.005 0.005
Th 0.052  0.048 0.055 0.054 0.052 0.059 0.051 0.051 0.049 0.066 0.064 0.065 0.051 0.054 0.051 0.058 0.047
uo, 0.003 0.003 0.003 0.003 0.003 0.010 0.008 0.010 0.005 0.003 0.003 0.005 0.010 0.011 0.010 0.010 0.009
Total 2.009 1999 1.996 2.005 2.012 2012 2.009 2.012 2.014 2.017 2.019 1.994 2.008 2.028 2.005 2.005 2.002

prograde garnet through reaction 1. Variation in the modal abun-
dances of some mineral phases in the pseudosection can be observed
with changes in pressure and temperature. Garnet- and sillimanite-
bearing mineral equilibria are stable at higher pressures, whereas
cordierite-bearing mineral equilibria dominate at lower pressures
in the pseudosection diagram. The decompression reaction inferred
from petrographic observations and due to the decrease in pressure
suggests reaction 6. The mineral equilibria of this specific bulk
rock composition from Sonapahar exhibit peak metamorphic equi-
libria at higher pressures, followed by decompression at lower
pressures. The mode isopleths of garnet are calculated to examine
their nature with changes in P-T and other mineral phases in the
equilibria. It is observed that in the narrow di-variant field
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equilibria (grt-crd-bt-sil-ksp-pl-liq) with two tri-variant fields
(grt-bt-sil-ksp-pl-liq and grt-crd-sil-ksp-pl-liq), the mode of
garnet increases with increasing pressure. However, in the tri-
variant mineral equilibria field (grt-bt-sil-ksp-pl-liq), which
represents the peak mineral assemblage (cordierite absent), the
mode of garnet increases with temperature.

6. Monazite dating

The EPMA (Th-U-Pb) dating technique is one of the most signifi-
cant methods for constraining the ages of deformation and meta-
morphic events in different types of rocks (Suzuki & Adachi, 1991,
1998; Montel et al. 1996; Braun et al. 1998; Cocherie et al. 1998;
Tickyj et al. 2004; Spear et al. 2009; Prabhakar, 2013). Monazite
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Fig. 4. X-ray elemental mapping of the three monazite grains G1, G2, G3 for U, Ce, Th and Y: (a) grain G1, (b) grain G2; (c) grain G3; prominent zoning is visible for Th.

is alight REE phosphate ((LREE) POy,), rich in U and Th with little
initial Pb (Parrish, 1990; Williams et al. 2007; Spear et al. 2009).
Rapid accumulation of radiogenic lead (Pb*) to a required level
is possible and can be analysed with an electron microprobe
(Montel et al. 1996). Thus, by assuming that the total Pb content
is radiogenic, dating of monazite with an electron microprobe
was performed based on the total abundances of Th, U and Pb
(Suzuki & Adachi, 1991, 1994, 1998; Montel et al. 1996; Braun
et al. 1998; Williams et al. 1999; Suzuki & Kato, 2008; Taylor
et al. 2016; Hazarika et al. 2017).

6.a. Sample descriptions and U-Th-Pb systematics

Three samples Sn-11, Sn-24 and Sn-26 were taken from the
Sonapahar granulites for detailed analysis. The analysed monazite
grains occur as inclusions within garnet, cordierite and in the
matrix. Monazite grains G1 and G2 occur as inclusions in the cor-
dierite minerals of sample Sn-24, whereas grain G3 is present
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within the core of a garnet in Sn-26. Monazite grain G4 contains
only younger ages and is found in the matrix of the cordierite-
spinel-bearing granulitic gneiss (Sn-11). The mineral chemistry
of the monazites from all three samples is given in Table 6.
Back-scattered electron (BSE) images are used to identify the
monazite grains from the matrix and garnet. Large grains of mona-
zite (100 pm) are commonly found in high-grade metamorphic
rocks (Montel et al. 1996). All the monazite grains range in size
from 50 to 80 pum (Fig. 4a—c). These three grains (G1, G2 and
G3) were analysed for detailed study of elemental concentration
variations and zoning with X-ray mapping to estimate the age.
The monazite grains contain 3.32-7.20 wt % thorium (Th),
0.133-1.172 wt % uranium (U) and 0.101-0.513 wt % lead (Pb)
(Table 7). The U and Th with Pb are grouped into the two types
of huttonite and brabantite substitution. The brabantite substitu-
tion (Th*" + Ca?* = 2REE*"; Rose, 1980) shows the compositional
variation between Th (4+Ca and Si) and Y (-+HREE).
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Table 7. EPMA dating age of Monazite grain of granulitic gneisses from the Sonapahar area

Sn-26 & Sn-24

uo, ThO, PbO  Y,05 Age(Ma) Ageerr UO, ThO, PbO

Y,0; Age (Ma) Ageerr UO, ThO, PbO Y,03 Age(Ma) Age err

0.966 5.137 0.169 3.694 478 37 0.963 544 0.168 2.775 462 34 0.151 3.884 0.304 3.988 1570 101
1.080 5.190 0.175 3.872 472 35 0.609 549 0.153 3.118 480 37 0.165 3.653 0.281 3.998 1519 102
1.065 5.217 0.164 3.725 446 34 0.653 5.39 0.149 2.948 467 37 0.153 3.507 0.280 4.046 1577 107
0.526 6.131 0.157 3.189 469 39 0916 629 0.184 2.355 466 32 0.138 4.036 0.312 3.743 1575 100
0.226 6372 0.141 4.075 466 40 0.841 545 0.163 2.928 468 35 0.133 3493 0.283 3.773 1626 110
0.712 6.275 0.169 2.368 461 37 0.848 533 0.171 2411 495 37 0.151 3.662 0.281 3.932 1531 103
0.995 5.541 0.178 2.962 477 36 1.076 546 0.180 2.045 473 34 0.145 4.349 0.333 3.864 1568 96
0.961 5794 0.180 2.567 473 36 0.799 539 0.156 2.835 459 35 0.302 6.093 0.472 3.119 1509 76
1.050 5.498 0.171 3.197 450 34 0.655 542 0.152 3.130 473 36 0.219 5591 0.435 3.488 1560 83
1.062 5209 0.169 3.608 458 35 0.841 525 0.163 2.461 480 37 0.232 5971 0.454 3.095 1530 80
0.311 6.932 0.178 4.200 525 40 0.641 5.61 0.154 3.019 472 36 0.231 5.807 0.476 3.484 1637 83
0.309 5690 0.157 4.241 549 45 0.660 5.61 0.148 3.175 450 35 0.305 6.203 0.513 3.342 1607 78
0.301 5.307 0.128 4.510 480 43 0.645 524 0.146 3.253 467 36 Weighted mean age 1571 +22 Ma
(n=18, MSWD =1.2)

0.262 5230 0.122 4.430 472 44 0.636 516 0.143 3.409 464 37
0.237 5.154 0.119 4.279 474 45 0.181 7.18 0.164 0.383 498 36 Sn-11
0.230 5349 0.121 4.008 466 44 0.177 7.10 0.172 0.397 525 37 0.305 4.543 0.101 2.686 428 46
0.306 6.493 0.155 4.198 485 40 0.192 7.11 0.162 0.392 492 36 0.384 4.489 0.103 3.454 422 43
0.303 6.156 0.149 4.296 489 41 0.170 7.02 0.164 0.382 509 37 0.201 5.801 0.127 4.251 463 40
0.282 5.759 0.134 4.336 474 42 0.179 7.20 0.167 0.373 505 36 0.180 5.711 0.119 3.792 447 40
0.206 5403 0.122 3.721 474 45 Weighted mean age 478 +7 Ma 0.285 5586 0.125 3.673 451 41

(n=55, MSWD =1.7)
0.215 4.736 0.113 3.595 487 48 0.195 5675 0.113 3.780 421 39
0.455 5338 0.128 3.742 442 40 0.242 425 0.214 3.828 978 72 0.621 4.525 0.125 3.466 449 42
0.706 5352 0.155 3.724 476 39 0.227 518 0.230 4.218 901 63 0.146 6239 0.132 2.793 464 40
0.787 5398 0.151 3.801 447 36 0.561 5.56 0.375 3.197 1158 62 0.140 6.357 0.129 2.865 444 39
0.877 5301 0.153 3.805 440 36 0.960 6.54 0.431 1.548 1019 51 0.275 5.043 0.106 4.247 422 41
0.478 5.715 0.149 3.405 483 41 1.079 541 0.422 3.452 1075 55 0.537 4.833 0.123 2.978 439 42
0.714 6.092 0.173 2.129 484 38 1.034 5.83 0380 2.069 945 47 0.145 6.354 0.137 2711 471 40
0.860 5561 0.177 3.599 497 37 0.763 543 0.253 3.270 1166 63 0.152 6.240 0.132 2.773 462 40
0.531 5.884 0.149 2.612 461 40 Weighted mean age 1034 +91 Ma 0.471 4.930 0.138 2.801 502 45

(n=7, MSWD =2.9)
0.582 5.962 0.162 2.300 486 40 0.158 6.309 0.136 2.870 468 40
0.785 5507 0.149 2.833 435 34 0.142 548 0.402 3.950 1539 85 0.170 6.165 0.141 2.935 493 41
0.997 5.006 0.192 2.217 545 38 0.158 3.32 0.280 4.175 1640 111 0.380 4.652 0.117 4.503 468 43
0.651 5489 0.176 3.360 541 38 0.151 350 0.268 4.039 1521 105 0.254 5847 0.132 3.136 467 41
0.654 5.316 0.151 3.017 478 37 0.136 3.58 0.269 4.045 1515 104 0.148 5.764 0.125 2.750 471 43
1.003 5450 0.172 2.647 464 34 0.160 3.61 0.280 4.159 1531 103 0.667 3.678 0.125 4.059 502 47
1172 6230 0219 1.811 512 33 0.143 3.82 0.301 4.070 1590 103 Weighted mean age 457 + 11 Ma

(n =20, MSWD = 1.3)

The variations in the brabantite versus huttonite exchange opera-
tion in monazite are represented on the plot of Th+U+Si versus
REE+Y+-P (Fig. 5a-d). Three samples were used for monazite dat-
ing viz. Sn-24 (Fig. 6a, b), Sn-26 (Fig. 6¢) and Sn-11 (Fig. 6d). In
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sample Sn-11, a monazite grain was examined in which Si varies
from 0.01 to 0.04 pfu and Ca ranges from 0.04 to 0.06 pfu. From
Sn-24, two monazite grains were selected for EPMA mineral dat-
ing; whereas Si contents are low compared to sample Sn-11, Ca is
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Fig. 5. Bivariate plot depicting the variation in composition of monazite from Sonapahar (SMGC). (a) For sample S-11, the monazite grain is enriched in brabantite (Th/U +
Ca<>2REE) substitution. (b) For sample Sn-24, all grains are enriched in brabantite substitution. (c) For sample Sn-26, the monazite grain shows brabantite (Th/U +
Ca<2REE) substitution. (d) Bivariate plot showing the age distribution; ~1.5 Ga, ~1.0 Ga and ~0.5 Ga age domains are enriched in brabantite substitution as marked on

the diagram.

slightly higher. In sample Sn-26, G3 contains Si from 0.01 to
0.04 pfu and Ca from 0.04 to 0.07 pfu. All the monazite grains from
the different samples contain very much less Si than Ca. However,
they provide an appropriate amount of Ca to quantify the braban-
tite (Th/U + Ca«<>2REE) substitution. The G1, G2 and G3 mona-
zite grains show compositional zoning patterns in X-ray mapping
of the Th Ma element; however, G3 shows the most prominent
zoning pattern (Figs 4c, 6¢). There is no zoning pattern in the
G4 monazite grain from Sn-11. Zonation of monazite in a meta-
morphic rock is a well-recognized phenomenon (Parrish, 1990;
DeWolf et al. 1993; Zhu et al. 1997; Zhu & O’Nions, 1999;
Bingen & van Breemen, 1998; Dahl et al. 2005; Mahan et al.
2006; Bhowmik et al. 2014; Taylor et al. 2016). The compositional
zonation of monazite grains is important because the heterogeneity
of monazite can reveal multistage growth and possible diffusion or
partial recrystallization of Pb and Th (Scherrer et al. 2000; Taylor
et al. 2014), and these processes can record several significant
events in a single grain (Zhu & O’Nions, 1999; Spear & Pyle,
2002; Williams et al. 2007; Taylor et al. 2016).

7. Results
7.a. Monazite dating

The Th-U-Pb values from these three rock samples are given in
Table 7. The probe analysis reveals that the ages of the rock range
from Mesoproterozoic to Neoproterozoic, with older ages
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(1571 +22 Ma) located in the cores and younger ages
(478 + 7 Ma) towards the rims of the monazite grains. A few spots
from the monazite grains also yield intermediate ages between the
older and younger ages, ranging from 1166 + 63 to 901 + 63 Ma
(Fig. 6a—c). These calculated ages are well correlated with the ages
reported by Chatterjee et al. (2007) and Yin et al. (2010). Weighted
mean age distributions and cumulative histograms plotted using
the Isoplot program (Ludwig, 2003) for the garnet-present
(Sn-26) and garnet-absent (Sn-24) cordierite-bearing granulitic
gneisses are presented in Figure 7a-c. The calculated weighted
mean ages are 1571 +22Ma (n=18, MSWD = 1.2, probability
=0.22), 1034 £91 Ma (n=7, MSWD = 2.9, probability = 0.007)
and 478+7 Ma (n=55 MSWD=1.7, probability=0.001).
Cordierite-spinel-bearing granulitic gneiss (Sn-11) has a single
age domain (Fig. 7d), and the calculated weighted mean age is
457 + 11 Ma (n = 20, MSWD = 1.3, probability = 0.16). The grains
Gl and G2 from sample Sn-24 show ~1.0Ga and 0.5 Ga age
domains, whereas G3 from sample Sn-26 shows ~1.5 Ga, 1.0 Ga
and ~0.5 Ga age domains; grain G4 from Sn-11 produced only
a ~0.5 Ga age domain.

7.b. P-T conditions of metamorphism

The observed mineral equilibrium assemblages garnet—
biotite-sillimanite—K-feldspar—plagioclase-liquid-quartz and garnet—
cordierite-biotite-K-feldspar-plagioclase-liquid—quartz are obtained
at the P-T range of 6.7 kbar/774 °C to 8.3 kbar/829°C and at a low
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Fig. 6. Magnified BSE images of monazites showing chemical age (Ma) determined at spots on the monazite grains for each representative age. (a, b) Grains G1 and G2 of sample
Sn-24 show an intermediate age at the core and the youngest age towards the rim. (c) Grain G3 of sample Sn-26 shows three distinct ages with the oldest age at the core, the
youngest age towards the rim and the intermediate age located in the middle portion of the monazite grain. (d) Grain G4 of Sn-11 shows only the youngest age throughout the

monazite grain.

pressure of 5.9 kbar/754 °C, respectively, in the NCKFMASH system.
The mineral equilibria of this specific bulk rock composition from
Sonapahar exhibit peak metamorphic equilibrium at higher pressure,
followed by decompression to lower pressure. This type of pseudosec-
tion diagram, which represents the equilibria experienced by a par-
ticular bulk composition, is important in representing the mineral
equilibria and allows us to decipher the mineral assemblages and
relationships observed in the rock (White et al. 2001). The equilibrium
mineral phases calculated for the Sonapahar granulitic gneisses lie in
the P-T range from 59kbar/754°C to 8.3kbar/829°C in the
NCKFMASH system (Fig. 8). The P-T condition for spinel-bearing
equilibria is not discussed in Figure 8; therefore, the P-T conditions
of all rock types of the Sonapahar granulitic gneisses are estimated
through THERMOCALC v.3.33 using the internally consistent
dataset of Powell & Holland (1988). The P-T,, mode was calculated
with phases involving garnet, biotite, sillimanite, K-feldspar, plagio-
clase, quartz, rutile, ilmenite; cordierite, spinel, magnetite, biotite,
sillimanite, K-feldspar, quartz; and garnet, cordierite, biotite,
K-feldspar, plagioclase, quartz, ilmenite, rutile at 0.5 H,O activity.
The result of these three types of coexisting phases is presented in
Tables 8-10. The P-T,, estimates are consistent with the P-T
estimate of mineral equilibria from the pseudosection (Fig. 8).
A metamorphic evolution P-T path (Fig. 9) is deduced on the basis
of textural relationships, metamorphic reactions, coexisting mineral
phases and the NCKFMASH pseudosection. The pressure and
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temperature conditions of the granulitic gneiss emphasize the follow-
ing points:

(a) The peak mineral assemblage garnet-biotite-K-feldspar-
plagioclase-sillimanite-quartz-rutile-ilmenite-liquid formed
during M; (peak) metamorphism in the P-T range from
7.5kbar/677 °C to 8.2 kbar/713 °C with an average P-T of
7.9 £ 0.8 kbar/697 + 41 °C.

(b) Cordierite-spinel-bearing granulitic gneiss includes the
mineral assemblage cordierite-spinel-sillimanite-biotite—
magnetite-K-feldspar—plagioclase-quartz-ilmenite-liquid, in
which the P-T conditions range from 5.8 kbar/815 °C to
59kbar/817 °C with an average P-T of 5.9+ 1.9kbar/
816+ 93 °C.

(c) The P-T values for the retrograde mineral assemblage
garnet—cordierite-biotite-sillimanite-plagioclase-K-feldspar—
quartz-rutile-ilmenite-liquid, formed during M, (post-peak)
metamorphism, lie in the P-T range from 3.9 kbar/701 °C
to 4.2kbar/715 °C with an average P-T of 4.0 + 0.8 kbar/
706 = 54 °C.

The P-T values of the granulitic gneiss trace a clockwise P-T
path (Fig. 9) during the maximum pressure, which is achieved
during the M; (peak) metamorphic stage represented by peak
coexisting mineral assemblages of the prograde garnet-forming
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Fig. 7. Chemical age of monazite from Sonapahar granulitic gneisses (Sn-24 and Sn-26). Isoplot weighted mean age distributions with cumulative histograms (Ludwig, 2003): (a)
older age; (b) intermediate age; (c) younger age; (d) younger age of cordierite-spinel-bearing granulitic gneisses (Sn-11).
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Table 8. Average P-T condition for garnet-cordierite-
biotite-sillimanite-plagioclase-K-feldspar-ilmenite-quartz-
melt at H,0 activity of 0.5

7°C 715 701 703 706
s.d. (T) 44 59 58 53.7
P kbar 42 3.9 3.9 40
s.d. (P) 0.7 0.9 0.9 0.8
correl. 0.857 0.850 0.856 0.854
Sig fit 0.83 1.36 131 1.66

Table 9. Average P-T condition for garnet-biotite-sillimanite-
plagioclase-K-feldspar-ilmenite-quartz-rutile-melt at H,O activity

of 0.5
T°C 713 699 700 677 697
s.d. (7 44 41 41 38 41
P kbar 8.2 7.9 7.8 7.5 7.9
s.d. (P) 0.8 0.8 0.8 0.7 0.8
correl. 0.607 0.599 0.600 0.586 0.598
Sig fit 0.83 0.62 0.69 0.79 0.73
Si0, ALD, FeD MgO Ca0 Na0 KO HOD
NCKFMASH ("’C‘I) 67.74 10.75 536 637 0.78 1.839 226 535
8
@
g 6
4
2
650 700 750 900

T(°C)

Fig. 8. Garnet mode isopleths on NCKFMASH P-T pseudosection for Sonapahar
granulitic gneiss (Sn-26) depict calculated mineral equilibria for the mineral
assemblage grt-crd-pl-sil-kfs-bt-g-lig (mineral abbreviations from Whitney &
Evans, 2010).

reaction at the P-T condition of 8.2 kbar/713 °C. With further
decompression (3.9 kbar/701 °C) garnet-sillimanite-biotite-quartz
and spinel-quartz break down to form cordierite during the M,
(post-peak) metamorphic stage; this is the dominant metamorphic
event in the study area. The metamorphic evolution of the granulitic
gneisses progresses through an isothermal decompression path.
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Table 10. Average P-T condition for cordierite-
spinel-biotite-magnetite-sillimanite-plagioclase-
K-feldspar-ilmenite-quartz-melt at H,O activity

of 0.5

Ao 05 e
T°C 817 815 816
s.d. (T) 101 84 93
P kbar 5.9 5.8 5.9
s.d. (P) 2.0 1.7 1.9
correl. 0.887 0.885 0.886
Sig fit 1.84 1.50 1.67

10

Ispl-bt-crd-mag-
il-pl-kfs

P(kbar)

400 450 500 550 600 650 700 750 800 850 900
T(°C)

Fig. 9. Clockwise retrograde/decompression pressure-temperature (P-T) path at 0.5
H,0 activity (using internally consistent dataset of Holland & Powell, 1998) shown on
P-T diagram indicating the metamorphic evolution of granulitic gneisses in the study
area based on geothermobarometry, the pseudosection and reactions from textural
relationships.

8. Discussion

Chemical dating of monazite grains from the Sonapahar area was
performed because it has been successfully applied to constrain the
ages of deformation and metamorphic events. Three monazite-
bearing granulitic samples were analysed, yielding three distinct
ages from the prominent zoning of the monazite grains
(478 £7 Ma; 1034 £ 91 Ma; 1571 + 22 Ma). The growth stages of
monazite are recognized when an individual grain contains distinct
age domains in the core and the rim. The distinct compositional
zoning domains in grain G3 from sample Sn-26 are one of the most
important characteristics of the monazite, because these domains
can be interpreted with regard to the generation of monazite
growth (Williams et al. 2006 and references therein). The monazite
grain G3, which occurs as an inclusion within a garnet core, pro-
vides three different age domains (478 +7 Ma; 1034 +91 Ma;
1571 £ 22 Ma) that may be due to the effect of three different types
of tectonic activity that occurred in the study area. Monazite is also
found as inclusions in cordierite, suggesting that the younger age of
~0.5Ga was dominant during the Pan-African orogeny when
decompression occurred in the cordierite-bearing assemblages of
the granulitic gneisses. A number of studies of the monazite pop-
ulation and single grains of monazite in metamorphic rocks have
noted that monazite may grow stepwise along the prograde path of
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a P-T'loop. The prograde monazite grains are generated during the
formation of melt, whereas post-peak monazite grains are recrys-
tallization products of pre-existing grains (Johnson et al. 2015).
Monazite also develops stepwise during decompression (Franz
et al. 1996; Pyle & Spear, 2003; Foster et al. 2004; Gibson et al.
2004). The Sonapahar metapelitic granulites reveal the post-S;/
pre-S, stage of metamorphism at ~1.5 Ga with poorly preserved
1.0-1.3 Ga ages in the rim of a monazite grain in contact with a
syn-S, feature, which may be due to an extended period of cooling
along the retrograde metamorphic path, and the more significant
occurrence of 649-524 Ma ages, both of which are considered
post-S, stages of metamorphism (Chatterjee et al. 2007, 2011;
Chatterjee, 2017). The analysis of the zoned monazite suggests that
the three distinct ages (1571 + 22 Ma; 1034 + 91 Ma; 478 + 7 Ma)
from the Mesoproterozoic to Neoproterozoic can be correlated
with the ages of peak and two post-peak metamorphic stages that
must have influenced the Sonapahar granulites, which is similar to
the conclusions of Chatterjee et al. (2007). It is predicted that the
dominant metamorphic event is the Pan-African orogeny
(478 + 7 Ma), which might affect the rim portion of the monazite
grains, because the 1034 Ma age’ is poorly obtained in the analytical
data. The crust formation of the Meghalaya massif started during
Archaean time and experienced a protracted and episodic evolution
(Bidyananda & Deomurari, 2007). The Mesoproterozoic age of
1571 + 22 Ma is considered peak metamorphism, during which pro-
grade garnet is formed through reaction 1, which might be related to
the maximum pressure conditions in the granulite of the study area.
Although the intermediate age of 1034 + 91 Ma is poorly preserved,
it may be related to the Grenvillian orogenic event during the for-
mation of the Rodinia supercontinent and represents the post-peak
metamorphic stage at Sonapahar, or it may be a mixing artefact of
the Grenvillian and Pan-African orogenies. The youngest age
(478 £ 7 Ma), which is associated with the Pan-African orogeny,
suggests that the Sonapahar granulites were part of an accretionary
event of the Gondwana supercontinent; it also correlates with the
amphibolite- to granulite-facies metamorphism of the Pinjarra oro-
genic belt and represents the dominant post-peak (M,) metamor-
phism in the Sonapahar area.

The SMGC is an isolated part of the Indian Peninsula (Evans,
1964), the northern extension of the Eastern Ghats Mobile Belt
(Crawford, 1974) and the NE extension of the CGC
(Desikachar, 1974). Recent studies in the SMGC (Bidyananda &
Deomurari, 2007; Chatterjee et al. 2007, 2011; Yin et al. 2010;
Chatterjee, 2017; Borah et al. 2019) and CGC (Chatterjee et al.
2008, 2010; Maji et al. 2008; Sanyal & Sengupta, 2012;
Mukherjee et al. 2017, 2018; Kumar & Dwivedi, 2019) have
observed the same geochronological age from the basement of
the SMGC and the CGC and established a significant relationship
between the Mesoproterozoic metamorphic terrain and the CGC.
Similar coeval metamorphism has been reported in the Proterozoic
gneissic complexes of central India during 1.61-1.57 Ga where
supra-crustal granulites were metamorphosed under ultra-high-
temperature conditions along the southern margin of the CITZ
(Bhowmik et al. 2005, 2014). These authors concluded that
collisional tectonism occurred between the SIB and NIB at
1.57-1.54 Ga when the oceanic lithospheric of the SIB was sub-
ducted beneath the NIB to form an island arc, whereas episodic
magmatic injection intruded in the back-arc to form the granulite-
facies rocks. Similar lithological and metamorphic trends are
reported in the SMGC, which indicates the possibility that the
northern Garo Hills rocks formed in a back-arc environment
(Chatterjee, 2017).
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9. Conclusions

Petrological and mineralogical data reveal that three distinct ages
(1571 +£22Ma; 1034+91Ma and 478+7Ma) from the
Mesoproterozoic to Neoproterozoic can be correlated with peak
and two post-peak stages of metamorphism that must have influ-
enced the Sonapahar granulitic rocks. Stable mineral equilibria are
calculated for the NCKFMASH system with the peak assemblage
stable in the P-T range of 6.7 kbar/774 °C to 8.3 kbar/829 °C. The
P-T,, values of the granulitic gneiss trace a clockwise P-T path.
The maximum pressure and moderate temperature were achieved
during the peak (M;) metamorphic stage represented by peak
mineral assemblages of the prograde garnet-forming reaction
(8.2 kbar/713 °C), followed by decompression reactions through
which garnet-sillimanite and spinel-quartz broke down to form
cordierite during the post-peak (M,) metamorphic stage
(3.9 kbar/701 °C). The granulites of Sonapahar were exhumed
along an isothermal decompression path. The oldest age of
1571 £22 Ma is considered to represent a peak metamorphic
assemblage. The intermediate age of 1034 + 91 Ma may be a mix-
ing artefact and represents post-peak metamorphism, and the most
dominant youngest age (478 + 7 Ma) from the granulitic gneisses
of the study area, related to the Pan-African orogeny, suggests that
the Sonapahar granulites were part of the accretionary process of
the Gondwana supercontinent and represents the dominant post-
peak (M,) metamorphism. The Pan-African orogeny overprinted
the evidence of a mixing artefact in Sonapahar, which is dominated
by post-peak (M,) metamorphic events. The Sonapahar granulitic
gneisses of the Shillong Plateau contain Mesoproterozoic ages of
1571 Ma in the core parts of monazite grains and 1034 Ma in
the intermediate portions of the monazite grains (mixing artefact);
this evidence strongly shows the extension of the CITZ and Eastern
Ghats Mobile Belt in the Shillong Plateau.

Supplementary Material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S0016756819001389
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