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ABSTRACT

The study is mainly focused on lithostratigraphy, petrography and geological structures to decipher the metamorphic
facies and metamorphic history of the Khudi-Tal area along the Marsyangdi Valley, west central Nepal. Geological
mapping was carried out covering 142 sq. km, on the scale of 1:50000. The Main Central Thrust (MCT) separates
lithological succession of the Lesser Himalaya and Higher Himalaya around Bahundanda, Probhi and Naiche of the
Khudi-Tal area. Lithological succession is dominated by metapelitic to psammatic schist, siliceous to dolomitic marble,
quartzites, graphitic to garnet schist, kyanite garnet gneiss and banded gneiss from south to north. The kyanite isograd
follow the MCT separating Kyanite zone with mineral assemblages Ky+Grt+Qtz+Ms+Bt+Pl of the Higher Himalaya
and Garnet zone as Grt+Bt+Ms+Chl+K-Fel+P1+Qtz in pelitic rocks, Bt+Ms+Chl+Plag+Qtz in psammatic rocks and Cal/
Dol+Qtz+P1+Bt+Ms in calcareous rock of the Lesser Himalaya. Based on the mineral assemblages, the Higher Himalaya
belongs to Amphibolite Facies whereas the Lesser Himalaya belongs to Epidote-Amphibolite Facies. The lithological
succession of the Higher and the Lesser Himalaya has undergone poly-phase metamorphism. In the Lesser Himalayan
zone rocks, the regional burial metamorphism M, (pre-MCT/ eo-Himalayan) is followed by barrovian type garnet grade
inverted metamorphism M, and later post-MCT retrogressive metamorphism M.. In the Higher Himalaya rocks, the
early phase kyanite bearing medium temperature/ high pressure regional prograde metamorphism M, (pre-MCT/ eo-
Himalayan) is followed by barrovian type inverted metamorphism M, (syn-MCT/ neo-Himalayan) and over printed by

later phase retrogressive metamorphism M, (post-MCT).
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INTRODUCTION

During early Tertiary, the continental collision between
the Indian and Eurasian plates results the formation of the
Himalaya by N-S compression, forming various geological
structures like thrusts and strike slip and normal fault system
(Gansser, 1964; Molnar and Tapponnier, 1975; Tapponier et
al., 1986; Valdiya, 1980). These faults are termed as the South
Tibetan Detachment Fault System (STDS), Main Central
Thrust (MCT), Main Boundary Thrust (MBT) and Himalayan
Frontal Thrust (HFT) from north to south respectively. These
faults divided the overall Himalaya in to four tectonic divisions
as the Tibetan Tethys, Higher Himalaya, Lesser Himalaya and
Sub Himalaya (Siwalik) respectively (Gansser, 1964).

The research in the Lesser and Higher Himalaya are mainly
focused in geological evolution, tectonics, petrography,
micro-tectonics, metamorphism, structural studies and
geochronology (Gansser, 1964; Le Fort, 1975; Pécher, 1977;
Stocklin and Bhattarai, 1977; Colchen et al., 1986, 1980;
Stocklin, 1980; Arita, 1983; Hodges et al., 1988, 1996;
Harrison et al., 1997; Paudel and Arita, 2000; Catlos et al.,
2001; Avouac, 2003; Gehrels et al., 2003; Martin et al., 2005;
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Pearson and DeCelles, 2005; Wobus et al., 2005; Bollinger et
al., 2006; Kohn, 2008; Searle et al., 2008; Corrie and Kohn,
2011; Paudyal and Paudel, 2011; Nadin and Martin, 2012;
Khanal and Robinson, 2013; Godard et al., 2014; Dhital,
2015). The Higher Himalaya of Western Nepal consists of
Mesoproterozoic to Early Palacozoic medium to high-grade
metasedimentary rocks and crustal melts (Parrish and Hodges,
1996). The Higher Himalaya is bounded by brittle-ductile
shear zone as MCT Zone to the south (Arita, 1983) and the
South Tibetan Detachment System on the north (Le Fort, 1975;
Searle et al., 2008; Searle, 2010). The brittle-ductile shear zone
is considered equivalent to Nawakot Complex of the Lesser
Himalaya (Stocklin, 1980) It is characterized by metapelites,
massive quartzites, marbles, metacarbonates and schists
followed by kyanite to sillimanite-grade schists, paragneisses
and migmatites in upper section (Colchen et al., 1986; Hodges
et al., 1996; Larson and Godin, 2009; Le Fort, 1975). To the
south, the Lesser Himalaya consists of low to medium grade
metasedimentary and metavolcanic rocks of Mesoproterozoic
(?) to lower Eocene age (Parrish and Hodges, 1995; Stocklin,
1980). It is overlain by Late Palacozoic and Early Tertiary
sediments of the Gondwana sequences (Sakai, 1983) and high-
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grade rocks of the Higher Himalaya overthrusted along the
MCT, resulting a thick ductile shear zone (MCT zone) at 22+20
Ma (Schelling and Arita, 1991; Hubbard and Harrision, 1989).
The Higher Himalaya and Lesser Himalaya of the central
Nepal has undergone polyphase of metamorphism (Le Fort,
1975; Arita, 1983; 1992; Hodges et al., 1994; Paudel, 2000).
Accordingly, in the Lesser and Higher Himalaya of central
Nepal, multistage of the metamorphic events, petrography,
metamorphic facies and zonation have been reported from
Kaligandaki Khola, Modi Khola and Darondi River (Hodges et
al., 1988; Le Fort, 1996; Rai et al., 2005; Vanney and Hodges,
1996, Paudel and Arita, 2000). They have also reported the
numerous of deformation phases, caused during episodes of
metamorphic events in different time. Also, they mentioned
events of metamorphism as the earlier high T/ high P kyanite
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grade Barrovian type metamorphism (Eo-Himalayan) followed
by lower P/ high sillimanite grade metamorphism (Neo-
Himalayan) in the Higher Himalaya and burial type prograde
regional metamorphism (Eo-Himalayan) followed by garnet
grade inverted metamorphism (Neo-Himalayan) in the Lesser
Himalaya which in turn are over overprinted by the retrograde
phase metamorphism. However, most of the rock succession of
the Lesser Himalaya and the Higher Himalaya are mapped and
studied in the regional scale (Parson et al., 2016; Searle and
Godin, 2003). The present study focuses on lithostratigraphy
based geological mapping, petrography, location of the MCT
separating the two zones, and metamorphism of the rock
succession of the Lesser and Higher Himalaya of the Khudi-
Tal area along Marsyangdi Valley (Fig. 1).
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Fig. 1: Geological map of Nepal showing location of the study area (modified after Amatya and Jnawali, 1994).

METHODOLOGY

In this research, the topographic map of Bahundanda (sheet
No. 2884 10) was used as base map, published by Department
of Survey, Government of Nepal 1998 on scale of 1:50,000.
In field, all the mappable lithological units were mapped with
their attitudes and observed in detail concerning geological
structures, metamorphism and mineral resources from all
possible routes like road section, foot trail and valley. The final
geological map was prepared with the stratigraphy following
the international stratigraphic code. 45 thin sections were
prepared from oriented representative samples taken during
the traverse in field for the petrographic analysis in laboratory
of the Central Department of Geology, Tribhuvan University.
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Geological map, geological cross section, isograd map and
generalized columnar section were prepared with help of
ArcGIS 10.5 (student version) and Corel Draw X7.

LITHOSTRATIGRAPHY

In this study, litho-units of the Lesser Himalaya and Higher
Himalaya along the Marsyangdi Khola are classified following
the lithostratigraphy of Colchen et al., (1980) and Stocklin
and Bhattarai (1980) which are further classified into different
distinct mappable litho type. Lithostratigraphically, the Khudi-
Tal area has been divided into two lithological successions as
the Higher Himalaya and the Lesser Himalaya, separated by
the Main Central Thrust (Figs. 2, 3).
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Fig. 2: Geological map and cross section of the study area. The Kyanite isograd concides with the MCT in the map.
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Lesser Himalaya

Pelitic Schist

Pelitic Schist is well exposed around Simalchaur, Bandre and
Latephat area (Fig. 2). It is the lowermost unit in present study
that comprises the light grey, fine to medium grained, thinly
foliated phyllite to greenish grey biotite chlorite schist with
occasional occurrence of garnet (Fig. 4a). The well-developed
lineation is defined by the preferred alignment of biotite grains
that trends towards NNE to SSW direction. It is overlain by
the micaceous quartzite of White Quartzite and Schist with the
gradational contact.

White Quartzite and Schist

It is well exposed in west of Pallotari, Bhulbhule, Nandeswora
and western part of Tarache village (Fig. 2). It is characterized
by thick bands (50m) of white, thin to medium bedded,
medium grained micaceous quartzite at the bottom, followed
by alteration of white to bluish grey, thin to thickly bedded
(2 mm to 32 mm), fine to medium grey quartzite, light grey,
thinly foliated, medium grained pelitic schist and dark green,
massive (100 m thick), strongly foliated, medium to coarse
grained amphibolite to actinolite-tremolite schist. The mineral
composition of this formation is represented by quartz,
feldspar, hornblende, actinolite, biotite and muscovite. The
dolomitic marble of Metacarbonates transitionally overlies the
rock sequences of White Quartzite and Schist.

Metacarbonates

It is well exposed around Bhulbhule, Bhumse and Thranche
area. However, it completely disappears along Khudi Khola
section (Fig. 2). It compromises the bluish grey, thick bedded
to massive, siliceous nature, medium to coarse grained
dolomitic marble with thin bands of white, coarsely crystalline
siliceous marble. The rocks of the Metacarbonates are overlain
by the rocks of the Graphitic Schit without distinct geological
boundary as it is cover with the recent deposit.

Graphitic Schist

It is exposed in Bhusme, Rintan, NadiBajar in the eastern part,
Chhaharekhola and Ghimrun, Goptegaun and Sobje village. It
compromises the dark grey colored, slightly weathered slate,
fine grained, thick succession (> 150 m) of coaly black phyllite
with slaty cleavage in the left bank of the Chhaharekhola, light
grey phyllite and calcareous horizon with medium grained
schist in the upper part of the succession. It gradually passes
into the rock sequences of White Quartzite and Garnet schist
with sheard exposures.

White Quartzite and Garnet Schist

It is exposed around Nagdi Khola, Khudi Khola, Sabje village
area. It overlies the calcareous horizon bed of Graphitic
Schist with highly sheared zone. It is characterized by thin
inter banding of medium grained pelitic schist and medium
grained micaceous white quartzites. The garnet (upto 1.2 cm)
is common in pelitic schist at the lower part however the upper
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part consists of thickly foliated, highly deformed garnet schist
with rare intercalation of grey quartzite. It is the uppermost
section of the rock sequences of Lesser Himalaya along
which the rock sequences of the Higher Himalaya are thrusted
through the MCT.

Higher Himalaya Zone

In the present study, the Higher Himalaya is characterized
by five lithological units as Kyanite Gneiss, Banded Gneiss
and Quartzite, Banded Gneiss I, Kyanite-Garnet Gneiss and
Banded Gneiss II, based on distinct litho-type and mineral
association from lower section to upper section respectively.

Kyanite Gneiss

It is the lowermost litho-unit of the Higher Himalaya in
the Marsyangdi Khola section and well exposed around
Bahundanda, Lillibhir, Badalbidaune and Naiche area (Fig. 2).
It comprises the monotonous succession of light grey, coarse to
very coarse grained, thickly bedded paragneiss with abundant
of kyanite blades and garnet. The major mineralogical
compositions of this unit are muscovite, biotite, quartz, garnet
and kyanite. The garnet is reddish brown in color with size
range from mm to 8 mm. The light to dark blue, kyanites (1.5 to
3 cm, along long axis) are fractured, bent, lineated and oriented
along the foliation. The total thickness of this unit is 1015 m.

Banded Gneiss and Quartzite

This unit is well exposed around Ghermu village, Marsyangdi
valley and Nagdi valley (Fig. 2). It conformably overlies the
Kyanite Gniess by the dominance of light-colored banded
gneiss with few proportions of coarsely crystalline quartzite
beds (Fig. 3). The unit is characterized by the garnet (up to
0.4 mm) bearing light grey colored, coarse grained paragneiss
at its lower part whereas dark colored, thin to thick bedded,
muscovite-biotite rich gneiss with segregated quartz lenses and
grey colored, coarsely crystalline, micaceous quartzite in its
upper part. The major mineralogical compositions of the unit
are garnet, muscovite, biotite, quartz and feldspar. The mica
size (0 to 8 mm) increases from lower to upper part of the
succession. The thickness of this unit is 1062 m.

Banded Gneiss 1

It is well exposed around Syage, Shreechau, Jittal and Dahare
area. It overlies the Banded Gneiss and Quartzite through
gradual contact and comprises the alternation of light grey
colored, medium to coarse grained, quartz rich paragneiss
and dark grey colored, muscovite-biotite rich paragneiss,
forming typical banding. The thickness of the quartz band
ranges from 1 mm to 1.4 cm. The banded gneiss consists of
distinct thin bands of leucocratic and melanocratic layers. The
major mineral compositions of this unit are muscovite, biotite,
plagioclase and quartz. The augen texture are developed due to
quartz segregations, ranges from mm to 22 cm. Characteristics
folded quartz veins, boudins and quartz pods are common in
banded gneiss. The total thickness of this unit is 1025 m.
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Kyanite-Garnet Gneiss

Kyanite-Garnet Gneiss is well exposed around Puranojagat,
Jagat and Chyamche village area. It overlies the Banded
Gneiss [ with gradual contact and marked by the appearance of
kyanite and pink colored garnet in augen gneiss. It consists of
alternation of quartz-feldspar rich gneiss and biotite rich dark
coarse grained, grey gneiss with abundance of pink garnet (upto
1.2 ecm) and kyanite blades (2.2 to 2.5 cm, along long axis). The
light to dark blue kyanites shows the lineated fabric and are
oriented along the foliation. The major mineral compositions
of this unit are kyanite, garnet, muscovite, biotite, plagioclase
and quartz. This unit passes to the Banded Gneiss II through
gradual contact.

Banded Gneiss I1

Banded Gneiss 1II is well exposed in Pune, Sattle, Gheran and
Tal village area along the Marsyangdi valley. It is uppermost
part of the study area and characterized by kyanite gneiss and
light colored dominated banded gneiss. The major mineral
composition is represented by kyanite, garnet, feldspar,
muscovite and quartz. The total thickness of this unit is 2370
m in the study area.

PETROGRAPHY

The thin sections of the oriented representative sample from
all the litho-type of study area were prepared for petrographic
study. This study is mainly focused on mineral paragenesis,
mineral fabric, mineral assemblages and micro structures. The
petrographic characteristics of the representative samples are
described below. The mineral abbreviations are after Kretz
(1983).

Petrographic study from Lesser Himalaya samples

Pelitic Schist

Sample No. ML5: The sample represents the green grey, thinly
foliated, biotite-chlorite schist. Its mineral assemblage under
the petrological microscope is Grt+Bt+Ms+CIl+P1+Qtz. The
overall modal composition of the sample is 24% Qtz, 6% P,
34% Ms, 24% Bt, 8% CI and others. The quartz grains are
subhedral to enhedral and mica minerals are elongated. The
one set of foliations is defined by the elongated mica minerals
and recrystallized equant quartz minerals (Fig. 4a).

White Quartzite and Schist

Sample No.5T3: The sample represents the thinly banded
micaceous quartzite (Fig. 4b). The mineral assemblages are
Ms+Bt+Qtz. The overall modal composition is estimated as
81% Qtz, 11% Bt, 8% Ms, 2% opaque. The quartz size varies
from 0.2 mm to 0.5 mm and biotite is up to 0.5 mm. The quartz
grain shows the undulatory extinction and triple grain boundary
junction indicating nearly equilibrium growth. The orientation
of elongated platy minerals shows one set of foliations.

Sample No. 5TI: The sample represents the actinolite
schist (Fig. 4c). The mineral assemblage of this sample is
Hbl+Tr+Act+P1+Qtz. The overall modal composition is 40%
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Hbl, 18% Act, 20% Tr, 14 % Qtz and 6% P1 and others (Fig.
4c). The sizes of the mineral grains are from medium to fine
grain as 0.02 to 0.44 Qtz and 0.01 mm to 1.25 Tr. The foliation
is defined by the parallel alignment of the minerals including
hornblende and tremolite indicating nematoblastic texture. The
hornblende mineral shows strongly green pleochroism and an
actinolite mineral has light green to yellow.

Metacarbonates

Sample No. 6T3: The sample represents the siliceous dolomite
(Fig. 4d). The mineral assemblages is Cal/Dol+Qtz+P1l+Bt+Ms.
The modal composition of the sample is 80% Dol/Cal, 6% Qtz,
5% Ms, 3% Bt, 12% PIl. The shape of the grain size of the
dolomite is subhedral to anhedral and feldspar is anhedral (Fig.
4d).

Graphitic Schist

Sample No. 4T9: The sample represents the dark grey to black
calcarcous schist (Fig. 4e). The mineral assemblages are
Grt+Ms+Bt+Cal+Qtz. The overall modal composition is 30%
Qtz, 35% mica, 35% calcite (Fig. 4e). The sample shows the
porphyroblast of garnet with the spiral inclusion of quartz and
calcite at lower left edge. The shape of the garnet is euhedral
to enhedral. The foliation is defined by the elongated mica
minerals.

Laminated White Quartzite and Garnet Schist

Sample No. 3TI: The sample represents the sample of
micaceous quartzite (Fig. 4f). The mineral assemblage present
is Dbiotite-muscovite-quartz. The modal compositions of
minerals are 83% Qtz, 7% Bt, 8% Ms and 2% voids. The size
of quartz grain ranges from 0.2 mm to 0.5 mm and biotite are
up to 0.24 mm (Fig. 4f). The one set of foliations is defined by
the oriented mica and elongated quartz.

Petrographic study from the Higher Himalaya Zone
samples

Kyanite Gneiss

Sample No. GM10: The sample represents the kyanite gneiss
(Fig. 5a). The mineral assemblages are Ky+ Ms+Bt+Qtz+Kfs.
The overall modal composition is 36% Qtz, 10 % Kfs, 27% B,
13% Ms, 6% Ky, 10% others (Fig. 5a). The kyanite size ranges
from 0.25 mm to 1.98 mm and mica size ranges from 0.15 mm
to 0.66 mm (along long axis). The zoned kyanite is observed.
The inclusion of mica is present in kyanite. The shape of the
kyanite is bladed, quartz mineral is sub-hedral to anhedral and
mica is platy.

Banded Gneiss and Quartzite

Sample No.GM13: The sample represents the banded gneiss
(Fig. 5b). The mineral assemblages are Ms+Bt+Pl+Or+Qtz.
The overall modal compostion is 35% Qtz, 5% Or, 10% PI,
30% Bt, 14% Ms, 6% Cl (Fig. 5b). The size of the minerals
grain ranges from 0.17 mm to 1.2 mm Bt, 0.07 mm to 12 mm
Qtz and 0.11 mm to 0.49 mm Ms. The undulatory extinction
in the quartz with biotite inclusion is observed. The zoning in
the biotite is seen.
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Fig. 4: (a) Photomicrograph showing the interlayering of mica and quartz in pelitic schist (Sample No. MLS5), (b) Photomicrograph
showing nearly equigranular quartz grains in micaceousquartzites (Sample No. 5T3), (¢c) Photomicrograph showing neunematoblastic
texture in actinolite schist (Sample No. 5T1), (d) Microphotograph showing twinning in calcite minerals in dolomite (Sample No. 6T3),
(e) Photomicrograph showing the pophyroblast of garnet with quartz inclusion (Sample No. 4T9), (f) Photomicrograph showing mica
in the white laminated quartzite (Sample No. 3T1). Abbreviations of minerals in alphabetic orders: Act: Actinolite, Bt: Biotite, Cl:
Chlorite, Dol: Dolomite, Grt: Garnet, Hbl: Hornblende, Ky: Kyanite, Or: Orthoclase, Tre: Tremolite.
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Fig. 5: (a) Photomicrograph showing the zoned kyanite with the inclusion of mica minerals (Sample No. GM10), (b) Photomicrograph
showing the preffered orientation of mica minerals in banded gneiss (Sample No. GM13), (c) Photomicrograph showing polysynthetic
twinning of plagioclase in gneiss (Sample No. GM17), (d) Photomicrograph showing the 3-set of orientation of mica minerals and
segregated quartz grain in gneiss (Sample No. GM19), (e) Photomicrograph showing the polysynthetic twinning plagioclase and garnet
in Kyanite garnet gneiss (Sample No. GM24), (f) Photomicrograph showing the alteration of garnet into biotite along the rims of garnet
grain in gneiss (Sample No. GM31). Abbreviations of minerals in alphabetic orders: Act: Actinolite, Bt: Biotite, Cl: Chlorite, Dol:
Dolomite, Grt: Garnet, Hbl: Hornblende, Ky: Kyanite, Or: Orthoclase, Tre: Tremolite.
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Banded Gneiss 1

Sample No. GM17: The sample represents the gneiss (Fig.
5¢). The mineral assemblages are Ms+Bt+P1+Qtz. The overall
modal composition is 37% Qtz, 30% P1, 20 % Bt, 13% Ms. The
size of the minerals grain ranges from 0.51 mm PIL, 0.74 mm
to 0.99 mm Qtz, 0.46 mm to 0.15 mm mica. The shape of the
quartz is sub-hedral to euhedral and mica is platy. The pressure
solution shows the indented contact between the adjacent
grains in thin section. The plagioclase shows the polysynthetic
twinning.

Sample No. GM19: The sample represents the gneiss with
segregation of quartz (Fig. 5d). The mineral assemblage in the
thin section is Ms+Bt+Qtz+Fel. The overall modal composition
is 35% Qtz, 30% Bt, 15% Fel, 20% Ms. (Fig. 5d). The mineral
grain size is Ms 0.4 mm, Qtz 0.39 mm, Bt 0.9 mm (long axis)
and 0.19 mm (short axis). The shape of quartz is sub-hedral
to anhedral. The three set of foliations is defined by the cross-
cutting relation of elongated muscovite at top left of the thin
section.

Kyanite-Garnet Gneiss

Sample No. GM24: The representative sample is of kyanite
gneiss (Fig. 5e). The mineral assemblage is defined as
Ky+Grt+Ms+Bt+P1+Qtz. The modal composition of sample is
34% Qtz, 20% mica, 46% Fel and others. The general shape of
the quartz is sub-hedral to anhedral, garnet is sub hedral and
mica is platy. Plagioclase shows polysynthetic twinning (Fig.
Se).

Banded Gneiss 11

Sample No. GM31: The representative sample consists
of banded gneiss (Fig. 5f). The mineral assemblages of
Ky+Grt+Pl+Or+Ms+Bt+Qtz. The overall modal composition
is 60% Qtz, 33% mica, 15% Fel, 2% others (Fig. 5f). Mostly,
the grain shape of the minerals is anhedral (quartz) to elongated
(mica) and the garnet shape is sub-hedral. In the thin section,
the garnet grain with top south sense of shear is observed.
The inclusion of biotite is seen in garnet. And the alteration of
garnet to the biotite can be seen along the rims of the garnet.
The size of the garnet range upto 0.72 mm, quartz is 0.48 mm
to 0.03 mm and mica is 0.14 mm to 0.01 mm.

METAMORPHISM
Metamorphic zonation

Two metamorphic zones as garnet zone in the south and kyanite
zone in the north separated kyanite isograd have been identified
based on the index mineral observed in field and petrography
of representative samples (Fig. 2). The kyanite isograd is
marked with the presence of kyanite as index minerals around
Bahundanda and Naiche village. However, it coincides with
MCT, separating kyanite zone from underlying garnet zone.
Kyanite zone covers the litho-units of the Higher Himalaya
as kyanite garnet gneiss to banded gneiss (Fig. 2, Table 1).
It is well observed in gneiss to banded gneiss of the Higher
Himalaya. The size of the kyanite ranges from 1.5 cm to 3 cm
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and well observed in hand sample and thin section (Fig. 5a).

Accordingly, the intensity of grade increases from garnet grade
in south to kyanite grade to north. The garnet isograd lies
around the Besisahar and Duwar of Lamjung District (Pokhrel,
2015). In present study, the garnet zone is exposed around Sera
village to the north upto Probi, Jimdu, Ghoptegaun and south
of Bahundanda (Fig. 2). It consists of lithological units of the
Lesser Himalaya as metapelitic to psammatic schist, siliceous
to dolomitic marble, quartzite, graphitic to garnet schist (Table
2). The garnet is well observed in pelitic and psammitic rocks
in both hand sample and thin section (Fig. 4). The size of the
garnet ranges from 0.4 cm to 1.2 cm in garnetiferous schist.

Metamorphic facies

Basedonthemineral zonationand mineralassemblages, the study
area belongs to two metamorphic facies as garnet grade epidote-
amphibolite facies of the Lesser Himalaya to kyanite grade
amphibolite facies of the Higher Himalaya (Ehlers and Blatt,
1999; Table 1). The mineral assemblage of epidote-amphibolite
facies is characterized by Grt+Bt+Ms+Chl+Kfs+Pl+Qtz in
pelitic rocks, Bt+Ms+Chl+P1+Qtz in Psammatic rocks and
Cal/Dol+Qtz+Pl+Bt+Ms in calcareous rock. Amphibolite
facies in pelitic rock is marked by the development of mineral
assemblage Ky+Grt+Bt+Qtz and Ky+Grt+Ms+Bt+Pl in
psammitic rocks (Table 1).

Poly-phase metamorphism

Based on various geological structures and deformation
observed in field and petrography, the study area has undergone
polyphase of metamorphism. Three metamorphic events have
been observed in the Higher Himalaya. The kyanite and
garnet rich litho-units suffered high Pressure/ low temperature
amphibolite facies Barrovian type prograde metamorphism
(eo-Himalayan/ pre-MCT) was the first event of metamorphism
M, (Fig. 5a). The second event of metamorphism M, (neo-
Himalayan/ syn-MCT) was evidenced by the spiral quartz
inclusion within the garnet (Fig. 4f), top to south sense of
indicator in asymmetric boudin (Fig. 5a) and NNE sense of
sharing indicated by the lineated kyanite and mica minerals.
It is due to the shearing and thrusting along the MCT during
upliftment (Staubli, 1989). The third event of metamorphism
M, (post-MCT) was the retrograde metamorphism evidenced
by alternation of garnet to biotite and biotite to chlorite along
the rims of the garnet (Fig. 5f) during exumation. Likewise,
the Lesser Himalaya zone first experienced the burial regional
metamorphism M (pre-MCT/eo-Himalayan) due to the
overlying succession, evidenced by one set of foliations (S,=S,)
below the MCT (Figs. 4a,b). It is followed by Barrovian type
garnet grade inverted metamorphism M, (neo-Metamorphism/
syn-MCT) as the present study area belongs to garnet zone
indicating the increase in metamorphic grade towards the
younger sequences instead of decreasing. Stratigraphically, the
biotite zone belongs to older sequences that lie in the lower
section whereas garnet zone in the upper section (Pokhrel,
2015). It is followed by late phase post-MCT retrogressive
metamor-hism evidenced by the alternation of garnet into
biotite along the rim of garnet grain (Fig. 6a,b).
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Table 1: Lithostratigraphy correlation of the present study with the other section of the Higher Himalaya.
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Table 2: Lithostratigraphy correlation of the present study with the other section of the Lesser Himalaya.

Age
Hashimoto et al. (1973) Stocklin (1980) Sakai (1985) Dhital et al. (2002) | Present Study (Stocklin and
Bhattarai, 1977)
U Laminated
pper : Quartzite and
éﬁiﬁiﬁ:ﬁ:ﬁ Nawakot Besriﬁzat Ramdighat Benighat | Garnet Schist | Mesoproterozoic(?)
Group Upper — -
Nawakot Graphitic Schist
) ) | SaidiKhola | Group
Midland Dhading | Kaligandaki | g poraigi Dhading -
Metasedimentary Dolomite Super Chappani Dolomite Metacarbonates | Mesoproterozoic (?)
Group Group
Argillaceous Lower .
Succession Nawakot Nourpul . Nourpul White .
Group Formation Virkot Lower Formation Quartzites and | Mesoproterozoic (?)
Nawakot Schist
Grouj
D?,rﬁi?ﬁ?:n Heklang P ;\Iggigggﬁ Pelitic Schist Paleoproterozoic

Fig. 6: (a) Photograph showing top to the south of shear in boudin in Higher Himalaya, (b) Photomicrograph showing the porphyritic
garnet alteration of garnet into biotite along the rims of garnet in in schist of White Laminated Quartzite and Garnet Schict of Lesser
Himalaya. Abbreviations of minerals in alphabetic orders: Act: Actinolite, Bt: Biotite, Cl: Chlorite, Dol: Dolomite, Grt: Garnet, Hbl:
Hornblende, Ky: Kyanite, Or: Orthoclase, Tre: Tremolite.
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DISCUSSION

Lithostratigraphy

The study area comprises the litho-units of the Lesser Himalaya
in the south and Higher Himalaya in the north, separated by the
MCT (Fig. 2, 3). The MCT is observed based on the distinct
change in lithology and metamorphic grade following Le Fort
(1974) and is equivalent to the MCT II (Arita, 1983), Upper
MCT (Poudel and Arita, 2002). The litho-units of the Higher
Himalaya of present study are correlated to the Formation I of
Le Fort (1975) (Table 1). Formation I of Le Fort (1975) begins
with kyanite garnet banded gneiss of pelitic to arenaceous
composition with segregated quartz and the kyanite-garnet
bearing banded gneiss occurrence in the uppermost part of the
succession. It is similar to the present litho units that consist
of the thick succession of kyanite-garnet bearing paragneiss
in its lowermost part. It is followed by two mica rich gneiss,
quartzites and banded gneiss with abundance segregated quartz
lenses with subordinate coarsely crystalline quartzite. And, the
alternation of light quartz rich to dark mica-rich banded gneiss
and white to dark grey kyanite-garnet paragneiss followed by
biotite poor banded gneiss and migmatites in the uppermost
part of the study areca. However, sillimanite was not observed
in present study.

From lower to upper section, the present litho-units of the
Lesser Himalaya zone represent five litho units as Pelitic
Schist, White Quartzite and Schist, Metacarbonates, Graphitic
Schist and White Quartzite and Garnet Schist (Fig. 2). Based
on the origin, distinct lithological characteristics, metamorphic
facies and structural similarities, these lithological successions
can be correlated with to the Nawakot Complex of Lesser
Himalaya (Larson and Godin, 2009; Stocklin, 1980: Table 2),
the Lower Greater Himalaya Sequences of Greater Himalaya
Sequence (Parson et al., 2016), Main Central Thrust Zone
(Arita et al., 1982), Upper Midland Formation (Colchen et al.,
1980). However, the present discussion follows the Nawakot
Complex of the Lesser Himalaya (Larson and Godin, 2009;
Stocklin, 1980), (Table 3). Accordingly, the formations of
the present study are correlated with the Dandagaon Phyllite,
Nourpul Formation, Dhading Dolomite and Benighat Slate
from bottom to top respectively (Table 2). The Dandagaon
Phyllite is characterised by dark blue-green argillaceous to
finely quartzite-phyllites (Stocklin, 1980). However, it is
represented by the light silky grey phyllite and biotite chlorite
schist of the Pelitic Schist in present study. The biotite chlorite
schist is metamorphosed form of the argillaceous phyllite.
White Quartzite and Schist represents the Nourpul Formation
that consists of thick succession of coarse grained, banded
micaceous quartzites at the base as Purebesi Quartzite, followed
by the dominance of light grey pelitic schist to psammitic schist
at middle to the thin alteration of quartzites and light to dark
grey schist to the top. The grey-green to blue-grey phyllite of
Nourpul formation is metamorphosed to the schist (Stocklin,
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1980). The Dhading Dolomite as Metacarbonates in present
study is characterized by the massive, thickly bedded siliceous
dolomitic marble with thin bands of calcareous quartzite.
The siliceous dolomite and the lenticular chert bands have
been metamorphosed to the siliceous dolomitic marble and
calcareous quartzites respectively. However, the stromatolites
are not preserved due the metamorphism. The Benighat Slate
as Graphitic Schist consists of coaly black graphitic schist, dark
grey phyllite and light to dark grey pelitic schist and psammitic
schist followed by the calcareous quartzites and calcareous
schist. The dark bluish grey to black slates and phyllites of
the Benighat Slate is metamorphosed to the graphitic schist,
pelitic and psammitic schist. The Jhiku carbonate bed with
varying lithotype as siliceous dolomite interbedded with black
slates has been metamorphosed to calcareous quartzites and
calcareous schist. The Jhiku carbonate is followed by the
White Quartzite and Garnet Schist characterized by micaceous
white quartzites and deformed garnet schist which is also
the part of the Benighat Formation (Pokhrel, 2015). The
study area belongs to the northern limb of Gorkha-Pokhara
anticlinorium and approaches to the MCT (Vanney and
Hodges., 1996). So, the grade of metamorphism of the litho-
units of the Lesser Himalaya are higher in this section than that
of the lithostratigraphy mentioned in central Nepal by Stocklin
(1980).

Metamorphic zonation and metamorphic facies

Two metamorphic zones are identified as garnet zone and
kyanite zone, separated by the MCT (Fig. 2). The kyanite
isograd was mapped with the first appearance of the kyanite
exposed around Naiche, Badalbisaune, Probi and Bahundanda.
And it coincides with the MCT which is similar to mapping of
it in various section of Nepal Himalaya (Bordet, 1961; Colchen
et al., 1986; Johnson et al., 2001; Le Fort, 1975) and the MCT
IT along Modi Khola section (Arita, 1983). The present study
concludes that the metamorphic grade intensity is increasing
towards the north like in the adjacent region (Hodges et al.,
1996; Larson and Godin, 2009; Le Fort, 1975; Paudel and
Arita, 2002).

The chlorite grade green-schist facies to garnet grade upper
green-schist-amphibolite facies in the upper section of the
Lesser Himalaya and kyanite to sillimanite metamorphic grade
facies (amphibolite to granulite facies) have been recorded in
the Higher Himalaya (Hodges et al., 1996; Larson and Godin,
2009). However, the study area is limited to certain part of
Nawakot Complex of the Lesser Himalaya which is equivalent
to Upper MCT Zone or Midland Formation (Arita, 1983; Le
Fort, 1975; Stocklin, 1980) and Formation I of the Higher
Himalaya (Le Fort, 1975). It is characterized by kyanite grade
Amphibolite Facies. In present study, the Lesser Himalaya
rock succession characterized by the mineral assemblages as
Grt+Bt+Ms+Chl+P1+Qtz belongs to Epidote-Amphibolite
Facies and Higher Himalaya rock succession characterized
by the mineral assemblages as Ky+Grt+Ms+Bt+Pl belongs to
Amphibolite Facies (Table 3).
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Table 3: Metamorphic zonation and metamorphic facies of study area.

Mineral Assemblages Metamprphlc
. . Facies
Tectonic Metamorphic
o Present Study
Division Zone ... .
Pelitic/Psammatic
Calcareous Rock
Rocks
Banded Gneiss 11
Kyanite-Garnet Gneiss Kyanite, Garnet, Amphibolite
Higher Biotite, Muscovite, Facies
Himga lava Banded Gneiss | Kyanite Zone Quartz, Albite,
o4 Orthoclase, Plagioclase
Banded Gneiss and Quartzites
Kyanite Gneiss
Laminated White Quartzite and
Garnet Schist
Graphitic Schist . Calcite, Dolomite, Epidote-
Garnet, Biotite, . o
Lesser Garnet Zone . Quartz, Muscovite, Amphibolite
. Muscovite, Quartz, . o .
Himalaya Metacarbonates . Plagioclase, Biotite, Facies
Chlorite, .
. . . Plagioclase Tret.noh't e
White Quartzite and Schist Actinolite
Pelitic Schist

Poly—phase metamorphism

The stages of metamorphic events are studied in the Higher
and Lesser Himalaya by various researchers in Central Nepal
Himalaya (Le Fort 1975; Le Fort et al. 1986; Caby et al.,
1983; Paudel and Arita, 1983; Hodges et al., 1996; Vannay
and Hodges, 1996; Paudel and Arita, 2000; Larson and Godin,
2009; Martin et al., 2009; Paudel, 2011). They have also
mentioned that the increase in metamorphic grade structurally
towards upper section from chlorite grade-lower green schist
facies to garnet grade-upper green schist facies in the Lesser
Himalaya resulting the inverse metamorphism and medium
temperature/ high pressure kyanite grade Barrovian type
prograde metamorphism followed by the high temperature/
low pressure sillimanite grade metamorphism in the Higher
Himalaya which is similar to the present study area. Likewise,
the metamorphic grade increases from south to north showing
multistage or polyphase of metamorphic events in the Khudi-
Tal area (Fig. 2). However, sillimanite occurrence is not
observed in this section.

In the present study, three metamorphic events are recognized
in the Higher Himalaya and Lesser Himalaya. The kyanite
rich medium temperature/ high pressure amphibolite facies
barrovian type prograde metamorphism M, (eo-Himalayan/
pre-MCT) is followed by metamorphism M, (neo-Himalayan/
syn-MCT) indicated by the spiral quartz inclusion within the
garnet, top to south sense of indicator in asymmetric boudin
and NNE sense of sharing indicated by the lineated kyanite
and mica minerals. It is due to the shearing and thrusting along
the MCT during upliftment (Stéubli, 1989). The M, is over

printed by late phase post- MCT retrograde metamorphism M,
with alteration of garnet into biotite along the rims of garnet
during exhumation (Paudel and Arita, 2000). Similarly, the
Lesser Himalaya first experienced the burial regional prograde
metamorphism M, (pre-MCT/ eo-Himalayan), evidenced by
one set of foliations (S;=S,) below the MCT (Pandey and
Paudyal, 2020). M, is followed by garnet grade prograde
inverted metamorphism M, (neo-Metamorphism/ syn-MCT) as
present study area of the Lesser Himalaya belongs to northern
limb of the Gorkha-Pokhara anticlinorium approaching the
MCT and characterized by garnet zone indicating the increase
in metamorphic grade towards the younger sequences instead
of decreasing (Le Fort et al., 1986; Vannay and Hodges, 1996;
Paudel and Arita, 2002). Stratigraphically, the biotite zone
belongs to older sequences than garnet zone in the upper
section (Pokhrel, 2015). Further M, was overprinted by the
late phase post-MCT retrogressive metamorphism (M,) with
replacement of garnet by biotite and chlorite (Paudel and Arita,
2002; Rai et al., 2005).

Pressure and temperature conditions

The present study lacks the P-T result. However, the study
regarding P-T condition has been carried out in adjacent
region of the Central Nepal along the Kaligandaki River
(Le Fort et al., 1986; Vanney and Hodges, 1996), Langtang
region (Macfarlane, 1995), Gosainkund Crystalline Nappe in
Kathmandu region (Rai et al., 1998), Darondi River (Kohn et
al., 2001), Modi Khola (Martin et al., 2009). Based on Ga-
Bt geothemometry observation by Le Fort et al. (1986) and
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Fig. 7: Pressure-temperature estimations plotted as a function of structural distance (Le Fort et al. 1986, Vannay and Hodges, 1996).

Vannay and Hodges (1996), the temperature range between
530 °C to 720 °C and pressure from 550 to 900 MPa (Fig. 7)
above the MCT i.e., in the rocks of the Higher Himalayan. The
530 °C is supposed to be the resulting temperature of the rim
pairs of same geothermometry (Vannay and Hodges, 1996). Rai
et al. (1998), estimated the temperature and pressure condition
of the Higher Himalaya range as 540 °C -615 °C and 405-790
MPa of the Gosainkund Crystalline Nappe and the Lesser
Himalaya as 530°C and 745 Mpa of the Kathmandu Region,
based on Thermocalc calibration method. Accordingly, the
estimated pressure when plotted across the structural distance
to the MCT, gradually decreases towards upper section (Fig.
7). However, from west to east the pressure increases from 650
+ 30 MPa, whereas the temperature increases from 450 + 65
°C to 605 + 100 °C (Pecher, 1989). Also, Khon et al. (2001)
observed a temperature and pressure values as 625 °C - 725
°C and 7-11 kbar based on thermometry along the Dorandi
River section. The P-T-t path shows initially an increment
in both temperature and pressure which was due to loading,
followed by decrease in both temperature and pressure during
exhumation (Harrison et al., 1998; Kohn et al., 2001). In
the Lesser Himalaya, based on thermobarometry, Kohn et
al. (2001) reported the increase in pressure and temperature
condition from 525 °C and 5-6 Kbar to 625 °C and 11-1 Kbar
structurally upward from base towards the Higher Himalayan
along the Dorandi River. However, inverted metamorphism
with the inversion of isograds are common fact along the
MCT zone (Le Fort, 1975; Hodges et al., 1988). The Monazite
Th-Pb age data indicates the initial metamorphism of the
Lesser Himalaya rocks was at or before 20 Ma and later
metamorphic overprinting or re-quillibration to 8 Ma, after
which rapid movement along the MCT decreases the pressure
and temperature resulting cooling of prior heated rocks (Kohn
et al,, 2001). The observation of the P-T result from the
different section of the Central Nepal Himalaya indicates the
different metamorphic event in different time. In the present
study, based on the stratigraphic position and lithological
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correlation, P-T condition of the Higher Himalaya along the
Marsyangdi Khola section should range between 530 °C to 720
°C and 550-900 Mpa. Accordingly, the kyanite grade prograde
metamorphism as M, (pre-MCT/ Eo-Himalayan) should be the
result of the initial increase in temperature more than 700 °C
and with pressure range 7-15 Kbar due to crustal thickening in
Middle Eocene to Oligocene (Vanney and Hodges, 1996; Kohn
et al., 2001). Later, the decrease in temperature around 540 +
30 °C and 650 + 30 Mpa is due to overthrusting of the Higher
Himalaya rocks over the Lesser Himalaya resulting M, (syn-
MCT/ neo-Metamorphism) in Oligocene to Early Miocene
followed by M, (post-MCT retrogressive metamorphism)
during exhumation in Early Miocene to Middle Miocene.
Similarly, the P-T condition of the Lesser Himalaya in this
section should range between 523 °C to 625°C and 5.6 Kbar to
11 Kbar. Here, the initial increase in P-T condition should be
during M, (burial prograde regional metamorphism) in early
Paleozoic (Paudel and Arita, 2000), followed by the M, (syn-
MCT/ neo-Metamorphism), garnet grade prograde inverted
metamorphism) during Early Miocene (Harisson et al., 1995)
to M, (post-MCT retrogressive metamorphism) during Middle
Miocene (Vanney and Hodges., 1996).

CONCLUSIONS

The Khudi Tal area along the Marsyangdi valley consists of
the lithological units of the Lesser Himalaya and the Higher
Himalaya, separated by the MCT. The lithological succession
of Higher Himalaya comprises the Kyanite Gneiss, Banded
Gneiss and Quartzites, Banded Gneiss I, Kyanite-Garnet
Gneiss and Banded Gneiss II from bottom to top, respectively.
Similarly, the Lesser Himalaya is characterized by the Pelitic
Schist, white Quartzite and Schist, Meta Carbonates, Graphitic
Schist and Laminated Quartzite and Garnet Schist from bottom
to top, respectively.

With increasing the intensity of the metamorphism towards
north, structurally upper section, the Higher Himalaya in
present study, belongs to amphibolite facies with the mineral
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assemblages as Ky+Grt+Qtz+Ms+Bt+Pl. The amphibolite
facies metamorphic rocks are kyanite garnet gneiss to banded
gneiss. The Lesser Himalaya belongs to epidote-amphibolite
facies with mineral assemblages as Grt+Bt+Ms+Chl+Pl+Qtz
in pelitic rocks, Bt+Ms+Chl+Pl+Qtz in psammatic rocks and
Cal/Dol+Qtz+Pl+Bt+Ms in calcareous rocks. The epidote-
amphibolite facies metamorphic rocks are pelitic to psammatic
schist, quartzites, dolomitic to siliceous marble and garnet-
schist. Two metamorphic zones are recorded as the garnet zone
in the south and kyanite zone in the north, separated by kyanite
isograd which coincides with MCT. The metamorphic events;
M,, M, and M, represents the eo-Himalayan/ pre-tectonic
prograde metamorphism to syn-MCT to post-MCT late phase
retrogressive metamorphism in the Higher Himalaya. The
Lesser Himalaya experiences the metamorphic events M,
as pre-MCT/ eo-Himalayan burial regional metamorphism
followed by M, as barrovian type prograde inverted syn-MCT/
neo-Metamorphism to late phase post-MCT retrogressive
metamorphism M..
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