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Abstract  
 

Evolutionary signatures of active mountain building tectonic process as a consequence of collision 

between Indian plate and Tibetan plate are well preserved in the Himalayan metamorphic rocks. 

The ductile deformation of the crust caused by the Main Central Thrust which in turn, resulted 

from southward extrusion of high grade metamorphic rocks (amphibolite to granulite facies) of 

Greater Himalayan Sequence (GHS) over low grade (greenschist facies) Lesser Himalayan 

Sequence (LHS) creating an inverted metamorphic field gradient across the MCT. The study area 

in NW Himalaya along Madhmaheswar Ganga valley, Rudraprayag district, Uttarakhand, India is 

comprised of Munsiari formation and Vaikrita group of rocks (lower GHS). Garnet-kyanite 

bearing migmatitic gneiss of lower GHS (~ 3 km thickness) was juxtaposed over orthogneiss and 

garnet bearing metapellites of Munsiari formation (~ 7 km thickness) by north-easterly dipping 

MCT. Intercalations of metabasic rocks are persistent throughout Munsiari formation. An inverted 

Barrovian sequence is persistent from biotite zone through garnet zone upto kyanite zone where 

kyanite-in isograd lies immediately above the MCT.  

In order to understand the inverted metamorphism along with the deformation condition in the 

study area, it is important to characterize the tectonic behavior of the rocks with increasing 

structural level across the MCT by means of microstructural observations and metamorphic P-T 

conditions of equilibrium mineral assemblages. Therefore, detailed microstructural analysis is 

necessary to define the shear zone by the degree of strain intensification across the MCT. This 

study aims at investigating the heterogeneity of the deformational behavior of quartz grains in 

terms of thickness of quartz layers and other associated phases along with the understanding of 

fabric development with respect to the MCT.  

Microstructural observations are essentially focused on the quartzo-feldspathic gneiss of the 

Munsiari formation and L-GHS. Quartz microstructures from lower part of the Munsiari formation 

are generally characterized by subgrain rotation recrystallization (SGR). Some domains of 

polygonal quartz grains with triple point junction indicate SGR followed by static grain growth. 

Whereas, lobate boundaries of quartz grains with sweeping extinction and deformation lamellae 

has been documented from upper Munsiari formation indicating high temperature grain boundary 
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The Geochemical studies are consisted of  Garnet line profile analysis, X-ray elemental mapping 

for major elements such as Ca, Fe, Mn, Mg and the Point analysis of matrix minerals by an electron 

probe microanalyzer (EPMA). Garnets from the MCTZ and lowermost GHS are characterized by 

growth zoning with consistently decreasing XMn content from core to rim suggesting the grain 

growth during burial with increasing P and T. On the other hand, most of the garnet porphyroblasts 

in the L-GHS exhibit flat profile of XMn with little increase at rim. The diffusional zoning profile 

of the L-GHS garnets is a result of higher rate of diffusion of major elements at higher elevated 

temperature than that of growth zoning causing homogeneous distribution of these elements. Rim 

with higher XMn content signify retrograde reaction during exhumation and cooling of the lower 

GHS rocks. The results obtained from conventional thermobarometers is showing a peak P-T 

condition of 535 ± 25 °C and 5.8 ± 1.2 kbar from the assemblage of garnet + quartz + chlorite + 

chloritoid + plagioclase + biotite + muscovite ± ilmenite in the lowermost MCTZ. Whereas, the 

upper MCTZ rocks have experienced peak P-T condition of 632 ± 25 °C and 8.5 ± 1.2 kbar. In 

contrast, lowermost GHS experienced peak P-T condition of 683 ± 25 °C and 11 ± 1.2 kbar attained 

by the equilibrium assemblage of garnet + quartz + plagioclase + muscovite + biotite ± kyanite ± 

ilmenite ± rutile. a steep inverted pressure gradient of 16.4 ± 1.3 kbar km-1 persist between 

uppermost MCTZ sample and lowermost GHS sample which could suggest extreme thinning of 

rock strata due to MCT slip. 
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Proterozoic to Cretaceous) (Brookfield, 1993; Jadoul et al., 1998; Yin, 2006). Hence, the THS 

represents syn-collisional deformation features along with the Eocene crustal thickening event 

 (Garzanti, 1999; Godin, 2003; Aikman et al., 2008). Moreover, high-pressure metamorphic 

complex reported by Laskowski et al. (2016) suggests initial steep subduction of Indian passive 

margin at ca. 40 Ma. Southern Tibetan Detachment System (STDS) of normal faults with top-

to-the-NE shear sense, marks the base of the THS (Burchfiel et al., 1992; Burg et al., 1984) and 

therefore, overprinted over the early Oligocene to the early Miocene ductile structures during the 

middle Miocene period (e.g., Carosi et al., 1998; Cottle et al., 2007; Iaccarino et al., 2017; Searle 

et al., 2003; Soucy La Roche et al., 2016).  

 

Figure 1.1. (A) Digital elevation model of the Himalaya and neighboring regions (Kohn 2007, 2014); Yellow 
polygon is drawn to show the range of the mountain belt presented in (B). (B) Simplified regional geologic map 
of the Himalaya (modified from Yin, 2006) illustrating main lithotectonic units; Black box showing the location 
of Kumaun-Garhwal Himlaya; Black line is the section line representing the cross section of western Himalaya. 
(C) Generalised cross section of western Himalaya exhibiting the distribution of major lithotectonic elemnts of 
the Himalayan orogeny (modified after Kohn, 2014). Geologic abbreviations: ITS, Indus Tsangpo Suture; 
LHD, Lesser Himalayan Duplex; MBT, Main Boundary Thrust; MCT, Main Central Thrust; MFT, Main 
Frontal Thrust; MHT, Main Himalayan Thrus t; STDS, South Tibetan Detachment System. 
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Proterozoic to early Paleozoic metasedimentary rock of Greater Himalayan Sequence (GHS) 

(Parrish & Hodges, 1996; Gehrels et al., 2011) was started to exhume from mid-crustal depth ~ 

20-23 m.y ago via concomitant activity of the Main Central Thrust  (MCT ; Vaikrita Thrust by 

Valdiya, 1980) below and the STDS above (Hodges et al., 1992; Parrish and Hodges, 1996; Godin 

et al., 2006b). According to Soucy La Roche et al., (2018), prograde metamorphism of GHS rocks 

persisted within the time period of 40-35 Ma led by the peak metamorphic event between 35 and 

30 Ma.  

 

Variable lithologies of the MCT footwall characterize the Lesser Himalayan Sequence (LHS) 

containing metasedimentary rocks of late Paleoproterozoic to early Mesoproterozoic age, 

sedimentary rocks of late Carboniferous to Permian age (Gondowana succession) and foreland 

basin sediments of Eocene to early Miocene age together with the ca. 1800-1830 Ma intrusives of 

granite and gabbro (DeCelles et al., 2004; Gehrels et al., 2011; Martin, 2017a; Najman et al., 2005, 

and references therein). Deformation of LHS rocks was accomplished through the development of 

the Lesser Himalayan Duplex (LHD) system (Srivastava and Mitra, 1994; DeCelles et al., 2001; 

Robinson et al., 2003). Another crustal scale fault within the LHS called the Ramgarh-Munsiari 

thrust carrying Paleoproterozoic rocks of the LHS, has been mapped through almost entire 

orogenic belt (Srivastava and Mitra, 1994; Pearson and DeCelles, 2005; Bhattacharya and Mitra, 

2009; Robinson and Pearson, 2013; Mandal et al., 2015) and Robinson and Pearson (2013) 

explained it as a roof thrust of LHD system. Recent  

study in north western Himalaya of Stübner et al. (2018) proposed the late Miocene to early 

Pliocene evolution of LHD system by accreting ramp over MHT. Whereas, the name, Lesser 

Himalayan Crystalline Sequence (LHCS), has been given to denote low to medium 

metamorphic grade hanging-wall rocks of the Munsiari thrust (Pecher, 1989; Vannay and 

Grasemann, 1998). LHCS and a part of the lower GHS was subjected to ductile deformation during 

MCT activity by forming a wide shear zone called the MCT Zone (MCTZ)  (Heim and Gansser 

1939; Schelling and Arita 1991; Srivastava and Mitra 1994; DeCelles et al. 2002). The isolation 

of GHS from LHS by positioning the MCT in between, is done through different approaches in 

metamorphic petrology (Thakur et al., 2015; Spencer et al., 2012), structural criteria (Searle et al., 

2008; Larson et al., 2017) and Nd-Sr isotopic compositions (Parrish & Hodges, 1996; Ahmad et 

al., 2000; Martin et al. 2005; Richards et al. 2005; Imayama and Arita, 2008). An inverted 
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Barrovian metamorphic sequence is notably observed through a part of LHS and GHS by 

superposing successive metamorphic zones from chlorite to sillimanite zone towards structural 

high (Le Fort, 1975; Arita, 1983; Vannay and Grasemann, 2001) and it accounts for an increase in 

metamorphic peak-T from ~ 500 °C in the LHCS to ~ 800 °C in the GHS (Célérier et al., 2009; 

Spencer et al., 2012; Thakur et al., 2015). 

Southernmost unit, the Sub-Himalaya, represents the youngest thrust sheet of the orogeny 

consisted of mid-Miocene to Pliocene synorogenic sedimentary rocks of Siwalik group (DeCelles 

et al. 1998; Kumar et al. 2003; Najman et al. 2004; Ravikant et al. 2011). The Sub-Himalaya is 

separated from the LHS by middle to late Miocene Main Boundary Thrust (MBT)  to the north 

(Heim and Gansser, 1939; Meigs et al., 1995; Mugnier et al., 1994) and from foreland basin 

sediments by the seismically active Main Frontal thrust (MFT)  to the south (Gansser, 1964; 

Yeats and Lillie, 1991; Lavé and Avouac, 2000). 

1.2. Evolution of metamorphic core of the mountain belt 

There are three models explaining the emplacement of the Himalayan metamorphic core (the GHS 

rocks) between the LHS and the THS (Figure 1.1): wedge extrusion (e.g., Burchfiel and Royden, 

1985; Grujic et al., 1996; Kohn, 2008), channel flow coupled to focused denudation (e.g., 

Beaumont et al., 2001; Hodges et al., 2001), and tectonic wedging (Webb et al., 2007; Yin, 2006). 

Wedge extrusion envisions the GHS as a northward-tapering wedge extruding to the south between 

the two lower grade sequences (Figure 1.2A). The South Tibet detachment kinematics may be 

driven by rotation of principal stresses along the topographic front that generates upper-crustal 

extension along the range crest (Burchfiel and Royden, 1985), or may represent adjustments to 

maintain critical taper if the range is modeled as a Coulomb wedge (e.g., Kohn, 2008; Robinson 

et al., 2006). In channel flow-focused denudation models, the GHS represents partially molten 

lower/middle crust in the thickened collision zone that tunnels southwards, driven by the 

gravitational potential of the high plateau (Figure 1.2B) (e.g., Beaumont et al., 2001, 2004; Godin 

et al., 2006a). This material channel is exhumed between active faults by erosion across a narrow 

zone where precipitation is focused by the orography of the topographic front (e.g., Beaumont et 

al., 2001; Hodges et al., 2001). The initiation of rapid exhumation and development of the paired 
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1.3. Objective of this study 

The Himalayas are the natural laboratory for understanding the metamorphic as well as the 

deformation processes of an active continent-continent collisional orogenic belt. The main purpose 

of being attached with the area around Mandakini and Madhmaheswarganga river valley is to do 

detailed microstructural analysis integrated with field mapping since there are no such previous 

works done in this area on microstructural aspects and metamorphic P-T evaluation. This work 

will contribute to connect two well explored area along Alaknanda valley in the east and Bhagirathi 

valley in the west. There are two key chapters, Chapter 4 and Chapter 5, which will address the 

fundamental aspects arising from the tectono-metamorphic processes experienced by the rocks of 

the Munsiari formation (MCTZ) and  the Vaikrita formation (lower GHS). The aim of Chapter 5 

is to study the inverted Barrovian sequence of metamorphic isograds, thereby explaining the 

metamorphic field gradient by means of phase relationship, mineral chemistry and peak 

metamorphic P-T results. The resolution of these aspects is of fundamental importance to the 

understanding of the tectonometamorphic evolution of the Himalayas. Further, it is crucial to 

deliberate over the possible mechanical and dynamic processes behind the existence of the 

metamorphic field gradient.  

Purpose of the chapter 5 is inclined towards the understanding of deformation kinematics of the 

rocks within a continental scale shear zone known as Main Central Trust Zone (MCTZ). The major 

concern of the study is to elucidate the microstructural variation as a function of strain localization 

processes and other controlling factors. More specifically, quartzofeldspathic gneiss with 

mylonitic fabric were subjected to the EBSD analysis for explaining the deformational behavior 

of quartz grains in quartz rich domain as well as in polyphase domain of mylonites. Lattice 

preferred orientation (LPO) fabrics of quartz grains were obtained to observe the way how slip 

system activity of quartz grains and symmetry of CPO changes across the MCT. Furthermore, this 

research intends to quantify the CPO fabrics by means of eigenvectors of orientation data acquired 

from different domains of mylonites and to correlate the trend of change with different factors like 

strain intensification, effect of temperature , role of water content and presence of other associated 

mineral phases within a ductile shear zone.  
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2.1. Cenozoic Sub-Himalayan (SH) foreland belt 

In Kumaun, Subhimalayan rocks (Figure 2.2) are composed of coarsening-upward, Neogene 

sedimentary rocks (~6.0 km thick; Najman, 2006; Ravikant et al., 2011) that were shed from the 

adjacent growing Himalayan thrust belt (DeCelles et al., 1998; Kumar et al., 2004). Within the 

Subhimalayan zone, the Siwalik Group  is informally divided into lower, middle, and upper units 

(DeCelles et al., 1998, 2001, 2002). The lower Siwalik unit , deposited between 13 and 11 Ma 

(Kumar et al., 2004; Ravikant et al., 2011), is an ~1500-m-thick succession of alternating 

sandstone and mudstone. The middle Siwalik unit , deposited between 11 and 4.5 Ma (Kumar et 

al., 2004), is a >2300-m-thick, vertically and laterally stacked sandstone complex. The upper 

Siwalik unit, deposited between 4.5 and 1 Ma (Kumar et al., 2004), is a ~2300-m-thick succession 

of bedded conglomerate with lenticular bodies of sandstone and rare mudstone. Pre-Siwalik Group 

foreland basin units (e.g., Subathu/Bhainskati, Dagshai-Kasauli/Dumri Formations) crop out 

intermittently in the hanging wall and footwall of the Main Boundary thrust (Mukhopadhyay and 

Mishra, 2005; Robinson et al., 2006; Mishra and Mukhopadhyay, 2012). In eastern Kumaun, the 

lower Siwalik  unit, as well as Neogene pre-Siwalik foreland basin strata (Lugad Gad Formation; 

Fig. 3B; Rupke, 1974), crop out between the Main Frontal thrust and Main Boundary thrust (Figure 

2.2) in the Subhimalayan thrust system as three thrust sheets: the Main Frontal thrust sheet, an 

unnamed sheet, and the Main Dun thrust sheet. The Main Frontal thrust sheet is ~2900 m thick 

and contains a mudstone-sandstone sequence, including paleosols, of the lower Siwalik unit and 

the thickly bedded gray sandstone of the middle Siwalik unit. The basal part of the overlying Main 

Dun thrust sheet contains ~300 m of pale-green, biotite-rich sandstone of the Lugad Gad Formation 

(Rupke, 1974; Karunakaran and Rao, 1979), which is equivalent to the early Miocene Dumri 

Formation of western Nepal and Kasauli/upper Dharamsala Formation of Himachal Pradesh 

(Najman, 2006). Lugad Gad sandstone has prolifc paleosol horizons, ripples, and high biotite 

content, which are nearly absent in the overlying Siwalik sandstone. The Lugad Gad Formation is 

overlain by mudstone-dominated lower Siwalik Group rocks in the Main Dun thrust sheet (Mandal 

et al., 2019). 
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2.2. Lesser Himalaya 

In India, the Lesser Himalayan sequence is composed of Paleoproterozoic to Cambrian igneous 

and metasedimentary rocks and is divided into two parts, Paleoproterozoic-Mesoproterozoic 

Lesser Himalayan rocks (1900-1600 Ma) and Neoproterozoic Lesser Himalayan rocks (1100-500 

Figure 2.1. (a) Generalized geological map of Garhwal and Kumaun Himalaya with different tectonic units 
(after Célérier et al., 2009). The location of this part of the Himalaya is shown in Figure 1.1b. Black solid 
rectangle displays the study area shown in Figure 3.1a. Black dashed line (AB) is a section line for the cross 
section below. Red dashed line (CD) is drawn to produce a tectono-stratigraphy shown in Figure 2.2. (b) A 
schematic cross section through the Kumaun Himalaya (after Célérier et al., 2009). Thrust fault in the section 
are MBT- Main Boundary Thrust, RT- Ramgarh Thrust, TT- Tons Thrust, BT- Berinag Thrust, MT - Munsiari 
Thrust, VT - Vaikrita Thrust, STD - Southern Tibetan Detachment, MHT- Main Himalayan Thrust.  
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planar fabrics strikes from NW-SE to E-W (Fig. 3.1a, b), while the linear fabrics like the stretching 

lineation shows broadly N-S orientation (Figure 3.1b). Such rotation of strikes conforms the 

presence of large-scale orogen perpendicular cross fold (F4) similar to the eastern Himalaya 

(Figure 3.4g) (Ghosh, 2017). In some places, the earlier F2 recumbent folds become reclined due 

to the superposition of the F4 folds. Such a diverse orientation of different generations of folds are 

predicted to form due to superimposition of orogen-parallel E-W and orogen-across N-S tending 

buckle folds (Bose et al., 2014; Ghosh, 2017). 

3.4. Microstructures  

An overall lithological variation and characteristic microstructures of the study area can be 

observed through the microphotographs (figure 3.6, 3.7 & 3.8). Mylonitic granitic gneiss is 

dominated by the presence of feldspar porphyroclast where fine grained matrix aggregates form a 

network of shear bands (Figure 3.6b). Metapelites contain large porphyroblast of snowball garnets 

with rotated trails of relatively fine grained inclusions merging to the main foliation (Sm) indicating 

syntectonic growth of garnets (Figure 3.7k, l). Orientation of micas and the microlithons of quartz-

feldspar aggregate define a pervasive disjunctive foliation. Some garnet grew over the main 

foliation suggesting post-tectonic growth (Figure 3.7 j). In the sample 1755, relict of pre-existing 

foliation (Sm-1) can also be observed with an angular relationship to the main foliation. Quartz 

grains in the microlithons has irregular grain boundary formed by the effect grain boundary 

migration recrystallization (GBM).  
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Figure 3.5. Representative mesoscopic structures present in the Munsiari formation (MCTZ). (i) Orogen 
transverse northerly plunging reclined fold (F2) in granitic gneiss. (j) Small scale tight folds formed in 
metapelitic schist as a result of top-to-the-South sense of shearing. (k) Normal fault  
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Figure 3.6. Representative microphotographs showing overall lithological variation and microstructures of the 
Munsiari formation (MCTZ). (a) Calcsilicate rock characterized by the presence of clinopyroxene; There is a 
sharp contact present in between coarse and fine grained fraction. (b) Mylonitic augen gneiss showing 
anastomosing spaced foliation; Sigmoidal porphyroclast of K-feldspar showing top-to-the-Southeast. (c) Highly 
schistose augen gneiss. (d) Microfaulting of K-feldspar porphyroclast represents the effect of top-to-the-
Southwest shearing. (e) Coarse grained marble. (f) Schistose impure green quartzite with chlorite aggregates 
forming spaced foliation. (g) Foliated metabasic rocks with elongated amphiboles defining schistosity. (h) 
Massive metabasic rock with minor modal abundance of quartz and feldspar. 
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Figure 3.7. Representative microphotographs showing lithological variation and microstructures of the 
Munsiari formation (MCTZ). (i) Garnet bearing metapellite shows folding of main foliation (Sm) (b) Folding 
incorporates to the development of axial planar cleavage mostly defined by the mica layers; Internal foliation 
(Si) within Garnet por phyroblast is concordant to the external foliation (Se) indicates post-tectonic growth of 
garnet. (k) Snowball Si pattern in garnet porphyroblast; Trace of pre-existing foliation (Sm-1) within 
microlithons (inset). (l) Syntectonic garnet porphyroblast. (m) Occurrence of acicular staurolite grains in 
metapelites. (n) Tourmaline bearing schistose leucogranite. 
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Figure 3.8. Microphotographs showing lithological variation and microstructures of the Vaikrita formation (L-
GHS). (a) Garnet bearing coarse grained paragneiss. (b) Coarse bladed aggregate of kyanite in paragneiss. (c) 
& (d) Garnet bearing samples showing the occurrence of calc-silicate mineral such as epidote and zoisite. (e) 
Tourmaline bearing less deformed leucogranite. 
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Garhwal region of India (Figure 4.1a) by combining structural field mapping and thermobarometry 

along the transects perpendicular to the strike of the orogen.  

4.2. Sample description 

The study area is comprised of medium to high grade of metamorphic rocks (greenschist to lower 

amphibolite facies) which are included in two stratigraphic formations. Munsiari formation, a 

footwall block of the MCT belonging to the MCTZ, mostly exhibits mylonitic orthogneiss, 

metapellites, calcsilicate rocks along with some disseminated bodies of schistose and massive 

Figure 4.1. (a) Tectono-metamorphic map of the research area in the Western Himalaya. Samples for 
petrography and geochemical analysis are shown in the map; (b) The Simplified cross-section as illustrated 
along an orogen transverse line (A-B) is outlined by the sample locations and symbols representing 
apparent dip of general attitude of main foliation plane (Sm). 
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metabasic rocks, marbles and schistose leucogranites. Foliated metabasic rocks are conformable 

with surrounding schistose rocks. Hanging wall block of the MCT called as Vaikrita formation 

belonging to the L-GHS mainly consists of migmatitic paragneiss associated with calcsilicate 

rocks and intrusives of leucogranites. For a detailed metamorphic studies, an emphasis was given 

on garnet bearing metapellites and garnet-kyanite bearing migmatitic paragneiss.  

Petrographic studies were performed for 22 samples to determine the mineral assemblages of the 

study area and the microstructural relationships among the phases. Sampling has been done from 

three sections in the study area: Madhmaheswar Ganga river valley and Mandakini river valley. 

The majority of samples were taken from an orogen transverse road section along Madhmaheswar 

Ganga River valley. Twelve samples of garnet bearing schists and gneisses were selected for the 

thermobarometric analysis. In order to understand the P-T conditions of studied metamorphic 

rocks, Six samples of garnet bearing metapellites from Munsiari formation (LHCS) and another 

six samples of garnet-kyanite bearing paragneiss (coarse grained) from lower GHS were chosen. 

In addition, nine metabasic rocks belonging to the MCTZ was also subjected to evaluate the 

metamorphic conditions in contrast to that of pelitic and gneissic suits of rocks. 

4.3. Methodology 

Thin sections were prepared by cutting the samples along the plane which is parallel to the dip 

direction and perpendicular to the foliation. Final stages of polishing of thin sections were done by 

using 3 and 1 mm diamond paste to make the samples suitable for geochemical analysis. Samples 

were firstly examined using optical microscope for identifying the mineral phases along with the 

microstructural characterization. Mineral abbreviations used in the text and the figures were taken 

after Whitney and Evans  (2010).  

4.3.1. Geochemical studies 

Preliminary approach 

After deciding the domains by optical microscopy, JEOL JSM-5310 scanning electron microscope 

(SEM) at Hokkaido University was used with the help of an Oxford Energy 200 with LINK ISIS 

system. 15 kV accelerating voltage and 1 nA beam current was selected for the analysis. Semi-
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quantitative electron-dispersive spectroscopy (EDS) analysis was carried out to obtain an overall 

idea of chemical heterogeneity, thereby knowing the equilibrium mineral assemblages. In 

particular, the importance has been given to identify the retrograde rim of garnet, inclusion phases 

within garnet porphyroblast and some other major and accessory mineral phases of matrix. Back 

scatter electron (BSE) images were taken to exhibit the mineral assemblages and textural 

relationships distinctly. Therefore, this method assisted to select the areas of interest for detailed 

quantitative analysis.                                                                      

Quantitative analysis - Mineral chemistry 

Mineral compositions for thermobarometric analysis were acquired from Electron probe micro-

analyzer (EPMA) installed at three different laboratories. Major geochemical analysis was carried 

out at Hokkaido University, Sapporo with JEOL-8800R EPMA, accompanied by some more 

analysis using CAMECA SXFive EPMA at DST-SERB National Facility, Department of 

Geology, Banaras Hindu University, Varanasi and JEOL JXA-8230 EPMA at Okayama University 

of Science, Okayama. At Hokkaido University, the applied acceleration voltage and beam current 

for spot analysis were 15 kV and 20 nA with beam size of 1 µm for garnet, plagioclase, chloritoid, 

ilmenite and amphiboles. We had to reduce the beam current (12 nA) and increase the beam size 

(5-10 µm) for mica group of minerals. It took ~3 min to complete each point analysis. The 

calibration was done using natural mineral standards including orthoclase (for K and Si), jadeite 

(Na), wollastonite (Ca), periclase (Mg), hematite (Fe), corundum (Al), rhodonite (Mn) and 

chromite (Cr). Wavelength-dispersive spectrometers with TAP (Mg, Na, Al, Si), LIFH (Mn, Fe, 

Ni) and PET (Ca, K, Ti, Cr) crystals were deployed for the quantification. The intermediate phase 

of experimental work was carried out on the Electron Probe Micro Analyzer (EPMA) CAMECA 

SXFive instrument at DST-SERB National Facility, Deparment of Geology (Center of Advanced 

Study), Insititue of Science, Banaras Hindu University. Polished thin section were coated with 20 

nm thin layer of carbon for electron probe micro analyses using LEICA-EM ACE200 instrument. 

The CAMECA SXFive instrument was operated by SXFive Software at a voltage of 15 kV and 

current 10, 12, 30 and 100 nA with a LaB6 source in the electron gun for generation of electron 

beam. Natural silicate mineral andardite as internal standard used to verify positions of crystals 

(SP1-TAP/LiF, SP2-LiF/PC3, SP3-LPET, SP4-TAP and SP5-PET) with respect to corresponding 

wavelenght dispersive (WD) spectrometers (SP#) in CAMECA SX-Five instrument. The 
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most sample in L-GHS; UM17129) were applied. Absolute error for Holdaway (2000) calibration 

was estimated as ± 25°C whereas Martin et al., (2009) estimated relative error as ± 35°C. Precision 

of the Ti-in-biotite geothermometer is estimated to be ±24 °C at the lower temperature range and 

improves to ±12 °C at higher temperatures. The random error of this thermometer is estimated to 

be of ±65 °C. A revised Garnet-biotite-muscovite-plagioclase (GBMP) barometer of Wu, 2015 

was considered to be effective for determining metamorphic pressures for all samples. We used 

garnet-biotite-Al 2SiO5-quartz (GBAQ) barometer calibrated by Wu (2017) for two structurally 

higher most samples with kyanite (UM17129 & UM17119). The total error of the GBMP 

barometer was evaluated to be about ±1.2 kbar whereas the random error of the GBAQ 

geobarometer was determined to be around ±1.8 kbar.  

Lastly, the average P-T method guided by a thermobarometric software THERMOCALC 3.33, 

with the updated Holland and Powell [1998] data set (tc-ds55. txt), was also used to determine 

peak metamorphic condition from the thermodynamic data [Powell and Holland, 1994]. 

Furthermore, amphibole-plagioclase thermometer of Holland & Blundy (1994) and a revised 

barometric calibration of Molina et al., (2015) were applied for metabasic rocks. Two garnet-

amphibole bearing gneiss belonging to L-GHS and one from the MCTZ were found to be used for 

hornblende-garnet thermometer of Ravna (2000).  

Analytical strategies to select mineral phases and locations for EPMA analysis 

For the case of MCTZ garnets with growth zoning unaffected by retrograde reaction, nearest rim 

composition of garnets were taken into consideration along with the compositions of biotite, 

muscovite and plagioclase as close to the garnet as possible. Caution must be taken on the basis of 

textural observations to avoid the rim composition affected by retrograde net transfer reaction. In 

order to minimize the effect of retrograde reaction, the compositions of biotite, muscovite and 

plagioclase are selected to be distal to the garnet grain with retrograde rim. On the other hand, L-

GHS garnets are characterized by flat diffusional zoning profile with retrograde rim. In this 

situation, for estimating peak metamorphic condition, core composition with minimum XFe (= 

Fe/Fe+Mg) were used in addition to the composition of equilibrium matrix phases distal to the 

garnet crystal. However, in the case of garnets with flat zoning profile, it is also essential to 

consider the large garnets to avoid the probability of resetting of core compositions during 
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These garnets are associated with the matrix phases such as biotite, muscovite, quartz, ilmenite 

and accessory tourmaline, apatite, epidote and allanite. Shape preferred orientation of muscovite, 

biotite and ilmenite define the main foliation (Sm) of this sample. This type of foliation can be 

classified as a disjunctive foliation where closely spaced microlithons are dominated by quartz 

grains. Microlithons are also occupied by obliquely oriented mica flakes which are thought to be 

a remnant of earlier foliation (Sm-1). Whereas, some fractions of older foliation (Sm-1) are folded 

(Figure 3.7k). Plagioclase is absent in this sample. Chlorites are found as a retrograde product near 

garnet rim and along some biotite flakes (Figure 4.2d). Inclusion phases in garnet include quartz, 

ilmenite, muscovite, apatite, epidote, allanite and cordierite. Sinusoidal inclusion trail (Si) are 

mostly defined by stretched ilmenite and quartz. The garnet porphyroblasts are warped by the main 

foliation (Sm), which is discontinuous with the internal foliation (Si). Hence, it could be interpreted 

as an intertectonic porphyroblasts since garnets overgrew the earlier foliation, but truncated by the 

external foliation (Se, Passchier & Trouw, 2005).  

Sample UM1757: assemblage of grt-chl-cld-bt-ms-pl-qz-ilm-aln 

This sample is a medium-grained pelitic schist comprised of muscovite, chlorite, chloritoid, 

plagioclase, biotite and quartz (Figure 4.2c and d). Main foliation (Sm) is mostly defined by the 

shape preferred orientation of muscovite, chlorite and minor amount of biotite and ilmenite. 

Chloritoid laths are also orientated parallel to Sm. These foliation planes are generally segregated 

by discontinuous quartzo-feldspathic domains constructing anastomosing disjunctive foliation 

networks. Garnet porphyoroblasts upto 1mm in diameter are wrapped by Sm. Concordant 

relationship between Si and Sm could suggest syntectectonic growth history. Resorption of garnet 

occurred along the fracture by producing muscovite and quartz (Figure 4.2c). Some retrograde 

chloritoid oriented oblique to Sm, are present along the rim and fracture of garnet porphyroblasts 

(Figure 4.2c). Late stage chlorite flakes are found along with biotite flakes whereas some are found 

to be oblique to Sm. Late generation phases also include coarse muscovite grains grown at the 

expense of quartzo-feldspathic fraction (Figure 4.2d). Presence of prograde (2) and retrograde (3, 

4) chloritoid can be explained by the following reactions (Spear, 1993).  

Fe-chlorite + muscovite = Fe-chloritoid+annite+quartz+H2O (2) 
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Figure 4.2. Representative microstructures of the metamorphic rocks from the Munsiari formation (MCTZ).  
(a) BSE image showing spiral inclusion trails in garnet porphyroblast wrapped by the main foliation defined 
by muscovite and ilmenite. Inclusions of epidote and alanite are shown in the inset. (b) Replacement of garnet 
and biotite by chlorite as a result of retrograde reaction. (c) Garnet porphyroblast is embedded in the matrix 
phases composed of muscovite-biotite-chloritoid -chlorite-ilmenite. (d) Porphyroblast of muscovite surrounded 
by chloritoid -chlorite-plagioclase-ilmenite. (e) Elongated staurolite aligned with biotite. (f) Garnet 
porphyroblasts with sinusoidal inclusion trails formed by ilmenite, quartz, epidote and minor plagioclase. 
Garnet rim is inclusion free and completely surrounded by chlorite. (g) BSE image showing the presence 
muscovite and paragonite in the main foliation. The inset shows zoned matrix allanite. (h) Spiral inclusion trails 
in garnet porphyroblast, defined by the orientation of ilmenite. The inset shows composite inclusion comprised 
of staurolite-muscovite-chlorite-ilmenite. 
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(Figure 4.2h). Garnet porphyroblasts (upto 1.5mm in diameter) are embedded within the muscovite 

layers and surrounded by biotite. Biotite is present along the edges of garnet as well as discrete 

flakes within the strain shadow around garnet and the main foliation domain. Chlorite forms as a 

result of late stage retrograde process. Plagioclase is rare in this sample. Spiral pattern of ilmenite 

inclusions as an internal foliation (Si) within garnet is continuous to the external foliation which 

suggests syntectonic growth of garnet. Garnet also contains a composite inclusion made up of 

polymineralic mineral phases showing assemblage of muscovite, chlorite, ilmenite and staurolite. 

Inclusions of cordierite and monazite are present in the garnet.  

Sample UM1326: assemblage of grt-chl-ms- pl-qz-ilm-tur 

This rock represents the metamorphic signature of the structurally highest part in the MCTZ 

(Figure 4.3i). It is a fine grained rock with relatively higher modal abundance of quartz. A 

continuous foliation (Sm) is developed by the presence of biotite-muscovite flakes and fibrous 

chlorite. Plagioclase is less abundant in the matrix. Garnet porphyroblasts are relatively smaller 

with up to 0.4 mm in diameter. Inclusions of quartz define the internal foliation (Si) which is not 

continuous with Sm. Thus, the garnet porphyroblasts could be interpreted as intertectonic 

porphyroblasts. Minor amount of tourmaline is present in the matrix.  

Mylonitic orthogneiss 

Sample UM1306: assemblage of qz-pl-bt-ep with fsp porphyroclasts, myrmekites and oxides 

This sample is a medium to coarse grained augen orthogneiss exhibiting well-developed foliation 

defined mostly by the alignment of biotite (Figure 4.3j and k). The sample includes quartz, 

plagioclase, K-feldspar, biotite, epidote along with accessory Fe-oxides. Majority of 

porphyroclasts are dominated by K-feldspar with albite lamellae (perthitic texture) and Carlsbad 

twinning. Plagioclase phenocrysts containin muscovite formed by sericitization process. 

Leucocratic part of matrix is primarily composed of quartz showing the signature of dynamic 

recrystallization by subgrain rotation recrystallization (SGR, Passchier & Trouw, 2005). Quartz 

also occurs as a vermicular intergrowth in plagioclase which is collectively known as myrmekite 

(Sederholm, 1899). Larger quartz clasts are characterized by undulose extinction. Epidote 
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occurrence within biotite flakes possibly means metasomatic biotite replacement by epidote 

(Figure 4.2b). This replacement can be explained by the following reaction (7). 

biotite+plagioclase+quartz+H2O+O2+Ca2+ = epidote+K-feldspar+H+ (Wintsch et al., 2005) (7) 

Marble 

Sample1431: assemblage of cal-aug-Kfs-pl-qz-zo 

This sample is a coarse-grained impure marble mainly composed coarse calcite (Figure 4.3l and 

m). Many mineral phases such as K-feldspar, augite, plagioclase, and quartz are found within 

calcite aggregates. Plagioclase includes several zoisite inclusions. These inclusions are found to 

be surrounded by the intergrowth of albitic domain in that host plagioclase (Figure 4.3m). 

Sample1425: assemblage of cal-di-qz-pl 

This is another sample of impure marble with bimodal grain size distribution of calcite (Figure 

4.3n). Cacite is only the dominant phase in coarse-grained domain associated with minor fraction 

of diposide. Whereas, fine-grained region is interlayered within the coarse-grained domain and it 

is rather a polyphase mixture constituted by calcite, quartz, diopside and plagioclase.  

4.4.2. Lower GHS samples 
 

Pelitic gneiss 

Sample UM1325: assemblage of grt-bt-ms-pl-qz-ilm-aln-ap 

This sample is a migmatitic metapellites from the immediate hanging wall of the MCT, which 

marks structurally lowermost unit of GHS (Figure 4.4a and b). Grain size is much larger than that 

of the Munsiari formation rocks. This rock contains the assemblage of garnet, biotite, muscovite, 

plagioclase, quartz and ilmenite, apatite, allanite as accessories. The main foliation is formed by 

coarse grained muscovite layers depicting the nature of anastomosing disjunctive foliation 

(Passchier & Trouw, 2005). Fine grained biotite flakes are dispersed into the quartzo- feldspathic 

domains. It is found that garnet porphyroblasts (up to 2.5 mm in diameter) are mostly associated 
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with quartzo-feldspathic aggregates. Unlike the MCTZ garnet porphyroblast, inclusions in L-GHS 

garnets are randomly orientated throughout the crystal. Inclusion phases show the occurrence of 

quartz, apatite, allanite, zircon and minor ilmenite where allanite exhibits patchy zonation of 

cerium (Ce). 

Figure 4.3. Representative microstructures of the metamorphic rocks from the Munsiari Formation (MCTZ).  
(i)  garnet-bearing metapelite from the upper part of Munsiari Formation; (j) orthogneiss showing the presence 
of feldspar porphyroclast and well-developed mylonitic foliation; (k) biotite flakes in the mylonitic foliation 
associated with epidote; (l) marble containing augite, plagioclase and K-feldspar; (m) plagioclase with 
inclusions of zoisite, showing patchy zonation; (n) marble consisting of diopside, plagioclase and K-feldspar. 
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