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Abstract

The Greater Himalayan Sequence is one of the major tectonic units of the Himalayas running
for over than 2400 km along strike. It has been considered as a coherent tectonic unit
bounded by the South Tibetan Detachment and the Main Central Thrust. However thrusts
within it have been recognized in several places and have been mainly interpreted as out of
sequence thrusts being active after the main phase of exhumation of the crystalline unit
constrained after the activation of the MCT. Recent integrated studies allow to recognise
several ductile shear zones in the core of the GHS along the belt, with top-to-the SW sense of
shear (Higher Himalayan Discontinuity). U-Th-Pb in situ monazite ages provide ages older
than the Main Central Thrust. Data on the P and T evolution testify that these shear zones
affected the tectono-metamorphic evolution of the belt and different P and T conditions
were recorded in the hanging-wall and footwall of the Higher Himalayan Discontinuity. The
correlation of the HHD with other discontinuities recognized in the GHS led to propose that
it is a tectonic feature running for several hundreds kilometers, documented at the regional

scale dividing the GHS in two different portions.

Key words: Himalaya, tectonic discontinuities, metamorphic discontinuities, Greater

Himalayan Sequence, shear zone.

Several first-order tectonic discontinuities have been recognized in the Himalayas dividing
the main tectonic units, such as from top to bottom: the South Tibetan Detachment (STD),
the Main Central Thrust (MCT), the Main Boundary Thrust (MBT) and the Main Frontal
Thrust (MFT). The spectacular continuity of these structures and the main tectonic units for
more than 2400 km, in between them, is a unique feature of the Himalayan belt.

The Greater Himalayan Sequence (GHS) is one of these main tectonic units building up the
chain, bounded by the upper STD and the lower MCT from respectively the Tethyan
Sedimentary Sequence (TSS) and the Lesser Himalayan Sequence (LHS). It represents the
metamorphic core of the belt and medium to high-grade metasedimentary, meta-igneous
rocks and Miocene granites constitute it. Even if it has been undergone a complex
deformation history a quite uniform and coherent tectonic - lithostratigraphy has been
recognized all along strike (Le Fort 1971, 1975; Searle & Godin 2003, Yin 2006).

So far researchers paid attention to the meaning of the MCT, its spectacular continuity along

the belt and its role in the collisional and post-collisional evolution. In the eighties the
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identification of the upper tectonic boundary of the GHS as a normal fault and moreover its
contemporaneity with the MCT, shed new light on the tectonic evolution of the belt leading
to the formulation of different tectonic models for the exhumation of the GHS. Models span
from rigid extrusion, ductile extrusion by simple shear, non-coaxial ductile extrusion,
channel flow and channel flow followed by extrusion (for a review see Mukherjee 2013,
Mukherjee & Koyi 2010, Mukherjee et al. 2012 and Montomoli et al. 2013). Most of the
current tectonic models proposed till now for the exhumation of the GHS are exclusively
based on the role of the first order discontinuities (MCT and STD) and most of the studies
concentrated on these tectonic boundaries.

Several tectonic discontinuities have been recognized inside the GHS located in different
structural positions and usually interpreted as out-of-sequence thrusts (Mukherjee et al.,
2012) such as the Kalopani and the Modi Khola shear zones in Central Nepal (Vannay &
Hodges 1996; Hodges et al. 1996), the Kakhtang and Laya thrusts in Bhutan (Daniel et al.
2003; Grujic et al. 2012), the Tamor-Khola Thrust in far-eastern Nepal (Schelling & Arita,
1991) and the Trisuli-Likhu Fault in the Kathumandu Nappe, central Nepal (Arita et al.
1997). According to Mukherjee et al. (2012) it is a unique out of sequence thrust localized at
various levels in the GHS (distance ratio of the out of sequence thrust from the MCT and the
STDS varying from 1:0.25 to 1:1.57)

A number of ductile shear zones localized within the core of the GHS in Nepal Himalayas
were active before the activation of the Main Central Thrust (Carosi et al. 2010; Montomoli
et al. 2103 with references). Moreover a growing evidence of the occurrence of a main
horizon in the GHS where these ductile shear zones develop led to recognize the occurrence
of first order tectonic discontinuity along the belt dividing the GHS in two portions with
different P-T-t paths (Larson et al. 2010; Montomoli et al. 2013; Yakymchuk & Godin 2012).
By the way a main problem arises in correlating these discontinuities along the belt as they
have been recognized using different criteria such as: a) structural criteria using kinematic
indicators and high-strain concentration (Goscombe et al. 2006; Carosi et al. 2010;
Montomoli et al. 2013; Larson et al. 2013); b) detecting different P-T (Groppo et al. 2009;
Yakymchuk & Godin 2012), c) P-T-t paths from hanging-wall and footwall rocks (Corrie &
Khon 2011; Imayama et al. 2010, 2012) and d) in a few cases just determining different
geochronological ages from hanging-wall and footwall (Rubatto et al. 2012).
Multidisciplinary studies, based on meso and microstructural analyses, in situ U-Th-Pb
geochronology and P-T paths on the hanging-wall and footwall rocks, showed that the GHS is
divided into two main portions or sub-units (GHS lower - GHS; and GHS upper - GHS,,
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Yakymchuk & Godin 2012) separated by a tectono-metamorphic discontinuity identified as
the Higher Himalayan Discontinuity (HHD) (Carosi et al. 2010; Montomoli et al. 2013). Its
occurrence affects both the tectonic and the metamorphic evolution of the GHS being active
before the onset of the MCT and causing the earlier exhumation of the GHSy at least in

Western Nepal (Carosi et al. 2010; Montomoli et al. 2013).

The aim of this work is to make a review of the discontinuities recognized inside the GHS
(Fig. 1) and to check their possible correlation along the Himalayan belt in order to assess
the occurrence of a regional tectonic feature and to better characterize the structural setting

of the GHS.

Geological setting

The Himalayan mountain chain is regarded as the most classical example of continental
related collision. Since a long time (Heim & Gansser 1939) three main tectonic units have
been recognized all along the belt (Fig. 1).

These tectonic units from bottom to top are: (i) Lesser Himalayan Sequence, (ii) Greater
Himalayan Sequence and (iii) Tethyan Sedimentary Sequence. They are bounded by
northward dipping orogenic scale tectonic discontinuities, such as the upper South Tibetan
Detachment (Burchfiel et al. 1992, Carosi et al. 1998) and the lower Main Central Thrust
(Gansser 1964; Searle et al. 2008). These tectonic units have been formerly deposited on the
Indian passive margin and later deformed during the India-Asia collision started about 55
Ma (Searle et al. 1987; Hodges 2000 and references therein).

The lowermost tectonic unit in the orogenic pile (Lesser Himalayan Sequence, LHS) is made
by very-low grade to lower amphibolite facies metamorphic rocks (Upreti 1999; Hodges
2000) mainly represented by impure quartzite, marble, phyllites, orthogneiss and metamafic
rocks. The LHS is subdivided in two groups (Upreti 1999), separated by an unconformity: (i)
the “Lower Lesser Himalaya”, made by Paleo-Protorezoic to Meso-Proterozoic sedimentary
rocks and orthogneiss and (ii) the “Upper Lesser Himalaya” made by sedimentary rocks of
middle Proterozoic age, unconformably overlain by rocks of Gondwanan affinity of Upper
Paleozoic to Cenozoic in age.

The GHS, tectonically overlays the LHS, via a km wide top-to-the-South shear zone, named
Main Central Thrust Zone (MCTZ), is constituted by a 20-30 km thick sequence of medium to
high-grade metasedimentry and meta-igneous rocks. The GHS is subdivided into three

different lithotectonic units (Le Fort 1971, 1975; Searle & Godin, 2003). The lowermost unit
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(Unit 1) is constituted by metasedimentary rocks mainly represented by Ky-bearing
paragneiss and micaschist with subordinate calc-schists, quartzite, impure marble and
migmatites upward. Above, Unit II, is a sequence made mainly by calcsilicate gneiss and
marbles with minor pelitic and psammitic rocks. The upper portion of the GHS is made by
orthogneiss and sillimanite-bearing migmatitic rocks (Unit III). Most of the GHS protoliths
are metasediments Neoproterozoic to Late Cambrian in age with lower Paleozoic intrusions
(Hodges, 2000).

One peculiarity of the GHS is the presence at its base of an inverted metamorphic field
gradient, with the highest metamorphic grade rocks structurally above the lowest grade
ones (Gansser 1964; Searle & Rex 1989). Along the belt the structural thickness of the GHS is
quite variable, reaching minimum values of 2-3 km in western Nepal (Carosi et al. 2002,
2007) up to 30 km in Eastern Nepal and Bhutan (e.g. Daniel et al. 2003).

The metamorphic rocks of the GHS are intruded by Oligo-Miocene granites (Visona et al.
2012, Searle 2013). These granites are mainly subdivided into two groups (i) two mica *
tourmaline leucogranite and (ii) tormaline leucogranite, yielding U-Th-Pb monazite and U-
Pb zircon ages spanning from 24-19 Ma (Searle & Godin 2003; Carosi et al. 2013) with few
younger leucogranites between 14 and 7 Ma (Leech 2008; Kellet et al. 2010). Whereas most
of the leucogranites are intruded in the GHS and are deformed in the ductile portion of the
STDS, an undeformed granite has been recently found in western Nepal with the peculiar
characteristics of cross cutting the STDS, intruding both GHS and TSS at about 24-23 Ma
(Bertoldi et al. 2011, Carosi et al. 2013).

The uppermost tectonic unit is the Tethyan Sedimentary Sequence (TSS), tectonically above
the GHS through a top-to-the- North ductile to brittle extensional structures, named the
South Tibetan Detachment System (Burchfiel et al. 1992).

The TSS is composed by Cambrian to Eocene marine sediments from non-metamorphic to
deformed under very-low to low-grade metamorphic conditions (Antolin et al. 2011; Dunkl
et al. 2011; Crouzet et al. 2007; Myrow et al. 2009). To the North the TSS is bounded by the
Indus Yarlung Suture Zone (Fig. 1), made by flyschs and ophiolites derived from the
Neotethys Ocean (Hodges 2000).

Discontinuities in the Greater Himalayan Sequence
The GHS has been considered for a long time as a coherent tectonic unit. Anyway several
discontinuities have been highlighted in different structural positions in the metamorphic

core, striking parallel to the belt.
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The first recognized tectonic discontinuities have been interpreted as out-of -sequence
thrusts (Grujic et al. 1996, 2002; Hodges et al. 1996; Vannay & Hodges 1996; Davidson et al.
1997; Searle 1999; Viskupic & Hodges 2001; Daniel et al. 2003) being active after the main
phase of exhumation of the crystalline unit constrained after the activation of the MCT (see
Mukherjee et al. 2012 for a review).

These discontinuities are mainly characterized by mineral lineations trending perpendicular
to the grain of the belt and put in contact hanging wall (HW) and footwall (FW) rocks
characterized by different metamorphic imprints, such as for example the Kakhgtang thrust
in Bhutan (Grujic et al. 1996; Daniel et al. 2003) or the Modi Khola shear zone in Central
Nepal (Hodges et al. 1996).

Even if most of the discontinuities show orogen-perpendicular mineral lineations, recently
in southern Tibet, gently dipping shear zones with penetrative orogen-parallel mineral
lineations have been recognized in the upper portion of the GHS (Xu et al. 2013). They show
both top-to-the-East and top-to-the-West sense of movement but occurred later than MCT
activity (Xu et al. 2013).

The tectonic discontinuities in the GHS in Western Nepal, active before the MCT and with
consequences on the metamorphic evolution of the upper and lower GHS (i.e. on the P-T-t
paths of the HW and FW), have been identified as the HHD following Montomoli et al.
(2013).

This is a primary tectonic feature in Western Nepal and we concentrate on similar tectonic-
metamorphic discontinuities in other sections of the belt with the aim to check the regional
extent of the HHD.

Since previous Authors used different criteria to identify discontinuities in the GHS such as
structural criteria, metamorphic criteria, geochronological criteria and/or combination
among them, we analyse and discuss the possible correlation criteria with the HHD reported

in the literature.

Tectonic and metamorphic discontinuities (P-T-t-D discontinuities)

Recently multidisciplinary studies led to recognize a HHD (Montomoli et al. 2013) located in
the core of the GHS. Along two different sections of the belt, in Western Nepal, the
integration of structural data, P-T estimations and geochronological datings led to recognize
a major tectonic and metamorphic discontinuity in the GHS (Carosi et al. 2010, Montomoli et

al. 2013).
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According to Montomoli et al. (2013) along the westernmost transect (Mugu Karnali) (Fig. 1)
the HHD is a ductile contractional shear zone (Mangri Shear Zone, MSZ) with a thickness of 4
km affecting paragneiss, micaschist, migmatitic gneiss and orthogneiss deformed from
protomylonites to mylonites. Kinematic indicators (represented mainly by C-S fabric,
rotated asymmetric porphyroclasts, micafishes and minor drag folds) show a top-to-the SW
sense of shear (Fig. 2a, b, ¢, e and €). Mineral lineations trend from NE-SW to ENE-WSW and
plunge 30-40° toward the NE.

The shear zone developed during the decompression, in the sillimanite stability field, of
rocks that previously underwent relatively high-pressure metamorphism deformed in the
kyanite stability field. Along the mylonitic foliation synkinematic growth of sillimanite can
be observed (Fig. 2f), accompanied by high-temperature deformation mechanism in quartz,
such as chessboard extinction (Fig. 2d).

P-T paths estimated for samples coming from the HW and FW revealed quite similar peak
temperatures (FW: 650-700°C and HW: 690-720°C) but a break of pressure array in
correspondence of the shear zone. More in detail the shear zone juxtaposes lower pressure
rocks (~0.7-0.8 GPa) above higher pressure rocks (~1.1-0.9 GPa) with a pressure gap of
nearly 0.2 GPa (Fig. 3, Table 1).

In situ dating, performed through U-(Th)-Pb on monazite on samples from HW and FW,
revealed different ages for rocks from different structural position (i.e. HW and FW). In
particular in situ geochronological techniques, paired with microstructural observations and
correlation of different chemical domains in monazites with metamorphic reactions and /or
deformation events, led to recognize a continuous activity of the shear zone between 25 and
18 Ma (Table 1). Deformation ages have been obtained on monazites, sometimes with
sillimanite inclusions, aligned along the mylonitic sillimanite bearing foliation.

The HHD crops out eastward and affects kyanite bearing paragneiss and micaschist with
subordinate calc-silicate and marble in the FW and sillimanite bearing gneiss and micaschist
and migmatite in the HW (Toijem Shear Zone, TSZ, Carosi et al. 2010) (Fig. 1). Mineral
lineations trend NE-SW and plunge 30-40° towards the NE. Kinematic indicators (C -S - C’
fabric, mica fishes, rotated asymmetric porphyroclasts) point to a top - to - the SW sense of
shear. P-T paths indicate that the FW experienced higher pressure (0.9 GPa) than the HW
(0.7 GPa) and reached temperatures in the range of 675-700°C for HW rocks and in the
range of 600-650°C for FW rocks (Fig. 3). Shear zone activity has been constrained through
in situ analyses on monazite. Geochronological data highlighted that the shear zone was

active from ~ 26 Ma and ended at ~ 17 Ma (Table 1).
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A structural and metamorphic break referred as Nyalam Thrust (NT) was recently
recognized by Wang et al. (2013), in the Nyalam area (South-Central Tibet, Fig. 1) in
correspondence of a pressure reversion of c¢. 0.3 GPa. The NT juxtaposes high - grade
sillimanite (+ K-feldspar) to cordierite-bearing migmatitic gneiss (hanging wall) above the
lower, slightly mylonitized rocks, mainly made by non-migmatized Ky/Sil (+ muscovite)
paragneiss and orthogneiss (footwall). According to Wang et al. (2013) kinematic indicators
show a top-to-the-South sense of shear and lineations moderatly dip to the NNE. A detailed
P-T profile is reported by Wang et al. (2013), revealing a broadly decrease of pressure at
“peak temperature” up section, in the FW rocks and roughly in HW rocks.

In FW rocks package, P-T conditions range from c. 650-670 °C and 1.3-0.9 GPa of structurally
lower Ky gneiss up to c. 670°C -0.49-0.38 GPa for Sil-bearing rocks just below the NT. In the
HW rocks P-T estimates vary from c. 705-750°C and 0.41-0.70 GPa. The timing of shearing of
the NT is very poorly constrained, but Wang et al. (2013) using zircon U-Pb ages, suggested
an age for NT shearing younger than 14 Ma, postdating the movement along STDS and MCT
in that region (their Fig. 11).

A P-T-t-D discontinuity has been recognized by Larson et al. (2013) in Eastern Nepal, in the
Tama Kosi region (Fig. 1). In this area the HW is made by kyanite-sillimanite bearing gneiss
while the FW is constituted by staurolite bearing micaschist and paragneiss. Different P-T
paths characterize the HW and FW rocks. The HW reached P-T conditions of 700°- 750°C
and 1.0- 0.7 GPa while the FW rocks reached temperature of 620°C and pressure of 0.7 GPa
The FW rocks reached peak metamorphic conditions at ~10 Ma, in contrast HW rocks
record an earlier and protracted prograde metamorphic history (>21Ma) and started to be
decompressed at c. 19 Ma and likely continuing until c. 15 Ma (Larson et al. 2013).

This discontinuity has been interpreted as a boundary between hinterland and foreland of
the belt and approximately corresponds to the MCT.

Recently, in the same geological transect, a structurally upper discontinuity, within the
sillimanite grade rocks, has been reported by Larson & Cottle (2014), based on the variation
of temperature detected by quartz fabric (Fig. 3, Table 1).

Metamorphic monazite U-Th-Pb ages of the HW sample are basically identical with ages
reported by Larson et al. (2013) for the FW sample (retrograde conditions < 22Ma),
suggesting a post metamorphic peak activity for such discontinuity, but at higher
temperature deformation regime and still older than the lower ones (c. 22 Ma vs 19-15 Ma,,

Fig. 10 in Larson & Cottle, 2014).
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In Central Nepal, in the Himal Chuli area (Fig. 1) a discontinuity is located between
sillimanite bearing, locally anatectic, gneiss from the lower staurolite and kyanite bearing
metasedimentary rocks with minor igneous intercalations and quartzite, calcsilicate schist,
marble and pelitic schist (Larson et al. 2010).

HW and FW rocks were deformed under the same temperature range (~600-650°C) but
experienced notably different peak pressure and while the HW rocks reached 0.5-0.4 GPA
the FW rocks reached 0.9-1.1 GPa (Fig. 3, Table 1). Peak metamorphic conditions have been
achieved in an interval range between 23 and 15 Ma (Table 1).

In Eastern Nepal (Fig. 1) another top-to-the-South, ductile shear zone has been described by
Goscombe et al. (2006) called High Himal Thrust (HHT). This discontinuity is a 100-400 m
thick, high-strain mylonitic zone, reworking the high-grade migmatitic GHS rocks, with
synkinematic growth of biotite, feldspar and sillimanite. It divides the GHS into two portions
named respectively Upper Plate and Lower Plate characterized by different P-T-t-D histories
(Table 1). The Upper Plate (HW) is mainly composed by migmatitic rocks with upper
amphibolite to granulitic metamorphic rocks and Miocene leucogranitic intrusion.

The Lower Plate (FW) is made by rocks with an inverted metamorphic grade, varying from
biotite to partially molten metamorphic rocks (Goscombe et al. 2006, Imayama et al. 2010,
2012). Moreover, the strain recorded by the HW (strain ratio: 3-10) is typically lower than
the strain recorded in the FW (strain ratio: 4-20).

Imayama et al. (2010, 2012) constrained the P-T-t evolution of this discontinuity (Table 1).
The migmatites in the hanging wall record partial melting (0.7-1.0 GPa, 730-780 °C) at c. 33-
28 Ma and melt crystallization on cooling at 27-23 Ma, while the migmatites in the footwall
record the starting of partial melting (0.8-1.4 GPa, 720- 770°C) at Early Miocene (21-18 Ma)
followed by melting cooling around 18-16 Ma (Imayama et al. 2012). Moreover, these two
portions of GHS have two different average cooling rates, with the hanging wall rocks
testifying a slower cooling rate (15-25 °C/Ma) compared with the footwall (30-40 °C/Ma)
(Imayama et al. 2012). These observations support the first role of High Himal Thrust, and
diachronic equilibration of the GHS rocks in Eastern Nepal. Goscombe et al. (2006) also

reported a very late reactivation of HHT as a normal fault.

Metamorphic discontinuities
Many discontinuities have been recognized in Nepal Himalayas mainly detecting different P-
T evolutions from rocks in the HW and in the FW. We refer to them as metamorphic

discontinuities.
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Yakymchuk & Godin (2012) recognized a metamorphic discontinuity (MD) in the far-
northwest Nepal (Fig. 1). The MD separates the GHS. characterized by kyanite and
sillimanite bearing migmatitic gneisses from the GHS; dominated by staurolite and kyanite
bearing micaschist with subordinate quartzite, calcsilicate schist, augen orthogneiss and
amphibolite. The GHS; is characterized by an inverted metamorphic gradient and roughly
correspond to the MCT zone.

The MD, previously interpreted as the MCT (Robinson et al. 2006), is a metamorphic
discontinuity dividing two tectonometamorphic domains, the lower one characterized by an
increase in peak metamorphic temperature and pressures up section (1.1 GPa and 600-
630°C), while the upper one shows a decrease in metamorphic pressures at peak
temperatures up-section (0.6-0.8 GPa and 650-720°C) (Fig. 3, Table 1). The juxtaposition of
the two tectono-metamorphic domains requires significant displacement so that the Authors
proposed that the discontinuity represents both a metamorphic and a tectonic discontinuity.
In Central Nepal, in the Annapurna massif (Fig. 1), two different metamorphic
discontinuities have been recognized in the lower portion of the GHS both of them located in
the Unit 1 (Searle & Godin 2003) by Corrie & Kohn (2011). The lower metamorphic
discontinuity (Bhanuwa Thrust) divides the lower portion of Unit 1 made by kyanite bearing
micaschist from the intermediate portion of the unit constituted by rocks with the same
metamorphic assemblage but locally migmatized. Monazite ages give 24-17 Ma for the
activity of the discontinuity. The ages of the high Y monazites rim, interpreted as retrograde,
in the hanging wall could constrain the activity of the Bhanuwa Thrust, triggering their
retrograde path, at nearly 22 -17 Ma. This discontinuity has been interpreted by the Authors
as the MCT.

The upper metamorphic discontinuity (Sinuwa Thrust), in between the lower kyanite
bearing poorly migmatitic pelitic rocks (with average T-P condition of 735°C and 1.25 GPa)
from the upper Kkyanite bearing pervasively migmatitic pelitic rocks (with an average of
“peak P-T” condition at 775°C and 12.5 GPa) is well constrained through Th-Pb ages of

monazites giving a range of 27-23 Ma for its activity (Table 1):

Metamorphic “hidden“ discontinuities have been recognized by Groppo et al. (2009) in
Eastern Nepal (Ama Drime Range) (Fig. 1).

They identified, from different P-T paths, a lower and an upper discontinuity at different
structural levels in the GHS. In particular they localized the two discontinuities in the Main

Central Thrust Zone (MCTZ) affecting the GHS.
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The lower discontinuity is between chlorite and garnet bearing micaschist in the FW
(T=550°C, P:0.65 GPa) and staurolite and kyanite bearing micaschist in the HW (T=600-
650°C, P:0.85- 0.95 GPa). This discontinuity has been interpreted as the lower limit of the
MCTZ, corresponding to the MCT sensu Heim & Gansser (1939).

The upper Hidden Discontinuity (“Hidden Discontinuity” in Table 1) is localized between
staurolite and kyanite bearing micaschist in the FW and kyanite and sillimanite bearing
migmatites in the HW. FW rocks are characterized by higher pressure values (about 0.95
GPa) with respect to the HW rocks (0.75 GPa) (Fig. 3) so that in absence of structural data
the Authors interpreted this discontinuity as an extensional contact as it juxtaposes lower
pressure rocks above higher pressure ones.

In Central Nepal (Langtang Section) (Fig. 1) Inger & Harris (1992), and Harris & Massey
(1994) proposed a discontinuity corresponding to the sillimanite/kyanite isograd diving the
GHS in an upper portion of sillimanite bearing rocks (with relict of kyanite), from a lower
one made by kyanite bearing rocks. Inger & Harris (1994) proposed a diachronous evolution
between kyanite and sillimanite bearing rocks and Fraser et al. (2000), using high-precision
geothermobarometry, recognized two different crustal portions, as a result of post-
metamorphic juxaposition of two different thrust sheets. Reddy et al. (1993) even if they did
not report P-T data, along the same geological transect, argued for a structural break
between kyanite and sillimanite bearing rocks using microstructural and isotopic
observations.

Geochronological constraints on the P-T-t evolution in the Langtang section are presented
by Kohn et al. (2004, 2005) and Kohn (2008). From the latter authors it is evident how the
upper portion of the GHS (named Langtang Thrust Sheet by Kohn et al. 2004) and the lower
portion of GHS (Main Central Thrust Sheet of Kohn et al. 2004) underwent similar P-T
reactions history, but in different times, with the uppermost rocks being metamorphosed
(and melted) and than exhumed/cooled several Ma before the lowermost ones (e.g. Fig. 2 in
Kohn et al. 2004), although the boundary between the two crustal slices do not strickly
coincide with Ky-Sil transition.

Rubatto et al (2012), in the Sikkim region (Eastern Himalaya) (Fig. 1), documented two
different tectonic slices of GHS integrating petrology and trace element-constrained U-Pb
geochronology. The higher structural portion reached peak metamorphic conditions (and
melting) several million years (~5 Ma) after respect to the lower strucural level (Table 1). In
order to explain the diachronicity in the metamorphic and melting history of the GHS,

Rubatto et al. (2012) claimed for a discontinuity between the two portions (“Age
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discontinuity” in Table 1). This discontinuity has been further confirmed by Sorcar et al
(2014) on the basis of a different petrologic cooling rate between hanging-wall and footwall.
More to the East (Fig. 1), in Bhutan, Swapp & Hollister (1991) identified a discontinuity in
the core of the GHS between the lower staurolite and kyanite bearing micaschist and
paragneiss and the upper sillimanite + k-feldspar + cordierite bearing migmatite (“Bhutan
Thrust” in Table 1). The FW rocks underwent 480-500°C and 0.7 GPa while HW rocks
reached 630°C and much lower pressure values around 0.4 GPa (Swapp & Hollister 1991).
Even in absence of geochronological data the Authors suggest that the proposed
discontinuity predated the last motion on the Main Central Thrust because it occurred at
higher temperature compared to the deformation temperature of most of the rocks along the

MCT in Bhutan.

Discussion

The GHS has been regarded for a very long time as a coherent tectonic unit. The widespread
uniform 40Ar/3%Ar cooling ages of white micas (Vannay & Hodges 1996) reinforced the
intepretation of the GHS as a unique tectonic unit. The “uniform” cooling ages of a particular
minerals (e.g argon-argon ages of micas) especially for not texturally controlled ages (Mulch
& Cosca 2004), should be taken with caution since the juxtaposition of crustal blocks could
have been occurred during higher-temperature deformation regime, well above the mineral
closure temperature. So that, the GHS could have behaved as a coherent tectonic unit only
during the latest stages of exhumation and cooling (Rubatto et al. 2012).

By the way several tectonic discontinuities in the GHS have been recognized along the
Himalayan belt from western Nepal to Bhutan, through Sikkim and Eastern and Central
Nepal. Some discontinuities, such as the “Bhanuwa Thrust” (Corrie & Kohn 2011), the lower
“Tama Kosi P-T-t-d discontinuity” (Larson et al. 2013) and the lower discontinuity of
Groppo et al. (2009) correspond in fact to the Main Central Thrust and are localized at the
base of the GHS. The other discontinuities, localized within the GHS above the Main Central
Thrust Zone, divide the GHS into two portions: an upper one (Upper Greater Himalayan
Sequence- GHS,) and a lower one (Lower Greater Himalayan Sequence- GHS)).

In general, as the discontinuities have been recognized using different criteria (structural,
metamorphic, geochronologic or a combination of them), their correlation sometimes is not

so obvious. Anyway, in spite of the different used criteria, they show some common features
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A common feature is that the HW rocks (GHS.) are usually sillimanite or kyanite bearing
migmatite, or partially molten rocks, showing a higher degree of melting with respect to the
FW rocks (GHS)).

It is worth to note that different P-T paths have been highlighted for FW and HW and in most
of the cases HW rocks are characterized by lower pressure values than the FW rocks (Fig. 3).
Where structural criteria have been applied, kinematic indicators show that tectonic
discontinuities are characterized by a top-to-the South-South West sense of movement.
Mylonitic foliation is characterized by the syn-kinematic growth of high-temperature
minerals, such as sillimanite.

Some discontinuities, such as the Kakhtang and Laya Thrusts in Bhutan (Grujic et al. 1996;
Grujic et al. 2012) and Nyalam Thrust in Nepal (Mukherjee et al. 2012; Wang et al. 2013), are
active between 15 and 10 Ma. The other discontinuities (Table 1) are older and are active in
a time interval of several Myr, starting their activity from = 27- 26 Ma (Carosi et al. 2010;
Imayama et al. 2012). While the first younger ones can be interpreted as out of sequence
thrusts the older ones should be considered in sequence thrusts.

Taking into account all the common aspects of the recognized discontinuities we can
correlate them across the belt and we can address for a regional extent of the HHD (Fig. 1,
Table 1). By the way some remarks are necessary considering the different criteria used to
distinguish the discontinuities. Using only metamorphic criteria or P-T differences from HW
and FW rocks without the direct observation of kinematic indicators can led to erroneous
interpretations preventing a reliable sense of movement. As a consequence, even the same
metamorphic discontinuity has been interpreted both as contractional or normal sense
shear zone (i.e. Corrie & Kohn 2011 versus Martin et al. 2010 for the HHT in Eastern Nepal).
The common assumption that lower pressure metamorphic rocks are tectonically
juxtaposed over higher pressure ones only by a normal fault can be misleading in the case in
which rocks attitude dips more than that of tectonic discontinuity but in the same direction.
In this case a thrust can be responsible for their superposition (Twiss & Moores 1992).
Moreover, kinematic indicators, where observed, indicate a top-to-the-South contractional
shear zone. Only in the HHT a normal reactivation of the shear zone has been detected
(Goscombe et al. 2006, Imayama et al. 2012)

The contractional HHD started to move during the underthrusting of the GHS and while the
footwall rocks continued to be buried, the hanging wall rocks underwent earlier

exhumation. As a consequence, the peak P-T conditions reached by HW and FW rocks during
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the activity of the HHD are diachronous. In addition to this we can find along the same
vertical section the superposition of lower P rocks over higher P ones.

If we consider only the P-T-t paths, without the exact deformation path of the deformed
rocks or, at least, the geometry and kinematic indicators in the mylonites, we could
erroneously interpret the HHD to be a normal sense shear zone (in contrast to the
movement indicated by kinematic indicators) because relatively lower pressure rocks occur
in the hanging wall (Carosi et al. 2010).

The correlation between the metamorphic index minerals from different structural positions
(e.g. bottom and top of GHS) may be equally problematic as it is necessary to know if they
grew during prograde or decompression paths and if the index mineral represents
time/spatial variation of “thermal peak” attainment due differences in bulk rock
composition or to different P-T-t-D history of the rock packages.

The occurrence of a regional-scale discontinuity within the GHS suggests that it is made by at
least two crustal slices with different P-T-t histories. Whatever their coupling mechanism,
the occurrence of folded isograds connecting index minerals between the lower and the
upper crustal slices, required for example by channel flow model (Searle & Szulc 2005), is
unlikely.

A fundamental support to investigate this problem is to study :

1) microstructures with the relations between index minerals and main foliations
2)relations between microstructures and the timing of fabric acquisition via in situ

geochronology (monazite and others accessories mineral growth)

Montomoli et al. (2013) showed that deformation shifted in space and time from the HHD to
the lower MCT. A problem arises because ductile deformation in shear zones localizes strain
in a thick portion of the GHS with variable thickness. When a shear zone accommodating
dozen or hundreds km of displacement works for several Myr it could widen its boundaries
both to the bottom and to the top because of strain hardening within its core. The shear zone
boundaries can broaden at the point to meet or to merge with the deformation linked to the
upper (and older) discontinuity. Example of this behaviour could be the HHD almost
coincident with the upper boundary of the MCTZ proposed by Goscombe et al. (2006),
Yakymchuk & Godin (2012) and Larson et al. (2013)

However a correct identification of the two shear zones (HHD vs MCT) and to univocally

characterize tectonic discontinuities is to use a multidisciplinary approach joining structural,
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metamorphic and geochronological investigations for both HW and FW rocks and high strain

zone (Carosi et al. 2010; Goscombe et al. 2006; Larson et al. 2013; Montomoli et al. 2013).

HHD and metamorphism in the GHS

The activity of the HHD starting form 27-26 Ma affected also the metamorphic history of the
rocks of the GHS causing a diachronicity of the P-T peak conditions in the rocks separated by
the HHD (Fig. 4). Following collision at ~55 Ma the GHS underwent general prograde
metamorphism. The structural, metamorphic and geochronological data on the HW and FW
of the HHD allow to identify the retrograde path of the HW rocks corresponding to the
exhumation caused by the top-to-the SW and thrust-sense shearing at 27-18 Ma of the HHD
(Montomoli et al. 2013 with references therein). Ductile deformation in the HW of the HHD
ceased as documented by undeformed leucogranite dykes cross cutting the ductile fabric
emplaced at 17 Ma (Carosi et al. 2010). When deformation localized at a lower level in the
FW of the HHD (i.e. MCT), thrust-sense shearing allowed the HW of the MCT (the FW of the
HHD) to change its P-T-t path and to exhume. The exhumation path is triggered by activation
of the MCT at 17-13 Ma in Western Nepal (Montomoli et al. 2013).

This shows that, in Western Nepal, deformation at nearly 17 Ma shifted from the HHD to a
lower discontinuity in the GHS that can be identified with the MCT zone.

All these data support a downward and southward progressive migration of deformation
(not only limited to the MCTZ and LHS as proposed by previous Authors such as Searle et al.
2008) and ductile shearing within the GHS allowing the progressive exhumation of crustal

slices of the GHS.

The activity of the HHD can explain the occurrence of higher T in the HW with respect to the
FW by the positive inflection of isotherms in the HW and negative inflection in the FW
caused by the thrust-sense movement (Fig. 4). From the sketch of Fig. 4 it is expected the
HW rocks undergo decompression and decreasing temperature. If we take into
consideration the natural P-T-t paths of HW rocks it is evident a slightly increase in
temperature during the decompression path of nearly ~50°-100°C (Carosi et al. 2010;
Groppo et al. 2009; Montomoli et al. 2013).

This increasing temperature, compared to peak temperature during the decompression
path, could be explained by the addition of shear heating along the HHD. The temperature

increase during exhumation path could be due to radioactive heating occurring in the GHS,
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causing partial melting due to U, Th and K present in the rocks (Faccenda et al. 2008;

Nabélek & Nabélek 2014).

According to Molnar and England (1990) heating due to friction on a low-angle thrust fault,
like the MCT, at a depth of 15-20 km is in the order of ~ 100°C. According to Mukherjee and
Mulchrone (2012) shear heating is more efficient in extruding rocks where deformation is

close to simple shear as it is common in high-strain shear zones at depth.

The HHD is a regional-scale discontinuity, developing for hundreds kilometres along strike,
affecting the evolution of the GHS since 27-26 Ma not easily explained by the current
tectonic models adopted for the GHS. In fact, most of them such as extrusion, channel flow,
wedge insertion and even critical taper (see Montomoli et al. 2013 for a review) or a
combination of critical taper and channel flow (Mukherjee 2013), are based on the
contemporaneous activity of the upper STDS and the lower MCT (active between 23-17 Ma,
Godin et al. 2006) or even if they do not require their simultaneous activity, STDS and MCT
have always a primary role.

In addition to this the timing of metamorphism and deformation in the GHS is not
contemporaneous as required by models based on the contemporaneous STD-MCT activities
but the two crustal slices (GHS upper and lower) show differences in the timing of
deformation and metamorphism with a southward shifting of both of them.

Updated tectonic models of the evolution and exhumation of the GHS should take into
account the regional occurrence of the HHD and its impact to the exhumation of the core of

the Himalayas.

Conclusion

The wide regional occurrence of compressive in sequence ductile tectonic discontinuities,
from Western Nepal to Sikkim, and their relative ages distribution, both along the belt and
across a vertical section of the GHS affected the tectonic and metamorphic evolution of the
GHS (Carosi et al. 2010, 2013; Imayama et al. 2012; Montomoli et al. 2013).

A regional tectonic-metamorphic discontinuity (HHD) has been recognized in the GHS with
the following characteristics:

- itis a ductile shear zone showing a contractional top-to-the S and SW sense of shear;
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- it divides the GHS in two portions; an upper GHS and a lower GHS. The upper GHS is made
of sillimanite-kyanite migmatites with a high-degree of melting whereas the lower GHS is
mainly made by rocks exhibiting a lower degree of melting ;

- the HHD started its activity before the initiation of the MCT, at 27-26 Ma and continued up
to 17 Ma;

- the HW and FW rocks attained peak metamorphic conditions in different times. The FW
attained peak metamorphism later than the HW;

- the HW often registered lower P at “peak temperature” with respect to the FW;

- the HW underwent exhumation before MCT and STD activities.

The actual proposed models of exhumation based mainly on the MCT and STD activities are
not able to explain the occurrence of the HHD and the difference in the timing of
metamorphism between GHS, and GHS;. Any model of the tectonic evolution of the GHS
should account for the occurrence of the HHD and its consequences on the metamorphic

path.
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Figure captions

Figure 1. Schematic geological map of the Himalayan Belt. Numbered grey dots represent
the location of the main tectonic and metamorphic discontinuities recognized along the belt:
1) Metamorphic discontinuity; Yakymchuk & Godin 2012; 2) Mangri Shear Zone; Montomoli
et al. 2013; 3) Tojiem Shear Zone; Carosi et al. 2007, 2010; 4) Bhanuwa and Sinuwa Thrusts;
Corrie & Kohn, 2011; Martin et al. 2010; 5) Himal Chuli; Larson et al. 2010, 2011; 6)
Langtang Thrust; Fraser et al. 2000; Harris & Massey 1994; Kohn 2008; Kohn et al. 2005;
Macfarlane 1993; Reddy et al. 1993; 7) Nyalam Thrust (Wang et al. 2013) 8) Tama Kosi;
Larson 2012, Larson et al. 2013; Larson & Cottle 2014; 9) High Himal Thrust; Goscombe et
al. 2006; Imayama et al. 2010, 2012; Hidden Discontinuity ; Groppo et al. 2009; 10) Age
Discontinuity; Rubatto et al. 2012; 11) Bhutan Discontinuity; Swapp & Hollister 1991. SH:
Siwalik Hills- Sub-Himalayan Molasse; LHS: Lesser Himalayan Sequence; GHS: Greater
Himalayan Sequence; TSS: Tethyan Sedimentary Sequence; LH: Lhasa Batholith; HHL: High
Himalayan Leucogranite; NHG: North Himalayan Leucogranite; GB: Gandgese Batholith; CG:
Cretaceous Granite; MFT: Main Frontal Thrust; MBT: Main Boundary Thrust; STDS: South
Tibetan Detachment System; MCT: Main Central Thrust; 1YSZ: Indus Yarlung Suture Zone;
KT: Karakorum Fault).

Figure 2. Representative meso and microstructures of HHD in Western Nepal (Mangri Shear
Zone). a) Mylonitic paragneiss, with C-S fabric pointing to a top-to-the-SW sense of shear; b)
Garnet bearing paragneiss with kinematic indicators (asymmetric rotated porphyroclasts, C-
S fabric) showing a top-to-the-SW sense of shear; c) Composite sigmoidal mineral fish (sensu
Mukherjee 2011) and mica fish; d) Chessboard extinction pattern in quartz indicating
simultaneous prismatic and basal slip; e) Asymmetric strain shadows around garnet; f)
Synkinematic growth of sillimanite on mylonitic foliation. (Mineral abbreviation after

Whitney & Evans2010)
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Figure 3. P-T conditions of samples from the HW (stars) and from FW (hexagons) from
several tectonic discontinuities (see below) plotted on NKFMASH petrogenetic grid of Spear
et al. 1999. Numbers as follows: 1) Yakymchuk & Godin 2012; 2) Montomoli et al. 2013; 3)
Carosi et al. 2010; 4) Corrie & Kohn, 2011; 5) Larson et al. 2010; 6) Kohn 2008; 7) Larson et
al. 2013, Larson & Cottle 2014; 8) Groppo et al. 2009; 9) Goscombe et al. 2006. See table 1

for more details and location of discontinuities.

Figure. 4. Sketch of the activity of the HHD (at 25-18 Ma) in the GHS at two different times
and schematic examples of the P-T-paths of some rock in the HW (al and a2) and FW (b1
and b2) and possible trend of the isotherms perturbated by the contractional crustal-scale
shear zone (modified after Kohn 2008, Nabélek & N4bélek, 2014 and reference therein).

Point a (blue) is in the HW and point b (red) is in the FW of the HHD; t1: at the activation of
the HHD point al exhumed whereas point b1l in the FW continued to undergo prograde
metamorphism; t2: point al reached the position a2 with decreasing pressure and similar
temperature caused by the possible contribution of shear heating in the shear zone; point b1
continued to be buried, reaching progressively higher pressure and temperature, until the
activation time of the MCT, allowing the exhumation of the whole GHS. At the same time the
rocks in the FW of the MCT (i.e. Lesser Himalaya) become incorporated in the orogenic

prism and underwent prograde metamorphism.

Table 1. Summary table of the main tectono-metamorphic discontinuities recognized in the

GHS in Central and Eastern Himalaya.
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within the GHS along Central-Eastern Himalaya (from Western, Central and Eastern Nepal, Sikkim and Buthan).

Table 1. Main features of tectono-m.
. Metamorphic rocks P-T estimate Timing of
Name Locality Footwall Hanging wall Footwall Hanging wall activity References Age of MCT
Metamorphic Karnali valley St/Ky-bearing WKNNNMHWW ~1.1 GPa ~0.6-0.8 GPa B Yakymchuk & Godin
Discontinuity (MD) (Western Nepal) metapelites para/orthogneiss 600-630 °C 650-720 °C (2012) -
St/Ky+Sil-bearing
Mangri Shear Zone Mugu Karnali paragneiss &  Sil+Ms/Kfs-bearing  ~0.9-1.1 GPa ~0.7-0.8 GPa ANMH,",NWW Montomoli et al. (2013) AZQ__HW-_MQW\W al
(MSZ) (Western Nepal)  orthogneiss locally gneiss & migmatites ~ 650-700 °C 690-720 °C ’ ’ ”
. Mnz) 2013)
anatectic
Toijem Shear Zone Garphung Khola Ky-bearing Sil-bearing and ~0.9 GPa ~0.7 GPa 26-17 Ma Carosi et al. (2007, 2010) 22-10 Ma
(TSZ) (Western Nepal) metapelites migmatitic gneiss 600-650 °C 675-700 °C (U-Th-Pb, > ’ ’ (De Celles et al., 2001)
Sinuwa Thrust (1) Modi Khola valley Mwwcwmwmm Ky-bearing ~1.25 GPa ~1.25 GPa 2722Ma  Corrie & Kohn (2011) 22-13 Ma
(Central Nepal) P >, migmatites 735°C 775 °C (Th-Pb, Mnz)  Nadin & Martin (2012) (Catlos et al. 2004)
locally anatectic
P-T-t-D Aﬂmw_oo@”mw_ NNMQWM_M Sil-bearing anatectic  ~0.9-1.1 GPa  ~0.5-0.4 GPa &Mw_m Larson et al. (2010, 2011) 21-8 Ma
(Himal Chuli) pelite: paragneiss ~600-650 °C ~610-640 °C ’ Kohn et al. (2001) (Kohn et al. 2004)
Nepal) orthogneiss Mnz)
Langtang Thrast (L) LenEtang region _ugw%mm\ Mw:% Sil+Kfs-bearing  ~0.85-1.15GPa  ~0.85 GP 21-19Ma  Kohn et al. (2004, 2005) 16-9 Ma
slang (Central Nepal) M:nmwm migmatitic gneiss 650-750 °C 825 °C (Th-Pb, Mnz) Kohn (2008) (Kohn et al. 2004)
P-T-t-D Am%ﬁw Mmmé w%_ﬁwﬁsm M__WMM__W ~1.0GPa  ~0.71-0-77 GPa Am Nwm,mw Larson & Cottle 19-15 Ma
(Tama Kosi) smaty smatt ~700-725 °C ~7020-750 °C ? (2014) (Larson et al. 2013)
Nepal) paragneiss paragneiss Mnz)
"Hidden Discontinuty " . wé: asm:a StKy-bearing _Qm m__w%sam ~0.85-0.95GPa  ~0.75-1.0 GPa - Groppo et al. (2009) -
(HD) window (Eastern o ligug rocks  Subsolidus to 600-650 °C 655-~800 °C ppo et ak
Nenal) sunrasolidus rocks
High Himal Thrust Tamor-Ghunsa mquw_ﬁmm Sil+Kfs + Crd ~0.8-1.4GPa  ~0.7-1.0 GPa 27-23 Ma Q_MNSH_NNNM\. %oo_we 22-13 Ma
(HHT)* (Far-Eastern Nepal) gneiss SIS migmatites ~780 °C 730-780 °C (U-Pb, Zrn) Y ’ > (Goscombe et al. 2006)
migmatites 2012)
. Sil+Kfs+Crd 23-20 Ma
.\ o L Sil+K fs+Crd ORI ~0.8 GPa ~0.9 GPa 22-13 Ma
Age discontinuity' Sikkim migmatites B_me:ﬁ,m with Ky 750-850 °C 750-850 °C (U-Pb, Rubatto et al. (2012) (Catlos et al. 2004)
relicts Mnz/Zrn)
Modi Khola Shear ~ Modi Khola valley O™V E.cgm:m >Bm&_wo__w mzw_% B B DSBSMa ol (199) 225 Ma
Zone (MKSZ) # (Central Nepal) gretss an caresieate an (U-Pb, Zm) € : (Hodges ct al. 1996)
calcsilicate orthogneiss
Ky/Sil-bearing 1.2 up to 0.39 21 Ma
. o Sil/Crd- bearing : : 0.69 up to 0.41 <14 Ma (Viskupic et al. 2005)
Nyalam Thrust (NT) # Nyalam region non HN_—WHMMM& migmatitic gneiss GPa 670 °c 630- GPa705-750°C  (U-Pb Zm) Wang et al., 2013 232320 Ma
parag (Hubbard 1989)
s amphibolite grade ~ granulazied 0.6-0.8 GPa 0.8-1.0 GPa ~15-13Ma  Grujic ef al. (2002,2012) 20-15 Ma
Laya Thrust (LT) # NW-Bhutan rocks eclogites bearing  600-650 C° 750-800°C  (U-Pb,Mnz)  Warreneral (2011)  (Tobgay etal. 2012)
SUKy:Sil-bearin owwwa%d mmﬁwm wwws 23-20Ma
Kakhtang Thrust (KT) ¥ ing Ky/Sil+Kfs+Crd- 0.6-1.3 GPa ~0.9 GPa 15-10 Ma yic et an : (Tobgay et al. 2012)
NE-Bhutan para-orthogneiss . R . o o Daniel e al. (2003)
# . bearing migmatites 600-640 °C 700-720 C (U-Pb, Mnz) . 18-13 Ma
locally anatectic Long & McQuarrie (2010) (Daniel et al., 2003)
Chambers et al. (2011) cletal,
St/Ky=+Sil-bearing Sil+Kfs+Crd- ~0.7 GPa ~0.4 GPa .
Buthan Thrust # N Bhutan paragneiss bearing migmatites 480-500 °C 630 C° - Swapp & Hollister (1991)

* normal fault reactivation at 18-16 Ma (U-Pb, Zm)

# Out of Sequence Thrusts



