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ABSTRACT

-

Petrological study was carried out for the first time on the metabasites of the Lesser Himalaya in central Nepal. The metabasites
are mostly tholeiitic basalts emplaced in the clastic sediments as supracrustal dikes and sills, and later metamorphosed together
with the host rocks. They contain almost a constant mineral assemblage of Ca-amphiboles + plagioclase + biotite + quartz +
epidote + chlorite + (Fe-Ti oxides). Amphiboles in the form of porphyroblast show chemical zonation with actinolite/magnesio-
hornblende cores, tschermakite/ferro-tschermakite rims, and magnesio-hornblende margins. The cores of porphyroblasts are
pre-kinematic and were probably formed prior to the Tertiary Himalayan orogeny. The porphyroblast rims and the matrix
amphiboles are syn-kinematic and were formed during the Upper Main Central Thrust activity in the Tertiary period. The
compositions of both the porphyroblast rims and matrix amphiboles change from actinolite in the chlorite zone to magnesium-
hornblende in the biotite zone and to tschermakite/ferro-tschermakite in the garnet zone. The systematic changes in amphibole
compositions as well as petrographic characteristics of metabasites confirm the classical concept of increasing metamorphic
grade structurally upwards to the Upper Main Central Thrust in the Lesser Himalaya. Application of hornblende-plagioclase
thermobarometry shows a coherent prograde P-T path in zoned amphiboles. The cores of amphibole porphyroblasts were
formed at average peak temperature of ~540°C and at pressure of ~3 kbar. The porphyroblast rims and matrix amphiboles
were recrystallized at average peak temperatures of ~570°C in the.biotite zone and ~630°C in the garnet zone at pressure of
~6 kbar. The metabasites petrology is in favor of the tectono-metamorphic models that relate the inverted metamorphism with
thrusting along the Upper Main Central Thrust and coeval inversion of isotherms. It is suggested that published amphibole
cooling ages from the Nepalese Lesser Himalaya based on simples, homogeneous mineralogy should be reinterpreted in view
of the presence of polygenetic amphiboles with heterogeneous composition.
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INTRODUCTION

The metamorphic core of the Himalaya in central Nepal
is characterized by a sequence of inverted metamorphic
zones in which the lower-grade metamorphic rocks are
successively overlain by higher-grade metamorphic rocks
(Le Fort 1975; Arita 1983; Pécher and Le Fort 1986). From
the Upper Main Central Thrust (Upper MCT: equivalent to
MCT of Le Fort 1975) to the top of the Higher Himalaya,
the kyanite zone is followed structurally upwards by the
sillimanite zone. In the Lesser Himalaya, the footwall of
the Upper MCT, the chlorite zone in the south (structurally
lower level) is followed successively upwards (northwards)
by the biotite and then garnet zones. Although metamorphic
zones seem to be continuous along the N-S cross-section,
a clear tectono-metamorphic discontinuity occurs along
the Upper MCT (Paudel and Arita 2002). In the Higher
Himalaya, the inverted metamorphism is diachronous
(Pécher and Le Fort 1986; Pécher 1989), i.e., a kyanite-
grade Barrovian-type metamorphism is overprinted by a
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later lower-P/higher-T sillimanite-grade metamorphism.
The kyanite-grade regional metamorphism may be either
an Eocene event (Eohimalayan stage) resulted from the
crustal thickening after India-Asia collision (Le Fort 1975;
Pécher 1989) or may be an early Paleozoic event (Gehrels
et al. 2006). The sillimanite-grade metamorphism in the
Higher Himalaya is related to the decompression during
exhumation (Pognante and Benna 1993) and leucogranite
intrusion associated with the Upper MCT activity in the
Neogene (Neohimalayan stage).

Contrary to that in the Higher Himalaya, the
metamorphic evolution in the Lesser Himalaya is not always
clear because of its lower-grade condition, lack of
appropriate mineral assemblages, and relatively fine-
grained nature of the rocks. Some of the issues such as
polymetamorphism, pre-collisional and post-collisional
thermal events, and the nature and origin of the inverted
metamorphism are yet to be clarified. The inverted
metamorphism, in some sections, seems to be a primary
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pattern acquired during the Upper MCT movement (Le Fort
1975; Arita 1983; Guillot and Allemand 2002; Paudel and
Arita 2006a) while, in other sections, it is a secondary
pattern formed by post-etamorphic deformation (Searle
and Rex 1989; Hubbard 1996; Harrison et al. 1998; Catlos
et al. 2001; Bollinger et al. 2004). Some authors also argue
that the Lesser Himalaya suffered a polymetamorphic
evolution (Johnson and Oliver 1990; Paudel and Arita 2000;
2006a). In this context, it is important to look for
complementary evidence to have clearer understanding of
the metamorphism in the Lesser Himalaya and to prefer
any of above models for the Himalayan metamorphic
evolution.

A commonly found lithology in the northern part of the
Lesser Himalaya of central Nepal is layers of metabasites
intercalated within metasediments. Unlike extensive
studies on metapelites, no studies have been made on those
metabasites. Metabasites are mineralogically more
sensitive to variation in pressure and temperature and may
record metamorphic information which is not found in
equivalent metasediments (Miyashiro 1973). Phase
relationships in metabasites are dependent on metamorphic
grade (Graham 1974; Rasse 1974; Brown 1977; Holland
and Richardson 1979; Liard and Albee 1981), and
amphiboles in metabasites have high potential for pressure-
temperature path reconstruction (Blundy and Holland 1990;
Triboulet et al. 1992; Zenk and Schulz 2004). The present
work is aimed at studying the metabasites from the Lesser
Himalaya in the Modi Khola section, central Nepal to
provide complementary insights into the nature and history
of metamorphism in the Lesser Himalaya.

GEOLOGICAL SETTING AND OCCURRENCE
OF METABASITES

Central Nepal can be divided into four tectonic zones;
from south to north, the Sub-Himalaya, the Lesser Himalaya
(LH), the Higher Himalaya (HH) and the Tibetan-Tethys
Himalaya (Gansser 1964) (Fig. 1) . The LH is a fold-and-
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Fig. 1: Generalized tectonic map of the Nepal Himalaya
showing the location of the present study area (modified after
Upreti 1999)
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thrust belt bounded by the Main Boundary Thrust (MBT) in
the south and by the Upper MCT in the north. The detailed
tectono-stratigraphy of the LH in the study area is found
elsewhere (Sakai 1985; Dhital et al. 1998; Paudel and Arita
2000). Here, only the brief geological outline of the LH
north of the Bari Gad-Kali Gandaki Fault, referred as the
inner LH (Arita et al. 1982) is described. The inner LH
comprises low- to medium-grade metasedimentary rocks
of the Nawakot Complex ranging in age from the late
Precambrian to early Paleozoic (Stocklin 1980) and is
further divided into three tectonic zones from south to
north, viz., the Thrust Sheet I (TS I), Thrust Sheet I (TS II),
and the MCT zone (Fig. 2). The Phalebas Thrust (PT)
separates TS I from II, and the Lower MCT separates the
TS II from the MCT zone. The LH is overthrust by the HH
along the Upper MCT.

-

The TS I comprises the middle part of Nawakot Complex
(Stocklin 1980) viz. the Nourpul Formation (phyllite and
quartzite), Dhading Dolomite (dolomite and slate), and the
Benighat Slate (slate and limestone). The TS II consists of
the Kunchha Formation (phyllite, metasandstone), Fagfog
Quartzite (quartzite, phyllite) and Dandagaon Phyllite
(phyllite, metasandstone) belonging to the lower part of
the Nawakot Complex. The MCT zone comprises
intercalation of garnetiferous pelitic, psammitic and
carbonaceous schists, and mylonitic augen gneisses. The
MCT zone here includes only the footwall rocks of the
Upper MCT whose protoliths were of the LH affinity
(Imayama and Arita 2007), and should not be confused with
others’ definition from structural point of view that
includes also a part of the hanging wall (the lower part of
the HH) into the MCT zone.

Sheet-like bodies of metabasites are found intercalated
within the metasediments of the lower part of the Nawakot
Complex. These metabasites are abundant in the TS II and
the MCT zone (Fig. 2). In some places they range in
thickness from a few meters to tens of meters and extend
hundreds of meters along the strike. But in other places,
they are thin (less than a meter) and pinch-out within a few
meters. They are green to dark green, very hard and
massive, medium- to coarse-grained, often foliated and
deformed along with the associated metasediments.
Foliation is strongly developed in relatively thin and fine-
grained bodies compared to that in relatively thick and
coarse-grained bodies. The contact with the country rocks
is often sharp and concordant. Similar rocks in the Indian
LH are dated at 1907+91 Ma based on whole rock Rb-Sr
isochron method (Ahmad et al. 1999). The metabasites may
be basic lava flows or supracrustal dikes and sills emplaced
into the clastic sediments in the Precambrian.

DEFORMATION AND METAMORPHISM

Mainly two prominent foliations can be observed in the
metasediments of the inner belt of the LH (Pécher 1977,
Paudel and Arita 2000). The older one is a bedding-parallel
foliation (S =S ) predating the Upper MCT activity and can
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Fig. 2: (a) Geological map of the Pokhara-Kusma area (modified after Paudel and Arita 2000). UMCT: Upper Main Central
Thrust, LMCT: Lower Main Central Thrust, KF: Kusma Fault, PT: Phalebas Thrust, TS I: Thrust sheet I, TS II: Thrust sheet
II, MCT zone: Main Central Thrust zone. X-Y: line of cross-section. Biotite isograd is shown by dotted line. Garnet and kyanite
isograds coincide with the Lower and Upper MCTS, respectively. (b) Geological cross-section along X-Y
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be observed in the very-low grade rocks of the TS II. The
younger one (S,) is either a crenulation cleavage (in TS II)
or a shear foliation (in the MCT zone). The S, cannot be
recognized in the metabasites, but S, is quite prominent.
Microstructural features such as the parallelism of S, with
the Upper MCT and confinement of stretching/mineral
lineations on S, indicate that the S, was syntectonic to the
Upper MCT activity (Bouchez and Pécher 1981; Brunel
1986). Mylonitic S-C fabric in augen gneisses and snowball
garnet in metapelites indicate top-to-the-south shearing in
the LH (Paudel and Arita 2000).

Inverted metamorphic zonation in central Nepal was
first reported in this section by Le Fort (1975) and was
endorsed by subsequent researchers (Pécher 1977; Arita
1983; Macfarlane 1995; Kaneko 1995; Rai et al. 1998;
Guillot, 1999; Paudel and Arita 2000; Beyssac et al. 2004).
The southern part belongs to the chlorite zone (lower
epizone). Biotite isograd passes from just to the north of
Pokhara and Kusma in TS II (Fig. 2). Garnet isograd
coincides with the Lower MCT. Commonly observed
metapelitic mineral assemblage in the MCT zone is garnet
+ biotite + muscovite + chlorite + quartz + albite. Presence
of S-shaped inclusion in biotite and garnet indicates
syntectonic metamorphism in the MCT zone. Peak
metamorphic temperature in the MCT zone estimated by
garnet-biotite thermometry ranges from 500° to 650°C
(Kaneko 1995). Kyanite isograd coincides with the Upper
MCT. The HH rocks show upper amphibolite to granulite
facies of metamorphism.

PETROGRAPHY OF METABASITES

Metabasite samples were collected from 5 sites along
the Modi Khola Valley. One sample (Sample no. 42) belongs
to chlorite zone, one (Sample no. 623) belongs to biotite
zone and three (Sample nos. 163, 625, and 180) belong to
garnet zone. Thin sections were prepared along the
stretching lineation and perpendicular to S, foliation planes,
and microstructural and mineralogical studies were carried
out on them.

Chlorite zone

The sample (Sample no. 42) comes from a metabasic
sill-like body within the Fagfog Quartzite in the TS II. The
recrystallized matrix contains the assemblage of actinolite
+ chlorite + epidote + albite + quartz with some opaques
(ilmenite, magnetitie) as accessories (Fig. 3a). Needle-
shaped actinolite and chlorite define the S, foliation. Relic
phenocrysts of plagioclase (albite) are subhedral to
anhedral and range in size from 0.5 to 3 mm. They are
characterized by clear polysynthetic twinning and are
frequently sericitized. Epidote and quartz occur as fine-
grained aggregates. Porphyroblastic amphiboles do not
exist in this sample.
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Biotite zone

The sample (Sample no. 623) is collected from the
northern part of the TS II below the Lower MCT. The
original igneous textures are partly preserved in this sample.
It contains the assemblage of amphibole + biotite + chlorite
+ epidote + albite + quartz with titanite and magnetite as
accessories. It is characterized by the occurrences of
coarse-grained porphyroblast and fine-grained matrix of
amphiboles. Amphiboles cover about 80% in modal
abundance. In the less deformed parts, it shows apparent
sub-ophitic texture with laths of plagioclase. Some
amphibole porphyroblasts have prismatic shape, and
probably they are pseudomorphs after clinopyroxene (Fig.
3b). Porphyroblastic amphiboles (mainly actinolite) are
sheared and fractured, and show asymmetric pressure
shadows. Newly grown matrix amphiboles-can be seen in
the pressure shadows and also along the S, shear foliation.
The asymmetric pressure shadows show top-to-the-south
sense of shear in the LH.

Garnet zone

With increasing metamorphic grade into the garnet
zone, blue-green hornblende and actinolite occur together.
Actinolite cores are invariably surrounded by hornblende
rims in simple zonal arrangement. Plagioclase is plastically
deformed and recrytallized, and elongated along the S,
foliation. They lack polysynthetic twinning. Modal
percentage and grain size of amphiboles and biotite increase
and ‘that of chlorite decreases compared to those in the
biotite zone. Both porphyroblast and matrix amphiboles and
plagioclase are strongly elongated and oriented parallel to
the MCT shear zone. Detailed petrography of each sample
is given below.

Sample No. 163

This sample is collected from a coarse-grained sill-like
body in the lower part of the MCT zone. It is porphyritic,
coarse-grained (amphiboles>1.0 mm) and has the
assemblage of amphiboles + plagioclase + biotite + quartz
+ titanite + magnetite + epidote + chlorite. Amphiboles
become more dark-green in color instead of light pale-
green amphiboles in the chlorite and biotite zone samples.
Decrease or absence of epidote and chlorite indicates an
increase in metamorphic grade. Large porphyroblasts of
actinolite (>2 cm) are commonly sheared and broken apart
by S, shear planes (Fig. 3¢). Hornblende commonly occurs
as patches within the sheared porphyroblasts, as overgrown
rims of porphyroblasts and as recrystallized grains in matrix
(Figs. 3c and 3d). Late stage alteration along cracks and
cleavages is common. Syn-kinematic needle-shaped
amphibole grains in matrix are oriented parallel to the S,
shear plane (Fig. 3c). Plagioclase is much more deformed
and has sutured grain boundary with the quartz and
amphiboles. They have no twining.
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(a) Chlorite zone : (b) Biotite zone

Fig. 3: Photomicrographs of metabasites. (a) Sample No. 42 from the chlorite zone is dominated by porphyroclastic (igneous
relics) plagioclase, chlorite and quartz. Fine-grained recrastallized actinolite occurs only along S, foliation. (b) Sample No. 623
from biotite zone contains sheared actinolite porphyroblast with asymmetric pressure shadows. Dark-green hornblende is present
as overgrown rim of porphyroblast in the pressure shadows and matrix along S, foliation. Well-preserved prismatic shape of the
porphyroblast indicates that the actinolite is a pseudomorph after clinopyroxene. (c) Sample No. 163 from the lower part of the
garnet zone (MCT zone) contains large, highly sheared porphyroblasts of actinolite. Patchy intergrowth of blue-green hornblende
(Hbl) and actinolite (Act) within amphibole porphyroblast is common. Needle-shaped synkinematic hornblende are strongly
oriented parallel to the shear plane (S,). (d) Some porphyroblasts in Sample No. 163 show acicular overgrowth of hornblende
along S,. (¢) Sample No. 625 from middle part of the garnet zone contains zoned porphyroblast with actinolite cores and hornblende
rims. Overgrowth of rims across the foliation is observed in some porphyroblasts. Matrix is relatively coarse-grained and
strongly oriented parallel to the S, shear foliation. (f) Sample No. 180 from the middle part of the garnet zone (MCT zone) is
highly sheared compared to the other samples. Amphibole porphyroblasts are slightly zoned with patches of actinolite in the
cores and hornblende in the rim (bottom left corner). Plagioclase porphyroblast show pokilitic texture with inclusions of
recrystallized hornblende (centre). Act: Actinolite, Hbl: Hornblende, Chl: Chlorite, Bt: Biotite, PI: Plagioclase, Qtz: Quartz,
Ttn: Titanite. S,: Shear foliation parallel to the Upper MCT. 1 small division of scale is 0.01 mm
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Sample No. 625

This sample is collected from the middle part of the
MCT zone. It contains the assemblage of amphiboles +
plagioclase + biotite + quartz + titanite + epidote + chlorite.
Amphibole is dark-green in color. Modal abundance of
amphibole is very high (>80%). Zoned porphyroblasts with
light pale-green actinolite cores and dark-green hornblende
rims are abundant in the sample (Fig. 3e). Some grains are
strongly elongated parallel to the S, shear foliation. Grain
boundaries of the amphibole porphyroblasts are very
irregular and slightly resorbed. The porphyroblasts are
mostly of poiklitic nature with inclusions of quartz and
opaques. Some grains show post-kinematic overgrowth
across the foliation (Fig. 3e). The matrix amphibole is
coarse-grained (>0.3 mm in length) and elongated parallel
to the foliation. Epidote and chlorite are present in very
minor amount (<5%). Plagioclase occurs as inclusion-rich
(inclusions of quartz and amphiboles) anhedral grains.

Sample No. 180

This sample is also from the middle part of the MCT
zone, about 500 m north from Sample No. 625. It contains
the assemblage of amphiboles + plagioclase + biotite +
quartz + titanite + epidote. Chlorite does not occur and
modal abundance of biotite is significantly high in this
sample (~5-10%). Amphibole grains (both porphyroblasts
and matrix) are highly elongated parallel to the S, shear
foliation (Fig. 3f). Grain size of amphibole and plagioclase
porphyroblasts are smaller compared to that in the samples
from the lower part of the MCT zone, probably due to strong
shearing and recrystallization. The porphyroblastic
amphiboles are characterized by patchy zoning, irregular
grain boundaries, poikilitic texture, and frequent
overgrowth across S,. The recrystallized amphibole grains
in the matrix are clean and lack any optical zoning. The
plagioclase porphyroblasts contain inclusions of needle-
shaped amphiboles (Fig. 3f).

The metabasite mineralogy shows overall increase in
metamorphic grade and degree of recrystallization towards
the north (structurally upwards) in agreements with the
northward increasing metamorphism shown by mineralogy
of metapelites.

WHOLE ROCK CHEMISTRY

To have an idea about the whole rock chemistry, X-Ray
fluorescence (XRF) analysis was carried out at the
Hokkaido University, Japan using a PANalytical MagiXpro.
The analytical procedures were followed after Tanaka and
Orihashi (1997). A series of rock reference samples
provided by the Geological Survey of Japan were used as a
standard material to set up the calibration lines. The
analytical data for 10 major elements and 20 trace elements
are shown in Table 1.
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Table 1: Whole (bulk) rock chemical compositions of
metabasites. LOI: Loss on ignition, NM: Not measured, FeO*:
total FeO+Fe,O, measured as FeO.

Sample No. 42 [No.623 | No. 163 | No. 625 | No. 180

(Wt%) (wt%) (wt%) (Wt%) (Wt%)
SiO2 50.74 52.64 50.10 48.39 51.93
TiO2 1.89 1.52 2.82 223 2.36
AI203 15.32 14.22 12.08 14.94 12.13
FeO* 11.62 10.22 12.95 14.27 15.32
MnO 0.19 0.24 0.21 0.17 0.19
MgO 8.10 7.04 4.71 6.02 3.89
CaO 3.98 5.62 7.92 ~6.14 7.06
Na20 3.64 3.65 3.72 4.19 3.39
K20 251 245 0.68 0.31 1.24
P205 0.18 0.16 0.58 0.17 0.25
LOI 1.50 1.30 0.87 091 0.90
Total 99.68 99.05 96.64 97.73 98.64

(pm) | (ppm) | (ppm) | (ppm) | (ppm)
Sc 35.69 3542 35.94 28.43 28.53
A% 321.27¢ | 232:33 300.82 | 411.63 | 361.36
Cr 330.27 | 297.70 89.91 50.47 52.81
Co 66.40 49.54 48.60 67.72 50.17
Ni 124.48 80.65 30.74 37.71 17.57
Cu 186.49 28.61 23.04 5.30 16.37
Rb 57.01 30.84 38.08 10.89 49.16
Zn 130.13 90.78 12337 | 120.18 | 14243
Sr 89.59 | 11842 382.374|#%131.21 194.00
b 26.00 21.24 47.17 30.66 31.01
Zr 137.58 52.09 24536 | 168.52 | 16547
Nb 12.94 6.78 40.13 13.87 12.69
Ba 290.18 19.64 346.11 76.01 | 349.06
Pb 5.99 21.74 17.21 13.07 14.70
Th 6.17 4.26 6.43 9.27 8.77
Ga 18.28 16.03 21.51 2252 25.28
La 0.99 NM 24.17 30.56 1755
Ce 48.67 26.63 64.55 35.01 41.48
Ti 11331 9104 16888 13391 14127
U NM NM 0.47 NM 1.19
FeO/MgO 1.44 1.45 2.75 2.37 3.94
Zr/TiO2 0.007 0.003 0.009 0.008 0.007
Nb/Y 0.498 0.319 0.851 0.452 0.409
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Table 2: Average compositions of plagioclase in metabasites. Ab: Albite, An: Anorthite, Or: Orthoclase

S. No. 42 623 163 625 180
Grain tape Porphyroclast Matrix Porphyroblast Porphyroblast Porphyroblast Porphyroblast
Position core rim core core rim core rim core rim core rim
# 3 2 4 9 9 12 8 8 9 8 5
SiO, 72.31 71.46 71.66 69.43 70.12 65.53 65.68 70.20 69.83 68.97 68.32
ALO, 17.42 18.09 19.39 17.57 19.38 21.95 22.33 19.52 19.84 19.81 19.81
FeO* 043 0.60 0.17 0.19 0.15 0.09 0.02 0.15 0.38 0.08 0.17
MnO 0.03 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.03
MgO 0.14 0.47 0.00 0.06 0.00 0.00 0.00 0.00 0.11 0.00 0.01
CaO 0.29 0.44 0.19 0.65 0.40 3.46 3.92 0.46 0.51 0.88 0.87
Na,O 9.10 9.72 10.35 10.36 10.96 9.52 9.50 10.70 9.37 11.03 | 11.29
K,0 0.07 0.06 0.06 0.05 0.04 0.07 0.08 0.04 0.04 0.06 0.04
Total 99.82 100.87 |101.83 | 100.50 |101.07 |100.63 (101.54 ([101.09 [100.09 |100.86 [100.55
Cations for|32 oxygens

Si 12.49 12.29 12.19 12.06 12.08 11.46 11.40 12.08 12.08 11.95 11.90
Al 355 3.66 3.89 3.60 3.94 453 4.57 3.96 4.05 4.05 4.07
Fe 0.06 0.09 0.02 0.03 0.02 0.01 0.00 0.02 0.06 0.01 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.04 0.12 0.00 0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.00
Ca 0.05 0.08 0.03 0.12 0.07 0.65 0.73 0.08 0.10 0.16 0.16
Na 3.05 3.24 342 3.49 3.66 323 3.20 3.57 315 3.70 3.81
K 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01
Total 19.26 19.50 19.57 19.61 19.79 19.90 | 19.92 19.73 19.47 19.89 | 19.98
Ab % 97.82 97.23 98.70 96.29 91.75 82.93 81.02 9743 96.66 95.49 95.69
An % 1.70 2.39 0.95 3.39 1.99 16.68 18.55 231 3.09 4.19 4.08
Or % 0.48 0.38 0.36 0.32 0.26 0.40 043 0.26 0.26 0.32 0.22
# Number of analysed spots

The analyzed samples contain relatively high SiO, (48-
53%). They plot in the field of basalt in Ga vs. Zr/TiO,
diagram (Fig. 4a). Four of the samples plot in the field of
sub-alkaline basalt and one sample (Sample no. 163) plot
at the boundary line of sub-alkaline and alkaline basalt in
Zr/TiO, vs. Nb/Y diagram (Fig. 4b) of Winchester and Floyd
(1977). High FeO/MgO ratios (>1.4) indicate their
tholeiitic nature.

The effect of whole rock chemistry on metamorphic
amphibole was assessed by plots of whole rock
composition vs. average composition of matrix amphiboles.
MgO/(FeO+MgO) in whole rock and amphiboles display
linear positive correlation (R?=0.83 (Fig. 5a). However,
TiO,, Na,0O and Al,0, show no systematic relations between
whole rock and matrix amphiboles (Figs. 5b, 5¢ and 5d).

Positive correlation of MgO/(FeO+MgO) between
whole rock and amphiboles is also observed in other
metamorphic belts (Zenk and Schulz 2004). It is believed
that chemistry of metamorphic amphiboles at the onset of
crystallization under greenschist-facies condition may be
partly affected by whole rock chemistry, but at higher
metamorphic grade it is controlled principally by pressure
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and temperature (Graham 1974; Liard and Albee 1981; Zenk
and Schulz 2004). Further, in the present case, all rocks
contain nearly constant assemblage of amphiboles +
chlorite + epidote + plagioclase + quartz + Fe-Ti oxides.
As the individual minerals are buffered by the assemblage,
variation in mineral chemistry within and among samples
can be related to differences in metamorphic grade or facies
series rather than bulk rock chemistry (Liard 1980; Liard
and Albee 1981). Presence of amphiboles with variable
composition within a single grain also entails for the
pressure-temperature control on amphibole composition.

MINERAL CHEMISTRY

Analytical procedures

JEOL Superprobe 733 (Hokkaido University)
electronprobe microanalyser was used for spot (1-5 pum)
analyses of amphiboles and plagioclases. Analyses were
performed with 15 kV accelerating voltage, and 12 nA beam
current. Natural and synthetic silicates and oxides were used
for standards and conventional ZAF method was employed
for matrix correction. Analyses were made in three thin-
sections from each sample.
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More than 250 spot analyses were carried out on
amphiboles alone, out of which 180 analyses are used for
interpretation. Zoned porphyroblasts were analyzed at cores
(pale green inner part) and rims (dark green outer part).
Matrix amphiboles do not show chemical zoning and,
therefore, they were analyzed only at cores. About 75 grains
of relic (porphyroclast) and recrystallized (porphyroblasts
and matrix) plagioclase coexisting with amphiboles were
analyzed at cores and rims.

Plagioclase composition

The average plagioclase compositions are presented in
Table 2. Plagioclase are mainly albite (An<10%) except
for Sample no. 163 which contains oligoclase (An=17-
19%). Only a few plagioclase grains are slightly zoned.
Majority of the zoned grains show slight increase in An-
content towards rim. An content of plagioclase is <2% in
the chlorite zone samples, 2-7% in the biotite zone samples
and up to 19% in the garnet zone samples.

Table 3: Average compositions of amphiboles in metabsites, Cation normalization according to Schumacher (1997). XMg= Mg/

(Fe**+Mg)
S. No. 42 623 163 625 180

Graintype | Matrix | Porphyroblast | Matrix | Porphyroblast | Matrix | Porphyroblast | Matrix | Porphyroblast | Matrix

Position Core Core Rim Core Core Rim Core Core Rim Core | Core Rim Core

# 8 13 14 11 2] 12 30 9 13 13 8 13 9

SiO, 5494 | 51.89 | 44.11 | 4585 | 48.65 4232 | 4231 | 4973 | 4266 | 4293 | 49.02 | 41.77 | 41.56
TiO, 0.05 0.11 0.33 0.28 0.50 048 0.41 0.14 0.31 0.31 0.32 0.39 0.48
AlLO, 1.47 5.12 1447 | 1251 6.74 1444 | 1474 | 582 | 13.15 13.00 6.60 | 1336 | 13.62
FeO* 11.75 | 1247 1482 | 1456 | 18.89 20.16 | 1993 | 1694 | 1944 1922 | 1932 | 2185 | 21.73
MnO 0.23 0.23 0.28 0.27 0.31 0.29 0.28 0.24 0.22 0.21 0.32 0.33 0.31
MgO 16.15 | 14.81 9.76 | 10.77 | 10.35 6.74 6.63 | 1291 8.56 8.70 9.93 6.25 6.17
CaO 12.31 12.23 1169 | 11.80 11.53 11.31 11.10 | 1073 | 10.66 1072 | 11.26 11.06 | 1091
Na,O 0.29 0.57 152 1.33 0.93 175 | 1.83 0.94 2.12 2.07 0.84 1.59 1.74
K,0 0.00 0.02 0.23 0.19 0.05 0.26 0.33 0.00 0.12 0.11 004 | 039 0.47
Total 97.20 | 97.45 | 97.20 | 97.56 | 97.95 | 97.76 | 97.55 | 97.48 | 97.25 | 97.27 | 97.65 | 96.99 | 97.00
Cations for 23 Oxygens (recalculated on the basis of 13 eCNK)
Si 7.86 743 6.47 6.68 7.15 6.33 634 | 7.15 6.33 6.36 7.22 6.34 6.31
AlY 0.14 0.57 1.53 1.32 0.85 1.67 1.66 | 0.85 1.67 1.64 0.78 1.66 1.69
Sum T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AV 0.11 0.30 097 0.82 0.32 0.88 094 | 0.15 0.63 0.63 0.36 0.73 0.75
T 0.01 0.01 0.04 0.03 0.05 0.05 0.05 0.02 0.03 0.03 0.04 0.04 0.05
Fe# 0.15 0.32 0.33 0.34 0.52 0.49 0.47 1.10 0.95 091 0.55 0.71 0.68
He* 1.25 1.18 1.49 143 1.81 203 2.03 0.95 1.47 1.47 1.84 207 2.08
Mg 345 3.16 2.14 2.34 2.27 1.50 1.48 277 1.89 1.92 2.18 1.41 1.40
Mn 0.03 0.03 0.03 0.03 0.04 0.04 0.04 | 0.03 0.03 0.03 0.04 0.04 0.04
Sum M1 5.00 5.00 5.00 5.00 5.00 5.00 500 | 5.00 5.00 5.00 5.00 5.00 5.00
Ca 1.89 1.88 1.84 1.84 1.82 1.81 1.78 1.66 1.70 1.70 1.78 1.80 1.78
Na,, 0.07 0.12 0.16 0.16 0.18 0.19 022 | 0.26 0.30 0.30 0.22 0.20 0.22
Sum M4 1.96 2.00 2.00 2.00 2.00 2.00 2.00 1.91 2.00 2.00 2.00 2.00 2.00
Na, 0.00 0.04 027 022 0.08 0.32 0.31 0.00 0.30 0.30 0.02 0.27 0.29
K 0.00 0.00 0.04 0.04 0.01 0.05 0.06 | 0.00 0.02 0.02 0.01 0.08 0.09
SumA 0.00 0.04 0.31 0.25 0.09 0.37 038 | 0.00 0.33 0.32 0.03 0.34 0.38
XMg 0.73 0.73 0.59 0.62 0.56 043 042 | 075 0.56 0.57 0.54 041 0.40
Ti/Al 0.02 0.01 0.01 0.01 0.05 0.02 002 [ 0.02 0.02 0.02 0.03 0.02 0.02

# Number of amphibole grains analysed, Oxides are in wi%
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Fig. 6: Classification of Ca-amphiboles according to Leake et al. (1997). The amphibole porphyroblasts show clear compositional
zoning in all the samples. Tr: tremolite, Act: actinolite, Mg-Hbl: magnesio-hornblende, Ts: tschermakite, Fe-Act: ferro-actinolite,
Fe-Hbl: ferro-hornblende, Fe-Ts: ferro-tschermakite. Cataion values are in per formula unit.
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Amphibole composition

The amphibole analyses were first recalculated on the
basis of 23 oxygens assuming all Fe as Fe’'.
Crystallographic site assignments, cation recalculation, and
calculation of Fe* was performed according to the
procedures given in Schumacher (1997) assuming total
cation=13 excluding Ca, Na, and K (13 eCNK method). In
metamorphic amphiboles, AI", AlY, Ti, (AlIV'+Fe**+Ti), Na, ,
Na,, and (Na, +K) increase and Si and XMg (Mg/Mg+ Fe*)
decrease with increasing metamorphic grade (Liard and
Albee 1981). Therefore, the contents of above cations (per
formula unit) are used for discussions. Complete analytical
data set are given in Paudel et al. (2005). The average
amphibole compositions are presented in Table 3.

Amphibole classification

Amphibole classification was followed after Leake et
al. (1997). The amphiboles in most of the samples contain
(Ca+Na,,) €”1.0 and Na,,<0.5 (Table 3), suggesting all of
them to belong to the calcic-amphibole group. Amphibole
analyses of each sample are shown on Si-XMg diagram for
further classification (Fig. 6).

The matrix amphiboles of the chlorite zone sample
(Sample no. 42) are actinolites with average Si and XMg
values of 7.86 and 0.73, respectively (Table 3, Fig. 6a). In
the biotite zone (Sample no. 623), the porphyroblast cores
range in composition from actinolite to magnesio-
hornblende with average Si of 7.43 and average XMg of
0.73. The rims of porphyroblast and matrix amphiboles
range in composition from magnesio-hornblende to
tschermakite (Fig. 6b). Average Si in the porphyroblast rims
and matrix amphiboles are 6.47 and 6.68, and average XMg
are 0.59 and 0.56, respectively.

In the garnet zone, porphyroblast cores in all three
samples belong to the magnesio-hornblende. The
porphyroblast rims and matrix amphiboles in Sample no.
163 plot in ferro-tschermakite field, those in Sample no.
625 plot in tschermakite field, and those in Sample no. 180
plot in ferro-tschermakite field (Figs. 6¢, 6d and 6e). The
average Si in the cores ranges from 7.15 to 7.22 and that in
the rims ranges from 6.31 to 6.36 (Table 3). The
porphyroblast rims and matrix amphiboles in Sample nos.
163 and 180 are XMg-poor (0.40-0.43) compared to those
in Sample no. 625 (XMg=0.56-0.57).

Zoning in porphyroblasts

Compositional zoning of amphibole porphyroblasts is
clear as shown in Fig. 6. In Ca-amphiboles, Si decreases
and Al" and Ti increase with increasing temperature; and
Al and Na,, increase with increasing pressure (Raase
1974; Brown 1977, Holland and Richardson 1979; Spear
1980). Core and rim compositions of porphyroblasts from
all samples are shown on Al vs. Na,_ and Al vs. Al"
diagrams (Figs. 7a and 7b). The core and rim compositions
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plot in distinctly different fields in both the diagrams. The
Al"Y for cores ranges from 0.17 to 1.43 and for the rims
ranges from 1.38 to 1.71. The Na, , of cores is in between
0.04 and 0.22 and that of the rims is in between 0.09 and
0.35. The AI"V ranges from 0.0 to 0.63 in the cores 0.43 to
1.08 in the rims. These compositional data clearly indicate
the growth of cores and rims at different metamorphic grade
and P-T conditions.

Nature of chemical zoning of porphyroblast was further
checked by detail chemical profiling (15-20 point analyses)
of two optically zoned grains in Sample nos. 163 and 625
(Figs. 7c¢ and 7d). In relatively large (~0.8 mm) grain of
less-sheared sample (Sample no. 163), the core is
relatively homogeneous, and zoning is confined only to the
outer part of the grain (Fig. 7c). In relatively small (~0.2
mm) grain of highly sheared sample (Sample no. 625), the
zoning is continuous from core to rim (Fig. 7d). In both
the cases, Al", (A1V'+Fe*+Ti), and (Na,+K) increase from
core to rim. In the margin of the grains, the values for all
above cations decrease again. The Si decreases from cores
to rims and finally slightly increases at the margin. The
profiles show prograde metamorphic zonation from core
to rim, and retrograde re-equilibration at the margin. This
zoning pattern is similar to the compositional zoning in
garnets in associated metapelites (see Fig. 8 of Paudel and
Arita 2000).

Compositional variation of syn-kinematic amphiboles in
matrix

Liard and Albee (1981) proposed several cation-based
diagrams for Ca-amphiboles that are capable of separating
amphiboles from different metapelitic metamorphic zones.
Compositions of syn-kinematic amphiboles in matrix from
the present area are plotted in some of those diagrams (Fig.
8). The amphiboles from the chlorite, biotite, and garnet
zone samples plot in different fields in Al" vs. Ti (Fig. 8a),
A1V vs. AlV!(Fig. 8b), (AlV'+Fe*+Ti) vs. Na,, (Fig. 8c) and
(A1V'+Fe*+Ti) vs. Na, (Fig. 8d) diagrams. General increase
of A1V, Ti, (A1V'+Fe*+Ti), Na,, and Na, from the chlorite
zone to biotite zone, and then to garnet zone is quite clear
from the diagrams as well as from the average values in
Table 3.

The average Al" in the chlorite zone is 0.14, in the
biotite zone is 1.32 and in the garnet zone is 1.64-1.69
(averages of three samples, Table 3). Similarly, average Ti
increases from 0.01 in the chlorite zone to 0.03 in the
biotite zone, and (0.03-0.05) in the garnet zone. The
(AIV'+Fe*+Ti) content varies from 0.27 in the chlorite zone
to 1.0 in the biotite zone, and (1.46-1.58) in the garnet
zone. The Na,, varies from 0.07 in the chlorite zone to
0.16 in the biotite zone and to (0.22-0.30) in the garnet
zone. The AIY" increases from 0.11 in the chlorite zone to
0.82 in the biotite zone. It does not vary much between the
biotite (0.82) and garnet zones (0.63-0.94).
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Fig. 7: (a) and (b) Chemical compositions of cores and rims of amphibole porphyroblasts in the MCT zone. Cores and rims plot
in distinctly different fields in AI'Y vs. Na, , and Al"' plots, indicating different metamorphic conditions of recrystallization of cores
and rims. (c) Compositional profile of an amphibole porphyroblast in No. 163. Relatively large porphyroblast shows almost
uniform composition in the cores and zoning only in the rims and margins. (d) Compositional profile of a porphyroblast in No.
625. Relatively small porphyroblasts show almost continuous zonation from core to rim. Cation values are in per formula unit.
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Act: Actinolite, Ts: Tschermakite, Ed: Edenite, Pg: Pargasite.

P-T CONDITIONS OF METAMORPHISM

Metamorphic facies series

The X, (Na, /(Ca+ Na, )-X, (Al/(Si+Al) diagram is
independent to cation normalization method and is useful
for metamorphic facies series discrimination (Liard and
Albee 1981). Present amphibole data are shown in X -X
diagram (Fig. 9). The porphyroblast cores plot in the fle]d
of intermediate-P field. The porphyroblast rims and matrix
amphiboles plot partly in the intermediate-P field and partly
in the overlapping fields of intermediate- and low-P fields.
However, relatively low Ti/Al ratios (d”’0.05) for most of
the amphiboles (Table 3) shows that they belong to the
intermediate-P facies series (Hynes 1982) rather than low-
P facies series.

The present amphibole data are plotted in the AlI'V-Na, ,
diagram of Brown (1977) for comparison with amphiboles
from other metamorphic terrains (Fig. 10). Fields of low-
P contact metamorphic amphiboles of Sierra (USA),
intermediate-P amphiboles of the Dalradian Barrovian-
type metamorphic sequence (Scotland), intermediate to
high-P amphiboles of Otago (Newzeland), and high-P
metamorphic amphiboles of Sanbagawa (Japan) are shown
in the figure. The present data overlap with the Dalradian
amphiboles, confirming intermediate-P Barrovian-type
metamorphism.
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Fig. 10: Comparison of amphibole compositions of the present
study with those from other metamorphic terrains.
Compositionl fields for Sierra (USA), Otago (Newzealand) and
Sanbagawa (Japan) amphiboles and qualitative pressure grids
from Brown (1977). Field for the Dalradian amphiboles
delineated from the amphibole compositional data of Zenk and
Schulz (2004). Cation values are in per formula unit.
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Table 4: P-T estimation using amphibole-plagioclase thermometry of Holland and Blundy (1994) and empirical thermobarometry
of Gerya et al. (1997) revised by Zenk and Schulz (2004). Average compositional data of amphiboles and coexisting plagioclase
were used for calculation. The results are affected by minimum error of +50°C/1.2 kbar. MCT: Main Central Thrust, TS II:

Thrust Sheet II, Grt: Garnet, Bt: Biotite

Core
(T°C)

Tectonic Unit Sample

No.

Rim
(T°C)

Rim
(P kbar)

Matrix
(P kbar)

Core
(P kbar)

Matrix
(ol it 9

MCT zone (Grt zone) 180%*
625*
163%

163*

560

505
570

630
635
625
640

620
635
625
610

3.2 5.9 5.9

TS 1I (Bt zone) 623%* 530

570

575

*Hbl-Pl thermometry of Holland and Blundy (1994)

§Thermobarometry of Gerya et al. (1997) modified by Zenk and Schulz (2004)

P-T evolution

One sample (Sample no. 163) from the study area
contains plagioclase with An>10% and is suitable for
application of the revised version (revised by Zenk and
Schulz 2004) of the empirical amphibole thermobarometer
of Gerya et al. (1997) for P-T calculation. Application of
this thermobarometer to Sample no. 163 yields average
temperature of ~505°C at pressure of 3.2 kbar for
porphyroblast cores. For porphyroblast rims and matrix
amphiboles, peak temperatures are calculated to be ~625°C
at 5.9 kbar. Complete metamorphic P-T path was
reconstructed using compositional profiling data of a zoned
amphibole grain in Sample no. 163. It shows that the
actinolite core of the porphyroblast crystallized at
relatively lower temperature and pressure conditions of
475°C at 2.8 kbar (Fig. 11). Then the amphibole followed a
prograde metamorphic evolution up to a maximum
temperature of 630°C at 5.7 kbar. Finally, the amphibole
experienced a retrograde re-equilibration under P-T
conditions of 515°C and 3.2 kbar. The predicted P-T path
is comparable to that presented by Kohn et al. (2001) for
the garnet-grade rocks of the LH in Darondi Valley of
central Nepal. However, unlike in the Darondi Valley,
present P-T path is the result of at least two unrelated
metamorphic events prior and posterior to the India-Asia
collision (see discussion).

Four samples (Sample nos. 623, 163, 625, and 180)
are suitable for applying hornblende-plagioclase
thermometer of Holland and Blundy (1994) as they contain
amphiboles with Na >0.02, Al"'<1.8, and Si in the range of
6.0-7.7, and plagioclases with X, <90%. Sample no. 42
contains amphiboles with Si>7.7 and so this sample is not
suitable for thermometry. “Programme HbPI 1.2” (Holland
and Blundy 1994) was used to calculate average
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Fig. 11: P-T path estimated from a zoned amphiboie
grain in sample No. 163. P-T conditions are calculated
using revised version (Zenk and Schulz, 2004) of
amphibole thermobarometer proposed by Gerya et al.
(1977). Arrows indicate P-T evolution trend. Core, rim
and margin are defined based on the color of amphibole
in thin section (core: light pale green part, rim: dark
green part, margin: light pale green part along the
grain boundary). The P-T values calculated with this
thermobarometer are affected by a minimum error of
+50°C/1.2 kbar. ALSiO, phase boundaries according to
Spear (1993)
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crystallization temperatures of cores and rims
porphyroblasts and matrix amphiboles. Pressures were
taken as 3.2 kbar for porphyroblast cores and 5.9 kbar for
porphyroblast rims and matrix. The average temperatures
for cores of porphyroblasts calculated using the Holland
and Blundy (1994) calibration method range from ~530 to
560°C (Table 4). The porphyrobalst rims and matrix were
recrystallized at ~575°C in the biotite zone and at ~630°C
in the garnet zone.

The temperature data obtained for the rims of
porphyroblasts and matrix amphiboles in Sample no. 163
using Holland and Blundy (1994) and Zenk and Schluz
(2004) calibration methods are in the similar range (640°C
and 620°C). They are also in good agreement with those
inferred by the previous workers for the upper part of the
MCT zone using garnet-biotite thermometry (~650°C,
Kaneko 1995; ~600°C, Fraser et al. 2000; ~650°C, Catlos
et al. 2001; ~525-625 °C, Kohn et al. 2001). The peak
temperatures for the garnet and biotite zones are also
similar to those inferred for garnet and biotite zones of
the Dalradian sequence (garnet zone= 630°C; biotite zone=
600°C, Zenk and Schulz, 2004). However, the temperature
data obtained for the cores of porphyroblast in Sample no.
163 using Holland and Blundy (1994) calibration method
are slightly higher (570°C) than that obtained by the Zenk
and Schluz (2004) method (505°C) for the same grain. The
composition of actinolite cores are at the limits of
calibration and the matrix plagioclase may not be in
equilibrium with the actinolite cores. It implies higher
uncertainty in the estimated core temperatures. Despite of
the above facts, both the calibration method well reflect
the relative difference in P-T conditions between cores and
rims of porphyroblast as well as between biotite and garnet
zones.

The present peak temperatures for the lower part of the
MCT zone are higher than those inferred from garnet-biotite
thermometry (400-450 °C, Kaneko 1995) and Raman
Spectroscopy of Carbonaceous Materials (RSCM) method
(540°C, Beyssac et al. 2004). It is possible that RSCM is
less sensitive at higher temperature conditions.
Temperature suggested by Kaneko (1995) is comparable
with temperatures of retrograde re-equilibration shown by
rim of amphiboles (Fig. 11). The garnet in the MCT zone
show retrograde zoning at the rim (Paudel and Arita 2000),
and probably the lower temperatures given by Kaneko
(1995) represent the temperatures of retrograde re-
equilibration rather than the peak temperature. Additionally,
validity of garnet-biotite thermometry at temperatures
lower than 500°C is been questionable (Ferry and Spear
1978; Bhattacharya et al. 1992; Holdaway et al. 1997).

DISCUSSIONS ON TECTONO-METAMORPHIC
IMPLICATIONS

The polymetamorphic evolution of the LH has been so
far inferred based on the indirect evidence such as (i)
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discordance of illite crystallinity between the Gondwana
and pre-Gondwana sediments (Johnson and Oliver 1990;
Paudel and Arita 2000), (ii) bimodal compositions of white
micas (Paudel and Arita, 2006a) and pre-collisional and
post-collisional white mica ages (Oliver et al. 1995). Due
to the difficulties in separating detrital white micas from
recrystallized ones in clastic metasedimets, the reliability
of the above evidences was uncertain. However, the zoned
amphiboles in metabasites provide more reliable evidence
for the polymetamorphic evolution of the LH.

There are two explanations for the actinolite-hornblende
pairs in metabasites: miscibility gap at some pressures and
temperatures (see references in Grapes and Graham 1978)
or multiple stages of mineral growths (Graham 1974;
Holland and Richardson 1979; Liard and Albee 1981). The
possibility of miscibility gap can be ruled out for the
present case because (i) the amphibole compositions
change continuously in the chemical diagrams and do not
show any visible compositional gap (Figs. 7a, 7b and 10),
and (ii) compositional profiling of zoned amphiboles show
continuous change in composition from core to rim (Figs.
7c and 7d). Therefore, the zoning should result from an
incomplete chemical equilibration between cores and rims
formed during different metamorphic stages.

The porphyroblasts in lower grade rocks (biotite zone)
are either wrapped up or broken apart by the shear planes
(Figs. 3b and 3c) clearly showing that they are pre-
kinematic. They are essentially made up of actinolite or
magnesio-hornblende. In higher grade rocks (garnet zone),
with more prograde recrystallization, the actinolite/
magnesio-hornblende cores are armored by newly
crystallized tschermakite/ferro-tschermakite (Figs. 6¢, 6d,
and 6e). The actinolite/magnesio-hornblende is preserved
as relic core of the porphyroblast. The textural and
compositional evidence clearly show that the LH
experienced a pre-kinematic upper greenschist-facies
metamorphism (T~500-570°C and P= 3 kbar) in an
intermediate facies-series condition (Figs. 9 and 10).

As the shear foliation (S,) in the MCT zone is parallel
to the Upper MCT, it is clear that the low-grade
metamorphism occurred prior to the thrusting along the
Upper MCT. Whether this metamorphism occurred during
the Eohimalayan stage or prior to the India-Asia collision
can be debated. The “’Ar/**Ar and K-Ar ages of illite from
the low-grade metasediments measured by Oliver et al.
(1995) clearly show a thermal event prior to the India-Asia
collision. Catlos et al. (2000) reported 445 and 252 Ma of
Th-Pb ages from allanite inclusions in garnet from the
footwall of the Upper MCT. Amphibole in metabasites
from the LH also show pre-Tertiary cooling ages (Table
5). In view of the above ages, we believe that the LH
experienced a thermal event prior to the India-Asia collision
in the Tertiary and the pre-kinematic actinolitic amphiboles
are the products of pre-Tertiary (pre-Himalayan)
thermal event.
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Table 5: Published “Ar/Ar and K-Ar cooling ages of amphiboles from the Lesser Himalaya in Nepal

1. Copeland et al.,(1991), Lesser Himalaya, Buri Gandaki Valley, 40Ar/39Ar hornblende ages

K-Ar hornblende ages (Ma)

Sample No. Age (Ma) Dist. From the Upper MCT
AP787 15.2+0.2 100 m
Ap483 4.1+1.3 500 m
AP842 94.8+0.5 2 km
AP343 24.6x£1.9 2.5 km

2. Krummenacher et al. (1978), Lesser Himalaya, Eastern Nepal, K-Ar hornblende ages
KA713 69.4+2 KA343 253+15 -
KA345 96.5+5 KA339 411x16
KA341 695+25

3. Bollinger and Jantos (2006), Lesser Himalaya, Far-western Nepal, 40Ar/39Ar hornblende ages
FW0022 12.5£0.4

4. Krummenacher (1966), Lesser Himalaya, Kali Gandaki Valley,

819+80

It is interesting that the cores of porphyroblasts show
an average geothermal gradient of about 55°C/km based
on an average temperature of ~540°C, average pressure of
3 kbar, and average crustal density of 2.6 gcm™. This
suggests an elevated geothermal gradient in the LH prior
to the Tertiary Himalayan orogeny. The high geothermal
gradient prior to the collision can be related to the
widespread early Paleozoic (ca. 500 Ma) felsic magmatism
in the Himalaya (Le Fort et al. 1986). However, it remains
an open question whether this elevated geotherm resulted
from the simple crustal thinning of Gondwana continent
(Le Fort and Rai 1999) or an early Paleozoic tectonism
(Gehrels et al. 2006).

The inner LH experienced peak metamorphism
(Neohimalayan stage) during the Upper MCT activity.
Textural records in amphiboles confirm that the matrix
amphiboles related to the peak-metamorphic event grew
preferentially along the shear planes parallel to the Upper
MCT. Although most of porphyroblasts show preferred
overgrowth along the foliation, some porphyroblasts show
overgrowth across the shear planes. The above evidences
show that the Neohimalayan metamorphism was mainly a
syn-kinematic event, but the high temperature condition
lasted for long time allowing post-kineamtic overgrowth
of the amphiboles. Parallelism of shear foliations to the
Upper MCT, and presence of stretching and mineral
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lineation indicate that the second metamorphism is
undoubtedly related to the movement along the Upper MCT
(Le Fort 1975; Arita 1983; Pécher 1989). The rocks
experienced a peak metamorphic temperature of ~630°C
at pressure of ~6 kbar during the Neohimalayan stage. This
means a geothermal gradient of ~30 °C/km if average
crustal density is taken as 2.6 gcm™. The greothermal
gradient is similar to that shown by b-spacing values of white
micas (26 °C/km) from the MCT zone (Paudel and Arita
2006b). The above geothermal gradient is comparable to
that observed in the Dalradian Barrovian metamorphic
sequence (22-30°C/km, Zenk and Schulz 2004) and in other
orogenic domains with Barrovian-type metamorphism
(Jamieson et al. 1998).

The systematic chemical changes in syn-kinematic
amphiboles, P-T estimations, and petrographic
characteristics mentioned above confirm the classical
concept of increasing metamorphic grade northwards
(structurally upwards) in the LH. The inverted
metamorphism is coeval to the shearing due to the Upper
MCT activity. Therefore, the metabasites petrology is in
favor of the tectono-metamorphic models such as of Le
Fort (1975), Arita (1983) and Guillot and Allemand (2002)
that relate inverted metamorphism with thrusting along the
Upper MCT and coeval inversion of isotherms.
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Some studies have shown that diffusivity of structure-
forming ions as well as the radiogenic isotopes in a single
crystal is negligible in amphiboles (Brabander and Giletti
1995; Villa et al. 1996). Therefore, the chemically zoned
amphiboles should record radiogenic isotopic
characteristics of different metamorphic stages and, hence,
the radiometric dating should give a complex age spectra
(Villa et al. 2000). Available “°Ar/*Ar and K-Ar amphibole
cooling ages from the Nepalese LH are given in Table 5.
“Ar/*Ar ages range from 4 Ma to 95 Ma and the K-Ar ages
from 69 to 819 Ma. The Miocene ages are related to the
Neohimalayan metamorphism due to the activity of the
Upper MCT. The Pliocene ages may represent the
retrograde re-equlibration as well as neocrystallization of
amphibole due to the infiltration of hot fluids (Copeland
et al. 1991) after the reactivation of the Upper MCT in the
Miocene (Harrison et al. 1997). However, the pre-Tertiary
ages are suggested to be either due to the extrageneous
argon (Copeland et al., 1991) or affected by igneous relict
(Krummencher 1978). It is possible that the older cooling
ages represent the pre-Tertiary amphiboles. The dispersion
of ages from Precambrian to Pliocene indicates that they
are the result of mixing of amphiboles of pre-Tertiary and
Tertiray amphiboles in different proportions. Therefore,
we suggest that the published K-Ar and “*Ar/*’Ar amphibole
ages from the Nepalese LH which are based on simple,
homogeneous mineralogy should be reinterpreted.
Combination of microtextural and microchemical data with
geochronology could only give reliable cooling ages for
the polymetamorphic rocks of the LH.

CONCLUSIONS

The metabasites of the LH are tholeiitic basalts
emplaced into the clastic sediments and metamorphosed
together with the host. The metabasites contain almost
constant mineral assemblage of Ca-amphiboles, biotite,
plagioclase, quartz, epidote, chlorite and Fe-Ti oxides.
Modal percentage of amphiboles and biotite increases, and
that of epidote and chlorite decreases from south
(structurally lower part) to north (structurally higher part)
towards the Upper MCT in the LH. Ca-amphiboles in the
form of porphyroblast are chemically zoned with
actinolite/magnesio-hornblende cores, tschermakite/ferro-
tschermakite rims and magnesio-hornblende margins,
showing their polymetamorphic growth. The actinolite/
magnesio-hornblendes cores are pre-kinematic and were
formed most probably prior to the Tertiary Himalayan
orogeny. The matrix and rims of porphyroblasts are syn-
kinematic and were formed during shearing along the Upper
MCT in the Tertiary. The systematic compositional changes
of syn-kinematic amphiboles and P-T estimations together
with petrographic characteristics confirm the classical
concept of increasing metamorphic grade northwards
(structurally upwards) in the LH. The metabasites petrology
is in favor of the tectono-metamorphic models that relate
inverted metamorphism with thrusting along the Upper
MCT and coeval inversion of isotherms. In the context of
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heterogeneous and polygenetic amphibole mineralogy of
metabasites, amphibole cooling ages from the LH based
on simple, homogeneous mineralogy should be
reinterpreted.
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