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Abstract 

The largest crystalline unit representing the mid-crust in the Himalayan belt is the Greater Himalayan 

Sequence (GHS) which stretches all over the 2400 km of length of the belt. The GHS, recognised since the 

first geological explorations of the Himalayas, has been considered for a long time as a coherent tectonic 

unit, exhumed by the contemporaneous shearing along the Main Central Thrust and the South Tibetan 

Detachment System in the time span ~ 25-17 Ma. A multidisciplinary approach, integrating geological 

mapping, structural analysis, petrology and geochronology allowed to better constraints on its internal 

architecture characterised by several levels of tectonic-metamorphic discontinuities on the regional scale 

with a top-to-the-S/SW sense of shear and active since ~ 40 Ma. The GHS is consequently divided in three 

main tectonic units exhumed progressively from the upper part to the lower one by ductile shear zones, later 

involving the Lesser Himalayan Sequence.  

Above the Main Central Thrust a cryptic tectono-metamorphic discontinuity (Higher Himalayan 

Discontinuity; HHD) has been recognized and mapped in Central-Eastern Himalaya. The mapping of the 

HHD has been allowed by the use of a multidisciplinary approach involving structural analysis, 

geochronology and petrography. A new map of Western Nepal is presented.  

In this framework the popular models of exhumation of the GHS mainly based on the contemporaneous 

activity of the two bounding shear zones (Main Central Thrust and the South Tibetan Detachment) and 

considering the GHS as a coherent tectonic unit, should be reconsidered. An in-sequence shearing tectonic 

model, from the deeper to the upper structural levels, further affected by out-of-sequence-thrusts, is more 

appropriate to explain the deformation, metamorphism and exhumation of the mid-crust in the Himalayan 

belt. 

Geological mapping of the Himalayan belt is very far away to be exhaustively completed. Anyway during 

the last 20, and particularly during the last few years, it has been notably improved due to a new 

multidisciplinary approach. 

 

Keywords: Himalaya; geological maps; tectonic and metamorphic discontinuities; Greater Himalayan 

Sequence; exhumation; ductile shear zone; in sequence shearing. 
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1. Introduction 

Geological mapping is a basic tool for the understanding of the 3D geology, construction of geological 

models and for the interpretation of the geological evolution. Geological mapping is devoted to map 

lithological sequences, sedimentary and tectonic units as well as the boundaries among them and geological 

structures mappable at the chosen scale. The state of the art of mapping in different countries of the world is 

remarkably different due to the variable amount of money the governments allocate to it and to the presence 

of ore deposits. A paradox is the Himalayan belt, the most classical collisional orogen, studied since the last 

two centuries where tectonic models have been constructed but the availability of geological maps is 

extremely variable resulting in a discontinuous coverage of maps. Anyway geological mapping in the 

Himalayas is hampered by the elevated snow-covered altitudes reaching 8000 meters, rugged terrains, steep 

slopes, vegetation in the lower part and limited accessibility due to the scarcity of roads and even trails or 

footpaths. Political problems often hamper the access of the researchers into wide regions for several years 

(e.g. Tibet). 

By contrast many researchers from all over the world actively worked on the geological evolution of the 

Himalayas, representing an exceptional geological natural laboratory. Moreover, several tectonic models 

have been proposed starting from the Himalayan belt (Fig. 1) such as the very interesting, but widely 

discussed, “channel flow” model for the exhumation of the mid crust (Beaumont et al., 2001; see discussion 

in Kohn, 2008; Carosi et al., 2012, 2016; He et al., 2015; Montomoli et al., 2013 and other orogenic belts 

(e.g. Darbyshire et al., 2017). The efforts in understanding the geological evolution of the belt led to the 

application of a multidisciplinary approach and to the use of the most modern techniques such structural 

geology, petrology and geochronology (Kohn 2008; Montomoli et al., 2013; 2015; Larson et al., 2013; Cottle 

et al., 2015) with direct consequences on the mapping of main structures or tectonic boundaries.  

Following field mapping of the metamorphic sequences in central Himalayas (e.g. Nepal, Sikkim and 

Bhutan) in the last 20 years we can observe a clear evolution from the classical geological maps, mainly 

based on field work, toward a new generation of geological maps based on integrated field work, remote 

sensing, meso- and micro-structural analysis, petrology and in situ geochronology. This approach led to the 

mapping of “hidden or cryptic discontinuities” in the metamorphic core of the belt (Carosi et al., 2010, 2016; 

Montomoli et al., 2013, 2015; Cottle et al., 2015; Iaccarino et al. 2015, 2017a; Wang et al., 2015, 2016; 

Larson et al. 2017 with references) which had primary consequences on the tectonic and metamorphic 

evolution of the belt and could be used as guidelines for mapping similar discontinuities in other modern and 

ancient orogenic belts. The “hidden discontinuities” are both in-sequence-thrust sense shear zones or thrusts 

(Carosi et al., 2016 with references) acting after the collision between India and Asia and out-of-sequence- 

thrusts (Ambrose et al., 2015; Mukherjiee, 2015) affecting the Greater Himalayan Sequence after the activity 

of the Main Central Thrust.  
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A switching point can be envisaged at the beginning of this century when Kohn et al. (2004) recognized the 

activity and the age of the Langtang thrust in Central Nepal by detailed chemical analyses of monazites in its 

footwall and hanging wall. Carosi et al. (2007, 2010) mapped in Western Nepal a high-temperature shear 

zone (Toijem shear zone), investigated by structural analysis with the recognition of mylonites and kinematic 

indicators (Fig. 2a), and different P-T-t paths of the footwall and of the hanging wall rocks. Montomoli et al. 

(2013, 2015) and Iaccarino et al. (2015, 2017a) found a close relation between the age of the prograde and 

retrograde paths with a shifting of the P-T peaks of several million years in the hanging wall and footwall 

rocks, as envisaged by Kohn et al. (2004). The integration between classical geological mapping, structural 

geology, petrography and geochronology led to a sort of geological mapping 2.0, where field observations 

and structural analysis are integrated by further multidisciplinary analyses to draw on the map new tectono-

metamorphic discontinuities, which were not easily or univocally recognizable only by field observations. 

The most evident example of this integrated approach is the finding of a mid-crustal tectonic and 

metamorphic discontinuity, recognized and mapped in more than 20 different localities within the GHS in 

Central and Eastern Himalaya (Figs. 3, 4) (Carosi et al., 2007, 2010, 2016; Groppo et al., 2009; Corrie and 

Kohn, 2011; Yakymchuk and Godin, 2012; Imayama et al., 2012; Rubatto et al., 2013; Kohn et al., 2004; 

Kohn, 2008; Larson et al., 2010, 2013, 2015; He et al., 2015; for a review see Montomoli et al., 2013, 2015a; 

Cottle et al., 2015; Khanal et al., 2015; Iaccarino et al., 2015, 2017 a; Wang et al., 2015, 2016; Zeiger et al., 

2015; Agustsson et al., 2016; Shresta et al., 2017; Walters and Kohn, 2017). This “new” discontinuity, 

named as the Higher Himalayan Discontinuity (HHD) after Montomoli et al. (2013; 2015) can be mapped 

from Western Nepal up to Bhutan for more than 1000 km along the strike (Cottle et al., 2015; Carosi et al., 

2016 with references; Wang et al, 2016) (Fig. 3). Hence actual paradox is to have the most classical orogenic 

belt partially uncovered by detailed geological maps but where the most modern approach is locally present. 

In addition to this, mapping the Himalayas encompasses the problem of definition of the formation or units 

within the metamorphic core of the belt and unresolved problem of the definition and localization of the 

Main Central Thrust separating the Greater Himalayan Sequence from the lower Lesser Himalayan Sequence 

(Searle et al., 2008 with references; Mukhopadhyay et al., 2017). For example in Sikkim the MCT has been 

mapped entirely in the GHS at the base of the upper portion of the GSH corresponding to the sillimanite 

bearing gneiss and micaschist. In lower Kali Gandaki valley (Central Nepal), as well as in other portions of 

the belt, the MCT has been originally mapped by Le Fort (1975), Colchen et al. (1986), Carosi et al. (2014), 

Iaccarino et al. (2015) at the kyanite –in isograd at the base of the GHS and recently mapped by Searle 

(2010) and Parsons et al. (2016a, b) in the Lesser Himalayan Sequence, at the chlorite-in isograd where 

Himalayan deformation is weak or vanish. The structural distance between the positions of the MCT is 

nearly 10 km resulting in a very different position of the MCT trace on the geological maps (~ 15 km of 

horizontal distance in the map). 

Taking into account the above mentioned problems, this paper focuses on the evolution of the geological 

maps in the last 20 years in the metamorphic core of the Himalayas in the Nepalese and Sikkimese-

Bhutanese Himalayas (Central-Eastern Himalaya) with special attention to the tectonic and metamorphic 
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discontinuities bounding the GHS both at the top and at the bottom and the HHD occurring within the GHS 

(Fig. 2).  

 

 

2. Overview of the geology of the Himalayas 

The Himalayan belt is the most classical example of collisional orogen (Le Fort, 1975) derived from the 

nearly frontal collision between India and Eurasia plates at ~ 59 Ma (Hu et al., 2016) after the entire 

consumption of the Neo-Tethyan ocean below the Eurasian plate. After the collisional stage deformation 

continued by pushing and indenting the northern margin of India in the Eurasia with lateral extrusion of the 

SE China and Indochina. The Himalaya is a belt characterized by a E-NE shallowly dipping subduction in 

which the subduction hinge converges relative to the upper plate slightly faster than the shortening in the 

Himalayas (Doglioni et al., 2007; Doglioni and Panza, 2015). 

During the collisional and post-collisional stages the tectonic units derived from the northern Indian plate 

were deformed and metamorphosed at different levels to the south of the Indus suture zone and stacked to 

build up the highest collisional orogen in the world. 

Most deeply metamorphosed rocks represent the mid-crust and occur in one of the major tectonic units of the 

belt known as Greater Himalayan Sequence (GHS) or Higher Himalayan Crystalline (Fig. 1).  

 

Since long time three main tectonic units have been recognized all along the Himalayan belt (Fig. 1) (Heim 

and Gansser, 1939). These tectonic units from bottom to top are: (i) Sub-Himalaya, (ii) Lesser Himalayan 

Sequence (LHS), (iii) Greater Himalayan Sequence (GHS) and (iv) Tethyan Sedimentary Sequence (TSS). 

They are bounded by northward dipping orogenic-scale tectonic discontinuities, such as the Main Boundary 

Thrust, the Main Central Thrust (Gansser, 1964; Searle et al., 2008) and the South Tibetan Detachment 

System (Burg et al., 1984; Burchfiel et al., 1992, Carosi et al., 1998, Searle et al., 2003). These sequences 

have been formerly deposited on the Indian passive margin and later deformed during the India–Asia 

collision. 

The lowermost tectonic unit, the Sub-Himalaya, is made by Tertiary molasses (Siwalik Group) deposited  in 

the foreland basin accreted to the growing orogen. The LHS is made by very-low grade to lower amphibolite 

facies metamorphic rocks (Upreti, 1999; Hodges, 2000) and 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 overlying the LHS with a km-wide top-to-the-south ductile shear zone and as the 

named Main Central Thrust Zone (MCTZ), is a 20-30 km thick sequence of medium to high-grade 
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metasedimentry and meta-igneous rocks. Since the original works of Le Fort (1971, 1975) it has been 

classically subdivided into three main lithotectonic units (Searle and Godin, 2003) showing a good lateral 

continuity along the belt. The lowermost (Unit 1) is comprised of metasedimentary rocks mainly represented 

by garnet to kyanite-bearing paragneiss and micaschist with subordinate calc-schists, quartzite, impure 

marble and migmatite in the upper part. Above, Unit II is a sequence made mainly by calcsilicate gneiss and 

marbles with minor pelitic and psammitic rocks. The uppermost portion, Unit III, is made by orthogneiss and 

aluminosilicate-bearing migmatitic rocks.  

One peculiarity of the metamorphic core of the Himalaya is the presence of an inverted metamorphic field 

gradient at its base, with the highest metamorphic grade rocks structurally above the lowest grade ones 

(Gansser, 1964; Searle and Rex, 1989). Along the belt the structural thickness of the GHS unit is quite 

variable, reaching minimum value 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 GHS is intruded in its upper part by Oligo-Miocene granites (Visonà and Lombardo, 2002; Visonà et al., 

2012; Searle, 2010; Weinberg, 2016 with references). The granites are mainly subdivided into two groups (i) 

two mica ± tourmaline leucogranite and (ii) tourmaline leucogranite, yielding U-Th-Pb monazite and U-Pb 

zircon ages spanning from 24-19 Ma (Searle and Godin, 2003; Carosi et al., 2013) with few younger 

leucogranites between 14 and 7 Ma (Leech, 2008; Kellett et al., 2010; Weinberg, 2016; Montomoli et al., 

2017a). Whereas most of the leucogranites, intruding the GHS are deformed in the ductile portion of the 

STDS (Montomoli et al., 2017a), an undeformed km-size granite has been recently found in western Nepal 

with the peculiar characteristics of cross-cutting the STDS, intruding both GHS and Tethyan Sedimentary 

Sequence at ~ 24 Ma (Bertoldi et al., 2011; Carosi et al., 2013). 

The uppermost tectonic unit is the Tethyan Sedimentary Sequence, lying tectonically above the GHS through 

a top-to-the-North ductile to brittle extensional structures, known as the South Tibetan Detachment System 

(Burchfiel et al., 1992). The Tethyan Sedimentary Sequence is made up of the Neo-proterozoic (?) -

Cambrian to Eocene marine sediments deformed under very-low to low-grade metamorphic conditions 

(Crouzet et al., 2007; Myrow et al., 2009; Antolin et al., 2011; Dunkl et al., 2011) and reaching amphibolite 

facies metamorphic condition towards the Indus Suture Zone (Montomoli et al., 2017b). To the North it is 

bounded by the Indus Yarlung Suture Zone (Fig. 1), made by flyschs and ophiolites derived from the 

Neotethys Ocean (Hodges, 2000; Yin 2006). 

 

3. Location of the Main Central Thrust: a never ending enigma? 

 

The MCT is one of the major tectonic discontinuities stretching for nearly 2400 km along the strike of the 

belt (Fig. 1). The definition of the MCT has changed since it was first proposed by Heim and Gansser (1939) 

as “the thrust fault that places high-grade metamorphic rocks of the Greater Himalayan Sequence southward 

over low-grade rocks of the Lesser Himalaya”. 

Different definitions of the MCT have been proposed after the initial one by Heim and Gansser (1939), based 
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on (a) structural and metamophic criteria (Searle et al. 2008, Martin 2017, with references; Montemagni et 

al., 2016; Mukhopadyay et al., 2017); (b) metamorphic and rheological (Searle et al. 2008) and rheological 

(e.g. Gibson et al., 2016; Parson et al., 2016a); (c) chronological (Webb et al., 2013); and (d) compositional 

assuming that the MCT is a high-strain zone separating distinguishable protoliths by geochemical 

composition (e.g. Martin et al., 2005; Martin, 2016). The MCT, active for several Myr, records a long-lasting 

deformation, from ductile to brittle (Carosi et al., 2007), and affects several different lithologies and units 

along strike. 

For other authors the MCT is a wide, km-thick ductile shear zone, classically delimited by two systems of 

reverse faults, named as the Main Central Thrust Zone (MCTZ), that in different portions of the belt assumes 

different names. Arita (1983) defines the MCT-1 as the structurally lower thrust and the MCT-2 as the upper 

one of the MCTZ. Saklani et al. (1991) refers to the lower one as MCT2. DeCelles et al. (2000), Robinson et 

al. (2001) and Robinson (2008 and references therein) define the MCT “sensu stricto” as the upper thrust, 

which often (e.g. Colchen et al., 1986) is placed near the kyanite isograde and refers the lower thrust as 

Ramgarh Thrust. In the Garhwal region (NW India) the two bounding thrusts are named as the Munsiari 

Thrust (MT) at the bottom (Valdiya, 1980) and Vaikrita Thrust (VT) at the top (Valdiya, 1980; Gururajan 

and Chaudhuri, 1999; Jain et al., 2014).  

 

According to Searle et al. (2008) previous authors such as Bordet (1961), Le Fort (1975), Gansser (1983), 

Colchen et al. (1986), Parrish and Hodges (1996), Harrison et al. (1997), Ahmad et al. (2000), DeCelles et al. 

(2000), Catlos et al. (2001, 2002), Robinson et al. (2001), Daniel et al. (2003), Martin et al. (2005), Richards 

et al., (2005), provided useful information on age, stratigraphy and metamorphism, but none of these criteria 

are able to correctly and univocally identify the location of the MCT (Montemagni et al., 2016). According 

to Searle et al. (2008), the main criteria to define the MCT is the identification of a strain gradient where a 

clear strain localization (evident from field and microstructural analyses) of deformation is present. 

Moreover, the former authors also pointed out that the MCT roughly coincides with a wide zone 

characterized by Barrovian inverted metamorphism (Searle and Rex, 1989; Davidson et al., 1997; Walker et 

al., 1999; Searle et al., 2008). Larson and Godin (2009) regarded the Ramgarh Thrust or MCT I or Munsiari 

thrust as the MCT at the base of pervasively sheared rocks of the GHS, affected by inverted metamorphism, 

following the definition proposed by Searle et al. (2008). 

Martin (2017) proposed a different definition of the MCT based on the recognition of a protolith boundary 

where high-strain zone showing a reverse kinematics is present.  

P-T conditions of nearly peak metamorphism within the MCTZ is bracketed between c. 0.6-1.0 GPa and 

520-650°C (Hubbard, 1989; Vannay and Grasemann, 1998, 2001; Catlos et al., 2001; Kohn et al., 2001; 

Vannay et al., 2004; Montemagni et al., 2016; Iaccarino et al., 2017a). The peculiar feature of the MCTZ is 

that it coincides with the zone of “inverse metamorphic grade” ranging from the biotite to the 

kyanite/sillimanite zone moving structurally upward (e.g. Searle et al., 2008; Kohn, 2014 with references). 
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As stated above, the main consequences of the so different definitions of the MCT are the different 

geological map localization of the MCT itself and, as a consequence, the variable thickness of the GHS and 

LHS. For example in the Kali Gandaki valley (Central Nepal) the position of the MCT at the base of the 

garnet + kyanite-bearing gneiss of the GHS by Le Fort (1975), Colchen et al. (1980), Vannay and Hodges 

(1996) and Carosi et al. (2014) is nearly 15 km north with respect to the position of the MCT used by Searle 

(2010) and Parsons et al. (2016a, b) who located the MCT in the Pre-Cambrian quartzites of the “classical” 

LHS unit where deformation attributed to the MCT vanishes to the south. In Sikkim, the MCT has been, 

instead, shifted upwards, towards the upper portion of the GHS at the base of the sillimanite + K-feldspar 

zone, well inside the migmatites of the upper GHS (Mottram et al., 2014; Chakraborty et al., 2016, 2017 with 

references). 

So the uncertainty related to the position of the MCT is really high including several kilometers of thickness 

of the LHS as well as all the lower parts of the GHS. This uncertainty in the definition and location of the 

MCT is reflected also in its age spanning from ~23 Ma (Godin et al., 2006 with reference) to ~ 3 Ma (Catlos 

et al., 2002). 

Montomoli et al. (2015) noted a partial overlap in the age of the MCT and the HHD so that it is possible to 

confuse the MCT with the HHD in the literature. In fact recent data show that the HHD can be located above 

the MCT with ages spanning from c. 28 to 17-16 Ma (Montomoli et al., 2013, 2015) whereas the most recent 

ages of the MCT in the sections where the HHD is clearly recognized are younger (17-16 Ma onward; 

Montomoli et al., 2013; Mottram et al., 2014; Kohn 2014 with references; Iaccarino et al., 2015; Walters and 

Kohn, 2017). 

Correct identification of in-sequence tectonic and metamorphic discontinuities along the same cross sections 

of the LHS and GHS is a fundamental key to better and correctly locate the MCT and to unravel the tectonic 

and metamorphic history. 

 

4. How many units in the GHS? 

Due to the strong emphasis on the role played by the STDS and the MCT in all the proposed tectonic models 

for the exhumation of the GHS (Montomoli et al., 2013) little attention was paid to the internal architecture 

and tectonic discontinuities inside the GHS. Because they are reverse thrusts or shear zones occurring in a 

structural position above the MCT, they were usually interpreted as out-of-sequence-thrusts (Mukherjee, 

2015, with references). Classic examples of out-of-sequence-thrusts (Fig. 4), recognized in the Himalaya so 

far, are: the Kalopani and the Modi Khola shear zones in Central Nepal (Vannay and Hodges, 1996; Hodges 

et al., 1996), the Kakhtang and Laya thrusts in Bhutan (Daniel et al., 2003; Grujic et al., 2011) and the 

Nyalam thrust in the Shishapagma area (Central Nepal) (Wang et al., 2013) with a minor and late role in the 

exhumation of the GHS.  
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Some kind of discontinuities named “hidden discontinuities” have been identified in Eastern Nepal by 

recognition of the occurrence of discontinuities in the metamorphic path and/or metamorphic gradients of the 

rocks involved (Groppo et al., 2009; Mosca et al., 2012; Rapa et al., 2016). 

The GHS has been regarded as a coherent tectonic unit since the beginning of the studies in the Himalayan 

belt for long time (Fuchs and Frank, 1970, Hodges, 2000; Yin, 2006) (Fig. 1). Several tectonic 

discontinuities in the GHS have been recently recognized and/or reinterpreted based on new 

geochronological data and metamorphic evolution along the Himalayan belt from Western Nepal, and 

Eastern and Central Nepal, through Sikkim to Bhutan. Some of these discontinuities, such as the “Bhanuwa 

Thrust” (Corrie and Kohn, 2011), the “Tama Kosi P-T-t-d discontinuity” (Larson et al., 2013) and the 

”Hidden discontinuity 1” of Groppo et al. (2009) are in fact localized within the wide zone of deformation of 

the Main Central Thrust Zone at the base of the GHS (Montomoli et al., 2015). The other discontinuities, 

identified as the HHD and localized within the GHS well above the trace of the MCT, divide the GHS into 

two portions, an upper one (Upper Greater Himalayan Sequence- GHSU) and a lower one (Lower Greater 

Himalayan Sequence- GHSL) (Montomoli et al., 2013, 2015). 

These thrust-sense discontinuities are mainly characterized by mineral lineations trending perpendicular to 

the main foliation of the belt, with a top-to-the-south to southwest sense of shear, and put in contact the 

hanging wall and footwall rocks which are characterized by different metamorphic imprints. However, in the 

last ten years more detailed investigation of structural observations at the meso- and at the microscale and 

the P-T-t path of the hanging wall and footwall rocks with in situ geochronological investigations allowed to 

recognize the occurrence of a sort of “cryptic” discontinuities in the GHS (Figs. 2, 4). They have been first 

identified in Nepal by different monazite ages in hanging wall and footwall (Kohn et al., 2004; Corrie  and 

Kohn, 2011; Kohn, 2014, 2016), strain analysis (Goscombe et al., 2006), structural observations (Carosi et 

al., 2007) and different metamorphic imprints (Groppo et al., 2009). 

The first attempt to reconcile the structural, metamorphic and geochronological observations along the same 

shear zone has been made by Carosi et al. (2010) by recognizing the activity of the Toijem shear zone in 

Western Nepal between 26 and 17 Ma in a structural position above the MCT and few Ma before of it. The 

Toijem shear zone was also responsible to trigger the different P-T-t paths of the rocks belonging 

respectively to its hanging wall and footwall (Carosi et al., 2010).  

 

The recognition of the HHD in Western and Central Nepal was followed by the discoveries of similar 

discontinuities in many other areas of the belt extending the HHD to the East up to Sikkim and Bhutan (Fig. 

3) (Kohn, 2004; 2008; 2014; Groppo et al., 2009; Yakymchuck and Godin, 2012; Imayama et al., 2012; 

Larson et al., 2010, 2013, 2015; Imayama, 2014; Montomoli et al., 2013, 2015 for a review; Ambrose et al., 

2015; Cottle et al., 2015; Khanal et al., 2015; He et al., 2015; Iaccarino et al., 2015, 2016, 2017; Wang et al., 

2015; Agustsson et al, 2016; Chakraborty et al., 2016, 2017; Larson et al., 2017). 
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However, it is worthwhile to note that the HHD, has been recognized by different Authors using three 

different criteria (structural, metamorphic, geochronologic or a combination of them), hence their correlation 

sometimes is not so straightforward. According to Montomoli et al. (2015), the HHD shows some the 

following important distinctive features:  

- the hanging wall rocks (GHSU) are usually sillimanite or kyanite bearing migmatite, or partially molten 

rocks, showing a higher degree of melting with respect to the footwall rocks (GHSL); 

- different P-T paths have been recorded for footwall and hanging wall; often hanging wall rocks exhibit 

lower equilibration pressure values at Tmax, commonly in the sillimanite-stability field than the footwall 

rocks with nearly 0.2-0.3 GPa of difference (Montomoli et  al., 2015; Iaccarino et al., 2015, 2017a); 

- kinematic indicators show a top-to-the south/southwest sense of movement. Mylonitic foliation is 

characterized by the syn-kinematic growth of high-temperature minerals, such as sillimanite and brown-

reddish biotite. Moreover, quartz microstructures are within the GMBII regime of Stipp et al. (2002); 

- the discontinuities are active in a time interval of several Ma, but started their activity earlier than the Main 

Central Thrust (from ≈ 28-26 Ma, Goscombe et al, 2006; Carosi et al., 2010; Imayama et al., 2012; Wang et 

al., 2015, 2016) so that they can be regarded as “in-sequence shear zones” (He et al., 2015; Carosi et al., 

2016; Webb et al., 2017).  

Taking into account all the common aspects of the recognized discontinuities, Montomoli et al. (2015) 

correlated them across the belt and addressed a regional extent of the HHD for a length of nearly 800 km 

along strike.  

Montomoli et al. (2013, 2015) showed that deformation shifted in space and time from the HHD to the MCT 

at lower levels. However, an unambiguous identification of the two shear zones (HHD vs MCT) and to 

univocally characterize tectonic discontinuities it is necessary to use a multidisciplinary approach 

incorporating structural, metamorphic and geochronological investigations for both hanging wall and 

footwall rocks and high-strain zone (Carosi et al., 2010; Montomoli et al., 2013, 2015; Iaccarino et al., 2015, 

2017; Wang et al., 2016). 

 

The activity of the HHD starting from ~ 27 Ma affected the metamorphic path of the rocks of the GHS 

causing differences in the P-T conditions of the rocks separated by the HHD. Following collision at ~59 Ma 

the GHS underwent general prograde metamorphism. The structural, metamorphic and geochronological 

data on the hanging wall and footwall of the HHD allow to identify the retrograde path of the hanging wall 

rocks corresponding to the exhumation caused by the top-to-the SW and thrust-sense of shearing at ~ 27 – 18 

to 17 Ma of the HHD (Montomoli et al., 2013, 2015 with references therein; Carosi et al., 2016). Ductile 

deformation in the hanging wall of the HHD ceased as documented by undeformed leucogranite dykes, 

cross-cutting the ductile fabric and emplaced at 17 Ma (Carosi et al., 2010). When deformation was localized 

at a lower level in the footwall of the HHD (i.e. MCT zone) thrust-sense shearing allowed the hanging wall 

of the MCT (the footwall of the HHD) to change its P-T-t path and to be exhumed (Montomoli et al., 2013; 

2015). 
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All these data are in accordance with a downward and southward progressive migration of deformation and 

ductile shearing within the GHS allowing the progressive exhumation of crustal slices of the GHS 

(Montomoli et al., 2013, 2015; Carosi et al., 2016). This framework has been recently confirmed by other 

authors working in Central-Eastern Himalayas such as: He et al. (2015), Ambrose et al. (2015), Cottle et al. 

(2015 with references), Khanal et al. (2015), Larson et al. (2015), Wang et al. (2015, 2016), Agustsson et al. 

(2016), Chakraborty et al. (2016) and Webb et al. (2017). 

The current tectonic models adopted for the GHS are not able to explain the regional tectonic and 

metamorphic activity of the HHD. Most of them such as extrusion of a rigid or ductile GHS, channel flow, 

channel flow followed by ductile extrusion, or channel flow followed by critical taper, wedge insertion and 

even critical taper (see Montomoli et al., 2013 for a review) are mainly based on the contemporaneous 

activity of the upper STDS and the lower MCT (active between 23-17 Ma, Godin et al., 2006). In this 

framework the GHS was entirely exhumed by STDS and MCT. 

Even if critical taper model do not require their simultaneous activity, STDS and MCT play always a 

primary role in the exhumation of the GHS. The new data emerging from different parts in the Central 

Himalaya highlight the occurrence of a regional HHD whose age supports a top-to-the-south in-sequence 

shearing progressively involving crustal slices of the Indian crust. 

The recently recognized activity of the top-to-the-south Kalopani shear zone in Central Nepal, constrained at 

41-28 Ma (Carosi et al., 2016), confirmed and reinforced the proposed in-sequence shearing models, which 

permitted this tectonic scenario back up to the Eocene nearly 15 Ma after the collision (cf., Montomoli et al., 

2013). The recognized timing of the Kalopani shear zone and of the HHD fits well the in-sequence shearing 

starting from the upper portion of the GHS towards its base and progressively involving slices from the 

Indian plate at the time of the activation of the MCT and later. The maximum P and the shape of the P-T-t 

paths, reached by the successive slices, decreases to the south and, when LHS was involved, the slice were 

characterized by hairpin shape and progressively lesser pressure up to the higher structural levels. 

In this framework, the P-T-t paths of the slices of the GHS, delimited by the top-to-the-SW shear zones show 

the same shape but they are diachronous because the slices were initially underthrust to the NE, but exhumed 

at different times coinciding with the activation of the shear zone underneath the exhumed slice (Montomoli 

et al., 2013). The timing of exhumation shows a difference of several million years between the hanging-wall 

and footwall of the HHD (e.g. 5-6 Ma, Montomoli et al., 2013, 2015). 

The diachronous activation of contractional top-to-the-S and SW shear zones within the GHS, while it 

experienced an overall underthrusting, is able to explain the relatively low peak P recorded by the hanging-

wall compared to that of the footwall rocks (Carosi et al., 2010; 2016; Montomoli et al., 2013, Iaccarino et 

al., 2015, 2017a). The difference in pressure (at peak temperature) is estimated to be ~ 0.2-0.3 GPa (Kohn, 

2008; Montomoli et al., 2013, 2015). In this framework, older “retrograde” ages (up to ~ 28 Ma) are found in 

the upper portion of the GHS (Kohn et al., 2005; Corrie and Kohn, 2011; Kohn, 2008, 2014, 2016; Imayama 

et al., 2012; Montomoli et al., 2013; Ambrose et al. 2015; Wang et al., 2015, 2016).  
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5. Central-Eastern Himalaya 

Hereafter the main geological features, resulted in published geological maps, of well-studied and 

representative areas of the Central-Eastern portion of the belt will be presented, starting from West to East; 

i.e. from Nepal to Bhutan. Particular attention is paid to the recognition and mapping of the tectonic 

discontinuities both at the boundaries of the GHS (i.e. MCT and STDS) and inside it, i.e. HHD recognized 

by a multidisciplinary approach. 

 

5.1 Western-Central Nepal 

The first modern geological studies in Western Nepal are due to Fuchs (Fuchs, 1964, 1977; Fuchs and Frank, 

1970) who produced detailed geological maps of the base of the GHS and of the LHS in the sixities and in 

seventies mapping the different formations the LHS and their tectonic setting. After a long time with very 

few geological investigations, due to the difficult of the access and political problems in the area, geological 

maps have been produced by DeCelles et al. (2001) and Robinson et al. (2006) focusing on the thrust 

tectonics of the LHS and later, by Carosi et al. (2002, 2007), that investigated the GHS and the Tethyan 

Sedimentary Sequence with schematic geological maps. A tectonic discontinuity in the core of the GHS was 

reported here for the first time, structurally above the MCT, and was named as the Toijem shear zone (Carosi 

et al., 2007) (Figs. 2, 5). 

A multitechnique approach, using structural geology, petrology and geochronology allowed Carosi et al. 

(2010) to map the Toijem shear zone in lower Dolpo (Figs. 2, 5) and to indentify it as a tectonic and 

metamorphic discontinuity affecting the P-T-t paths of both hanging wall and footwall rocks. A difference in 

the P values was reported in the P-T-t paths of the hanging wall and footwall. Moreover by using U-Th-Pb 

geochronology on monazite age as older as 26 Ma has been detected for the Toijem shear zone. The 26 Ma 

age is notably older with respect to the oldest age of the MCT detected in western Nepal (Carosi et al., 2010 

with references). 

Further expeditions in the Mugu-Karnali to establish the continuation of the Toijem shear zone to the west, 

allowed the identification of an even thicker (up to four km) high-temperature shear zone, named as the 

Mangri shear zone (Fig. 2b, e, f and Fig. 5) close to Mangri village (Montomoli et al., 2013; Iaccarino et al., 

2017a). In situ U-Th-Pb geochronology, along with the recognition of Y, Th, U zoning in monazite, allowed 

to clearly detect a different age in the prograde and retrograde paths of rocks in the hanging wall and in the 

footwall triggered by the activity of the thrust-sense shear zone at c. 25-17 Ma.  

5.2 Central-Eastern Nepal 

The geological knowledge of the Cho Oyu, Everest and Makalu region dates back to the beginning of the 

20th century by Heron (1922 a-c) and Wager (1934) investigating the source area of the Arun river (Carosi et 
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al., 1999). Heron mapped the area between Shishapagma and Yarlung Tsangpo at the scale 1:750.000. The 

northern slope of the Mt. Everest and the Rongphu valley have been mapped by Odell (1925, 1948) at the 

scale 1:100.000. 

According to Carosi et al. (1999) geological knowledge of the Mt. Everest area increased from the Fifties 

onward when Nepal opened to foreign climbers and monographs have been published such as Lombard 

(1958) and Hagen (1969) and the books by Bordet (1961), Hagen (1963) and Hashimoto (1973) (Carosi et 

al., 1999). A corner stone is the geological and tectonic maps of the Sagarmatha (Everest)-Makalu region by 

Bordet and Latreille (1958a, b). The area to the South of Everest-Makalu was studied by Italian and Czech 

joint to climbing expeditions (Bortolami et al., 1976, 1977, 1983; Jaros and Kalvoda, 1976, 1978; Palicova et 

al., 1982). Italian teams concentrated on the South of Nuptse and Lhotse Mts, with the publication of a 

geological map of the Imja Khola at the detailed scale 1:25.000 by Polino (1983).  

At the same time, Chinese expedition in the sixties and seventies to Mt. Everest allowed Yin and Kuo (1978) 

to summarize the geological results in a 1:100.000 map of the area north of Mt. Everest up to Dzakar Chu 

and Rongphu valley. In the same period monographs from Academia Sinica (1979) and the Bureau of 

Geology and Mineral Resources of Xizang Autonomous Region (1993) summarized the geology of southern 

Tibet. The most important information as part geological maps were about detailed stratigraphy and 

paleontology of the Tethyan sediments which offered excellent outcrops on the Tibetan side.  

It is worth to note that the contact between Tethyan Sedimentary Sequence and the lower metamorphics of 

the GHS was mapped as a thrust by Academia Sinica (1979). J. P. Burg was the first to recognize and to map 

a top-to-the-north extensional brittle fault (South Tibetan Detachment) at the boundary between the Tethyan  

Sedimentary Sequence and the GHS in the geological map attached to the PhD thesis (Burg, 1983). This 

discovery highly influenced the view of the Himalayan belt and the development of tectonic models in the 

international community during the following 35 years and it is nowadays one of the main topic in the study 

of the Himalayan range. 

In a paper published on the Geological Society of America Memories, Burchfiel et al. (1992) mapped the 

STDS (at least the upper brittle fault) in many places along strike of the Himalayas from India to Bhutan. 

It is only in 1998 that Carosi et al. (1998) clearly recognized that the STDS is made by a system of faults and 

shear zones characterized by a lower ductile shear zone and an upper low-angle normal fault, cut by high-

angle normal faults in the Mt. Everest-Rongbuk area. 

After several expeditions on the Nepalese and Tibetan side of the Mt. Everest-Mt. Cho Oyu and Mt. Makalu 

area by Italian teams by Pisa, Torino and Padova Universities and CNR a geological map at the scale 

1:100.000 has been published by Carosi (1999) including the lower portion the GHS and the bottom of the 

Tethyan Sedimentary Sequence, including the brittle and ductile strands of the STDS. 

The eastern part of the same area has been mapped by Searle (2003) at the scale 1:100.000 clearly tracing the 

two portions of the STDS: the lower ductile shear zone, Lhotse detachment, and the upper brittle fault 

indicated as Qomolangma Detachment, as it cross cuts the top of Mt. Everest named, in Chinese language, 
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Qomolangma. The new edition of the Searle (2003) map includes the Mt. Baruntse (7168 m) and Mt. Makalu 

areas (8475 m).  

A new map of the Cho-Oyu, Gyachung Kang, Everest and Makalu area at the scale 1:100.000, including the 

lower part of the GHS up to the bottom of the Tethyan Sedimentary Sequence, has been presented at the 29
th
 

HKT workshop 2014 (Lucca, Italy; Pertusati et al., 2014) and is now in press. 

 

Investigations in the Nyalam region (Wang et al 2015; 2016), Langtang (Kohn et al., 2004; Kohn, 2008, 

Corrie and Kohn 2011), Tama Kosi (Larson et al., 2010; Larson and Cottle, 2014), Likhu Khola (Shresta et 

al., 2017), Arun Window (Groppo et al., 2009) and Kanchenjunga (Goscombe et al., 2006; Imayama et al., 

2010, 2012; Ambrose et al., 2015) led to the identification of two tectonic and metamorphic discontinuities 

in the GHS: a lower one roughly corresponding to the MCT and an upper one at the base of the sillimanite 

grade corresponding to the HHD of Montomoli et al. (2015) (Fig. 3) and representing its extension toward 

the east. In the Kali Gandaki valley Iaccarino et al. (2015) recognized the HHD (here named as Chomrong 

Thrust) >1 km north of the MCT as mapped by Colchen et al. (1986) and Vannay and Hodges (1996) in the 

kyanite-bearing migmatitic paragneiss of the GHS.  

In the Marshyangdi valley (between the Mt. Manalsu and the Annapurna Range) two strands of the HHD 

have been recently recognized: un upper one located in the uppermost GHS (Walters and Kohn, 2017) and a 

lower one, in the mid part of the GHS, at the base of the sillimanite-in isograd (Carosi et al., 2017). 

According to Walters and Kohn (2017) the uppermost shear zone could be connected to the HHD by a lateral 

ramp or non-continual thrust planes (Corrie and Kohn, 2011). 

Ambrose et al. (2015) and Larson et al. (2015) determining different monazite ages of the exhumation of the 

rocks of the GHS, identified and mapped out-of-sequence-thrusts (OOST) corresponding to the High 

Himalayan Thrust of Goscombe et al. (2006) in Eastern Nepal. The age of the OOST was constrained at < 

20-18 Ma as they cross cut all the previous tectono-metamorphic discontinuities in the GHS. 

 

5.3 Sikkim 

As reported above in the paragraph 3, dedicated to the MCT, in Sikkim Himalaya an extensive discussion 

exists on the location of the MCT placed by different Authors in very different positions, ranging form the 

base wide zone of inverted metamorphism (base of the chlorite + biotite isograd) and the middle-upper part 

of the GHS (base of the sillimanite +K-feldspar) (Mukhopadhyay et al., 2017 with references). In particular 

the location of the MCT at the level of the sillimanite+K-feldspar in the GHS is unique in the Himalayan belt 

and such a clearly recognized tectono-metamorphic discontinuity could be better interpreted as a splay of the 

HHD (Fig. 3) whereas the MCT could be shifted downward at least at the level of the kyanite-in isograd (eg. 

Location B: MCT of Lal et al., 1981; Mohan et al., 1989 in Chakraborty et al., 2016). The age of the lower 
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MCT, at the base of the imbricate zone of the MCTZ is nearly ~ 17 Ma (Mottram et al., 2014, 2015) whereas 

the inferred age of the MCT localized in an upper position at the beginning of the sillimanite+K-feldspar 

zone is older and occurred at 28-25 Ma, the age of the exhumation of the hanging wall rocks of the tectono-

metamorphic discontinuity (see Mukhopadhyay et al., 2017). The latter age is in good agreement with the 

age of the HHD found along the Himalaya (Montomoli et al., 2015) and confirms both a younger activation 

of thrust-sense shear zones progressively to the south (Carosi et al., 2016) and the occurrence of the HHD 

also in Sikkim. 

The discontinuity reported by Rubatto et al. (2013) at the base of the age of melting in the upper part of the 

GHS, separating two GHS blocks well above the sillimanite+K-feldspar isograd, could correspond to the 

activity of a normal-sense shear zone probably related to the STDS. The P recorded in the upper block is in 

fact higher with respect to the one recorded in the lower block but the lower block recorded an earlier 

exhumation with respect to the upper one, that is exactly the opposite of what happens in the hanging wall 

and footwall of the HHD. The discontinuity could be a more complex structure characterized by an earlier 

thrust-sense shear zone followed by a normal-sense shear zone. 

 

5.4 Bhutan 

The first comprehensive and detailed geological map of Bhutan Himalayas has been produced by Gansser 

(1983) painted by hand but accurately reporting the geology of all the accessible (by walking) places in 

Bhutan. A more recent map of Bhutan has been published by Long et al. (2011) at the scale 1:500.000 

containing more detailed observations and structural data in the LHS, whereas the rest of the map is 

markedly similar to Gansser’s map. 

A debated question in Bhutan remains the interpretation of the contact between Tethyan Sedimentary 

Sequence and the lower GHS in the outer klippe of the Tethyan Sedimentary Sequence in on the southern 

slope of the range. Long et al. (2017 with references) interpret the boundary between the two units as a 

conformable one without any tectonic and/or metamorphic discontinuity  on the basis of a gradual transition 

in deformation and metamorphism (Long and McQuarrie, 2010). Most of the Authors regard the contact as a 

tectonic one, affected by a top-to-the-north normal sense shear zone linked to the STDS (Grujic et al. 1996, 

2002, 2011; Daniel et al., 2002; Kellett et al. 2010; Chambers et al. 2011; Togbay et al., 2012; Greenwood et 

al., 2016). Greenwood et al. (2016) emphasized a different structural evolution between GHS and Tethyan 

Sedimentary Sequence that rules out a possible original conformable contact. In addition to this they detected 

a Lower Paleozoic age for quartzite at the base of the Tethyan Sedimentary Sequence, the same age found in 

the lower gneiss of the GHS. 

Moreover the gradual metamorphism between GHS and Tethyan Sedimentary Sequence decreasing upward 

could be only “apparent”. Long et al. (2017) assume that the measured deformation and metamorphism in a 

section from the lower GHS to the upper Tethyan Sedimentary Sequence are contemporaneous and they do 
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not consider a possible diachronic development.  As highlighted by Carosi et al. (2016 with references) in 

Western and Central Nepal, joining structural, petrological and geochronological observations, GHS is not a 

unique unit being as it is separated by several tectonic-metamorphic discontinuities and divided in several 

sub-units. Moreover each slice of the GHS shows a different timing in prograde and retrograde 

metamorphism played by the detected tectonic discontinuities, so that even the shape of the P-T-t paths are 

the same even if the timing is different, ruling out the occurrence of a simple gradual upward decreasing 

metamorphism in the GHS. The contact between GHS and Tethyan Sedimentary Sequence could have been 

complicated by the occurrence of the growth of post-tectonic minerals in the lower Tethyan Sedimentary 

Sequence such as static biotite (Gansser, 1983; Carosi et al., 2002, 2007) attributed by the late heat transfer 

from the lower GHS (Carosi et al., 2007; Greenwood et al., 2016). Such a late “static” recrystallization 

should have reinforced the apparent field gradual transition in metamorphism between GHS and Tethyan 

Sedimentary Sequence. 

 

The GHS in Bhutan exposes the thickest section (~ 30 km) throughout the Himalaya, being doubled by a 

top-to-the-south thrust sense shear zone as an out-of-sequence thrust, named Kakhtang Thrust (Swapp and 

Hollister, 1991, Grujic et al., 1996, 2002, 2011; Davidson et al., 1997; Daniel et al 2003; Long and 

McQuarrie, 2010; Chambers et al., 2011) or Laya Thrust in Western Bhutan (Warren et al., 2011). The 

Kakhtang Thrust was firstly identified by Swapp and Hollister (1991) as a discontinuity in the core of the 

GHS between the lower staurolite and kyanite-bearing mica schist and paragneiss and the upper sillimanite + 

K-feldspar ± cordierite bearing migmatite (“Bhutan Thrust”). Even in absence of geochronological data the 

Authors suggested 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. 

It is worthwhile to note that the Kakhtang-Laya Thrust has been recently reanalyzed and is reinterpreted as a 

tectono-metamorphic discontinuity in the middle GHS corresponding to the HHD, and older than the MCT 

(Zeiger et al., 2015; Agustsson et al., 2016). It was active at 27-16 Ma, and thus stretching the presence of 

the HHD from Western Nepal to Eastern Bhutan (Fig. 3). 

 

6. Tectonic evolution of the GHS: in-sequence shearing model   

 

The occurrence of two tectono-metamorphic discontinuities above the MCTZ and below the STDS with the 

uppermost one (e.g. Kalopani shear zone in Central Nepal; Carosi et al., 2016) active before the lower one 

(HHD), allowed a better constrain to the in-sequence shearing model proposed by Montomoli et al. (2013, 

2015) and Iaccarino et al. (2015, 2017a). 
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To avoid a possible confusion caused by different methods and approaches or from the diachronicity of 

deformation of shear zones in the GHS, we describe a tectonic model starting from Central-Western Nepal, 

where consistent data by the same approach have been obtained along the same transects (Montomoli et al., 

2013, 2015; Carosi et al., 2010, 2015, 2016; Iaccarino et al., 2015, 2017a). 

In the GHS in the Kali Gandaki (Central Nepal) the occurrence of two tectono-metamorphic discontinuities 

within the GHS has been observed.  

The HHD is localized in the kyanite-bearing gneiss of Unit 1, and was active from ~ 25 to 18 Ma, as is 

identified by monazite U-Th-Pb ages (cf., Iaccarino et al., 2015). Along the same transect, above the HHD, 

the Kalopani shear zone, localized in the upper part of the GHS, became active between ~ 41 and 28 Ma 

(Carosi et al., 2016).  

The new data can be reconciled with a three-stage exhumation of the GHS starting from ~ 41 Ma and driven 

by the progressive activation of contractional top-to-the-S/SW ductile shear zones from the upper to the 

lower parts of the GHS (Fig. 6). 

 

Fist stage (Fig. 6A): Kalopani shear zone activity. After collision at ~ 59 Ma all the GHS undergo prograde 

metamorphism by underthrusting of the Indian crust below the Asian plate, with increasing P and T 

conditions. At the time of activation of the Kalopani shear zone only the portion of the GHS confined in the 

hanging-wall of the Kalopani shear zone underwent exhumation whereas its footwall continued to underwent 

higher P and T up to ~ 27-26 Ma. At this stage the first melting processes, occurred during increasing 

metamorphic conditions, as is recorded in kyanite-gneiss from the lower part of the GHS (~ 41-36 Ma by U-

Th-Pb on monazite; Carosi et al., 2015). The shift in attaining maximum metamorphism of the two portions 

of the GHS separated by the Kalopani shear zone, i.e. between its hanging wall and footwall, was therefore 

triggered by the motion of the Kalopani shear zone between ~ 41 and 31 Ma. 

Second stage (Fig. 6B): HHD activity. Later, at ~ 26-25 Ma deformation ceased along the Kalopani shear 

zone and shifted downward with the activation of the HHD, both the hanging wall and footwall of the 

Kalopani shear zone (now incorporated in the hanging wall of the HHD) were exhumed. The footwall of the 

HHD (the portion of GHS delimited by the HHD and the MCT) continued to undergo increasing P and T 

moving downward to the North. At this time the intrusion of the first High Himalayan Leucogranites 

occurred (~ 25-24 Ma) facilitated by the decompression of the upper part of the GHS (e.g. Bura Buri 

leucogranite in Western Nepal; Carosi et al., 2013). 

Third stage (Fig. 6C): MCTZ activity; 17-13/11Ma. In the time span 17-13 Ma in Western Nepal 

(Montomoli et al, 2013), 22-16 Ma in Central Nepal (Catlos et al., 2001) and 17-11 Ma in Sikkim 

(Anczkiewicz et al., 2014), deformation along the HHD ceased (Carosi et al., 2010) and the MCTZ became 

active resulting in the overall exhumation of the GHS. At this stage, the metamorphism was shifted to the 

Lesser Himalayan Sequence. When deformation shifted further downward reaching the MCTZ, the entire 

GHS underwent exhumation and then retrogression. Overall generalized decompression of the GHS 

facilitated the generation of melts mainly emplaced in the upper GHS between ~ 24 and 17 Ma. 
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The later incorporation of slices which were of the LHS in the belt is marked by P-T paths with significantly 

lower peak pressures and different shapes (hairpin P-T paths, e.g. Kohn et al., 2001, 2008; Rolfo et al., 2015; 

Iaccarino et al., 2017a). Subsequently, additional slices of the LHS were incorporated in the crustal wedge 

recording progressively lower P-T values and activating a duplexing mechanism (Larson et al., 2013; 

Robinson and Martin, 2014; Mottram et al., 2015). 

 

7. What is the role of the STDS in the exhumation of the GHS? 

 

The STDS has been often regarded as a continuous system of normal-sense shear zones and low- to high-

angle normal faults active at the same time all over the length of the belt (Godin et al., 2006). In the last few 

years new data show a more complex deformation history with different times of activation of the STDS in 

different parts of the belt (e.g. Leloup et al., 2010; Montomoli et al., 2017b; Iaccarino et al., 2017b). 

According to Carosi et al. (2013) in Western Nepal a large body of High Himalayan leucogranite intrudes the 

STDS at ~24 Ma, with no evidences of later brittle reactivation neither in the leucogranite nor in the country 

rocks above it. Further to the North / North-East the intrusion of the Mugu granite (Western Nepal) occurred 

later at ~ 19 Ma (Harrison et al., 1999) so that the STDS was active before ~ 24 and ~ 19 Ma respectively.  

According to Liu et al. (2017) the motion of the STDS terminated before ~ 20 Ma in the Yadong area. 

Younger ages at ~16 Ma for the ductile strand of the STDS have been recently reported by Cottle et al. 

(2015) in the Mt. Everest section and ~ 13 Ma for the upper brittle fault of the STDS by Schultz (2017). 

Ages up to ~13-11 Ma in Western Bhutan have been reported by Kellett et al., (2009, 2010) and Montomoli 

et al. (2017a). This suggests the lack of a continuous and contemporaneous activity of the structures of the 

STDS along the strike of the Himalaya (Kellett et al., 2013). As a consequence the STDS cannot play the 

role of the main shear zone required to exhume all the GHS at the same time. The different ages of the STDS 

suggest that it can be episodically activated as a consequence of the transient thickening of the belt as shear 

zones or thrusts are activated to the south. This process is diachronous along the belt as testified by different 

timing of activation of the STDS and could be sporadically coupled with the MCT, as proposed for Eastern 

Himalayas by Chambers et al. (2011). According to Weinberg (2016) the whole Himalayan belt is like a self-

organizing system activating different structures in different times and not all the thrusts or shear zones (both 

normal and thrust-sense) show the same age in response to the continuous northward indentation of India 

into Asia. 

 

8. Conclusions 

Geological mapping of the Himalayan belt is far away to be exhaustively completed. Anyway during the last 

20, and particularly during the last years, it has been notably improved due to a new multidisciplinary 

approach.  
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The classical geological maps, mainly based on field work, are going to be substituted by a new generation 

of geological maps based on the integration of field work, remote sensing, meso- and micro-structural 

analysis, petrology and in-situ geochronology.  

This new approach led to recognise and to map a regional-scale discontinuity in the GHS (HHD) from 

Western Nepal to Bhutan active between c. 27 and 17/16 Ma, well-comparable with the MCT. This tectonic 

structure plays a fundamental role in a better understanding of the tectonic and metamorphic evolution of the 

mid-crust involved in the Himalayan belt for two main reasons. GHS is now divisible by the HHD in two 

tectonic units: the upper GHS and the lower GHS. 

Recent studies in several transects perpendicular to the belt clearly demonstrated a shift from upper to lower 

GHS in the activation of thrust-sense shear zones. At 41-28 Ma deformation likely concentrated in the upper 

GHS (e.g. Kalopani shear zone stage) and at 27-17/16 Ma deformation shifted downward localizing along 

the HHD. Further deformation shifted downward and concentrated along the MCT zone. A progressive shift 

of deformation form upper GHS to the lower GHS at the regional scale involved the P-T-t evolution of 

crustal-scale slices. The P-T-t paths of the three main slices making the GHS are of similar shape but the 

peak P-T are shifted by several Ma in each slice. This mechanism better explains the tectonic and 

metamorphic evolution of the GHS and LHS starting soon after the collisional stage (Carosi et al., 2016). 

The mechanism of shifting the deformation from top to bottom could help in clarifying the position of both 

the HHD and the MCT. In the section of the belt where the HHD has been clearly detected, mapped and 

dated there is a clear separation between their structural positions: the HHD is located in corresponding of 

the sillimanite isograd and at the base of the migmatites in the upper GHS and the MCT is at the base of the 

lower GHS at the bottom of the garnet + kyanite-bearing paragneiss and mica schist. A clear distinction also 

occurs in the ages of the two discontinuitites: the HHD is active starting from 27 Ma to 17/16 Ma whereas 

the MCT is active mostly between 17 and 13/11 Ma. 

These new multidisciplinary data could help to unravel the long lasting problem of the location of the MCT 

in the belt. In Sikkim the location and age of the MCT in the uppermost position in the GHS at the base of 

the sillimanite+K-feldspar zone could be more properly interpreted as a strand of the HHD whereas the MCT 

should be shifted in a lower structural position. 

 

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 19 

Acknowledgments 

 

Research funded by PRIN 2015 (Univ. of Torino: R. Carosi and Univ. of Pisa: C. Montomoli) and funds 

Ricerca Locale University of Torino (60%, R. Carosi) and University of Pisa (PRA 2015, C. Montomoli). 

This work has been partly presented on December 2014 at the Accademia dei Lincei (Roma), and as key 

note at the GSA congress 2015 (Vancouver, Canada) and EGU Vienna (Austria) meeting 2016 and SGI-

SIMP meeting 2017 (Pisa, Italy). The Editor C. Doglioni and the two anonymous reviewers are warmly 

thanked for their constructive and thoughtful suggestions. 

 

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 20 

References 

 

Academia Sinica, 1979. Geological map of Lhasa-Nyalam area, Xizang (Tibet), 1:1500.000, in A Scientific 

Guidebook to South Xizang (Tibet), Academia Sinica, Beijing. 

 

Ahmad, T., Harris, N., Bickle, M., Chapman, H., Bunbury, J., Prince, C., 2000. Isotopic constraints on the 

structural relationships between the Lesser Himalayan Series and the High Himalayan Crystalline Series, 

Garhwal Himalaya. Geol. Soc. Am. Bull. 112, 467–477. 

 

Agustsson, K.M., Gordon, S.M., Long, S.P., Seward, G.G.E., Zeiger, K., Penfold, M., 2016. Pressure-

temperature-structural distance relationships within Greater Himalayan rocks in eastern Bhutan: Implications 

for emplacement models. J. Metamorph. Geol. 34, 641–662.  

 

Ambrose, T.K., Larson, K.P., Guilmette, C., Cottle, J.M., Buckingham, H., Rai, S., 2015. Lateral extrusion, 

underplating, and out-of-sequence thrusting within the Himalayan metamorphic core, Kanchenjunga, Nepal. 

Lithosphere 7, 441–464. 

 

Anczkiewicz, R., Chakraborty, S., Dasgupta, S., Mukhopadhyay, D., Kołtonik, K., 2014. Timing, duration 

and inversion of prograde Barrovian metamorphism constrained by high resolution Lu–Hf garnet dating: a 

case study from the Sikkim Himalaya, NE India. Earth Planet. Sci. Lett. 407, 70–81. 

 

Antolín, B., Appel, E., Montomoli, C., Dunkl, I., Ding, L., Gloaguen, R., El Bay, R. 2011. Kinematic 

evolution of the eastern Tethyan Himalaya: constraints from magnetic fabric and structural properties of the 

Triassic flysch in SE Tibet. In: Poblet, J., Lisle, R. (Eds.), Kinematic Evolution and Structural Styles of Fold-

and-Thrust Belts. Geol. Soc. Lond., Spec. Publ. 349, pp. 99–121. 

 

Arita, K., 1983. Origin of the inverted metamorphism of the lower Himalayas, central Nepal. Tectonophysics 

95, 43–60. 

 

Beaumont, C., Jamieson, R., Nguyen, M.H., Lee, B., 2001. Himalayan tectonics explained by extrusion of a 

low-viscosity crustal channel coupled to focused surface denudation. Nature 414, 738–742. 

 

Bertoldi, L., Massironi, M., Visonà, D., Carosi, R., Montomoli, C., Gubert, F., Naletto, G., Pelizzo, M.G., 

2011. Mapping the Buraburi granite in the Himalaya of Western Nepal: remote sensing analysis in a 

collisional belt with vegetation cover and extreme variation of topography. Remote Sens. Environ. 115, 

1129–1144. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 21 

Bordet, P., 1961. Recherches Géologiques dansl’Himalaya du Népal, Région du Makalu. C.N.R.S., Paris. 

 

Bordet, P., Latreille, M., 1958a. Esquisse géologique de l'Himalaya de l'Arun et de la région de l'Everest, 

1:250000. In: Bordet, P. (Eds.), Recherches géologiques dans l'Himalaya du Népal, région du Makalu. 

Editions du CNRS, Paris (275 pp.). 

 

Bordet, P., Latreille, M., 1958b. Esquisse géologique de la region de l'Everest et du Makalu, 1:50000. In: 

Bordet, P. (Eds.), Recherches géologiques dans l'Himalaya du Népal, région du Makalu. Editions du CNRS, 

Paris (275 pp.). 

 

Bortolami, G., Lombardo, B., Polino, R., 1976. The Higher Himalaya and the Tibetan Series in the Lhotse 

area (Eastern Nepal). Boll. Soc. Geol. It. 95, 489–499. 

 

Bortolami, G., Lombardo, B., Polino, R., 1977. Osservazioni geologiche sull'alta Imja Khola 

(Gruppodell'Everest). In: Cassin, R., Nangeroni, G. (Eds.), Lhotse '75. Club Alpino Italiano, Milano, 95–110. 

 

Bortolami, G., Lombardo, B., Polino, R., 1983. The granites of the upper Imja Khola (Everest region), 

eastern Nepal. In: Shams, F.A. (Eds.), Granites of Himalayas, Karakorum and Hindu Kush. Institute of 

Geology, Punjab University, Lahore, 257–270. 

 

Burchfiel, B.C., Chen Z., Hodges, K.V.; Liu Y., Royden, L.H., Changrong, D., Xu, L., 1992. The South 

Tibetan Detachment System, Himalayan Orogen: Extension contemporaneous with and parallel to shortening 

in a collisional mountain belt. Geol. Soc. Am. Spec. Pap. 269, 1–41. 

 

Bureau of Geology Mineral Resources of Xizang Autonomous Region, 1993. Regional geology of Xizang 

(Tibet) AutonomousRegion. In: People's Republic of China, Ministry of Geology and Mineral Resources, 

Geological Memoirs, 31, Geological Publishing House, Beijing (707 pp., in Chinese, with English 

summary). 

 

Burg, J.P., 1983. Tectogénèse comparée de deux segments de chaînes de collision: le sud du Tibet et la 

Chaîne Hercynienne d'Europe. Thése d'Etat, Université des Sciences et Techniques du Languedoc, 

Montpellier (361 pp.). 

 

Burg, J.P., Brunel, M., Gapais, D., Chen, G.M., Liu, G.H., 1984. Deformation of leucogranites of the 

crystalline Main Central Sheet in southern Tibet (China). J. Struct. Geol. 6, 535–542. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 22 

Carosi, R., Gemignani, L., Godin, L., Iaccarino, S., Larson, K., Montomoli, C., Rai, S.M., 2014. A 

geological journey through the deepest gorge on Earth: the Kali Gandaki valley section, central Nepal. In: 

Montomoli, C., Carosi, R., Law, R.D., Singh, S., Rai, S.M. (Eds.), Geological field trips in the Himalaya, 

Karakoram and Tibet. J. Virtual Explorer 47, paper 9. 

 

Carosi, R., Lombardo, B., Molli G., Musumeci, G., Pertusati, P.C., 1998. The South Tibetan Detachment 

System in the Rongbuk valley, Everest region. Deformation features and geological implications. J. Asian 

Earth Sci. 16, 299–31. 

 

Carosi, R., Lombardo, B., Musumeci, G., Pertusati, P.C., 1999. Geology of the Higher Himalayan 

Crystallines in Khumbu Himal (Eastern Nepal). J. Asian Earth Sci. 17, 785–803. 

 

Carosi, R., Montomoli, C., Iaccarino, S., Cottle, J., Tartaglia, G., Dal paos, L., Visonà, D., 2017. The Higher 

Himalayan Discontinuity in the Marshyangdi valley, central Nepal. Congresso congiunto SIMP-SGI-

GOGEI-AIV Abstract book. doi: 10.3301/ABSGI/2017.01 

 

Carosi, R., Montomoli, C., Iaccarino, S., Massonne, H.-J., Rubatto, D., Langone, A., Gemignani, L., Visonà 

D., 2016. Middle to late Eocene exhumation of the Greater Himalayan Sequence in the Central Himalayas: 

Progressive accretion from the Indian plate. Geol. Soc. Am. Bull. 128, 1571–1592. doi:10.1130/B31471.1. 

 

Carosi, R., Montomoli, C., Langone, A., Turina, A., Cesare, B., Iaccarino, S., Fascioli, L., Visonà, D., 

Ronchi, A., Rai, S.M., 2015. Eocene partial melting recorded in peritectic garnets from kyanite-gneiss, 

Greater Himalayan Sequence, central Nepal. In: Mukherjee, S., Carosi, R., van der Beek, P.A., Mukherjee, 

B.K., Robinson, D.M. (Eds.), Tectonics of the Himalaya. Geol. Soc. Lond., Spec. Publ. 412, pp. 111–129. 

 

Carosi, R., Montomoli, C., Rubatto, D., Visonà, D. 2006. Normal‐sense shear zones in the core of Higher 

Himalayan Crystallines (Bhutan Himalaya): Evidence for extrusion? In: Law, R.D., Searle, M.P., Godin, L. 

(Eds.), Channel Flow, Ductile Extrusion and Exhumation in Continental Collision Zones. Geol. Soc. Lond., 

Spec. Publ. 268, pp. 425–444. 

 

Carosi, R., Montomoli, C., Rubatto, D., Visonà, D., 2010. Late Oligocene high-temperature shear zones in 

the core of the Higher Himalayan Crystallines (Lower Dolpo,Western Nepal). Tectonics 29, TC4029. 

http://dx.doi.org/10.1029/2008TC002400. 

 

Carosi, R., Montomoli, C., Rubatto, D., Visonà, D., 2013. Leucogranite intruding the South Tibetan 

Detachment in western Nepal: implications for exhumation models in the Himalayas. Terra Nova 25, 478–

489. doi:10.1111/ter.12062. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 23 

 

Carosi, R., Montomoli, C., Visonà, D., 2002. Is there any detachment in the Lower Dolpo (western Nepal)? 

C. R. Geosci. 334, 933–940. 

 

Carosi, R., Montomoli, C., Visonà, D., 2007. A structural transect in the Lower Dolpo: insights on the 

tectonic evolution of Western Nepal. J. Asian Earth Sci. 29, 407–423. 

 

Catlos, E.J., Harrison, T.M., Kohn, M.J., Grove, M., Ryerson, F.J., Manning, C.E., Upreti, B.N., 2001. 

Geochronologic and thermobarometric constraints on the evolution of the Main central thrust, central Nepal 

Himalaya. J. Geophys. Res. Solid Earth 106, 16177–16204. 

 

Catlos, E.J., Harrison, T.M., Manning, C.E., Grove, M., Rai, S.M., Hubbard, M.S., Upreti, B.N., 2002. 

Records of the evolution of the Himalayan orogen from in situ Th–Pb ion microprobe dating of monazite: 

Eastern Nepal and western Garhwal. J. Asian Earth Sci. 20, 459–479. 

 

Chambers, J., Parrish, R., Argles, T., Harris, N., 2011. A short-duration pulse of ductile normal shear on the 

outer South Tibetan detachment in Bhutan: alternating channel flow and critical taper mechanics of the 

eastern Himalaya. Tectonics 3, TC2005. 

 

Chakraborty, S., Anczkiewicz, R., Gaidies, F., Rubatto, D., Sorcar, N., Faak, K., Mukhopadhyay, D.K., 

Dasgupta, S., 2016. A review of thermal history and timescales of tectonometamorphic processes in 

SikkimHimalaya (NE India) and implications for rates of metamorphic processes. J. Metamorph. Geol. 34, 

785–803. 

 

Chakraborty, S., Mukhopadhyay, D.K., Chowdhury, P., Rubatto, D., Anczkiewicz, R., Trepmann, C., 

Gaidies, F., Sorcar, N., Dasgupta, S., 2017. Channel Flow and localized fault-bounded slice tectonics 

(LFBST): Insights fromPetrological, Structural, Geochronological and Geospeedometric Studies in the 

Sikkim Himalaya, NE India. Lithos 282–283, 464–482. 

 

Colchen, M., Le Fort, P., Pêcher, A., 1980. Carte géologique Annapurna-Manaslu-Ganesh, Hímalaya du 

Népal 1/200.000, Centre National de la Recherche Scientifique, Paris. 

 

Colchen, M., Le Fort, P., Pêcher, A., 1986. Recherches géologiques dans l'Himalaya du Népal. Annapurna, 

Manaslu, Ganesh. In: Edition du C.N.R.S (136 pp.). 

 

Corrie, S.L., Kohn, M.J., 2011. Metamorphic history of the Central Himalaya, Annapurna region, Nepal, and 

implication for tectonic models. Geol. Soc. Am. Bull. 123, 1863–1879. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 24 

 

Cottle, J.M., Larson, K.P., Kellett, D.A., 2015. How does the mid-crust accommodate deformation in large, 

hot collisional orogens? A review of recent research in the Himalayan orogen. J. Struct. Geol. 78, 119–133. 

 

Crouzet, C., Dunkl, I., Paudel, L., Arkai, P., Rainer, T.M., Balogh, K., Appel, E. 2007. Temperature and age 

constraints on the metamorphism of the Tethyan Himalaya in Central Nepal: a multidisciplinary approach. J. 

Asian Earth Sci. 30, 113–130. 

 

Daniel, C.G., Hollister, L., Parrish, R.R., Grujic D., 2003. Exhumation of the Main Central thrust from lower 

crustal depths, Eastern Bhutan Himalaya. J. Metamorph. Geol. 21, 317–334. 

 

Darbyshire, F.A., Bastow, I.D., Petrescu, L., Gilligan, A., Thompson, D.A., 2017. A tale of two orogens: 

Crustal processes in the Proterozoic Trans-Hudson and Grenville Orogens, eastern Canada. Tectonics 36. 

doi:10.1002/2017TC004479. 

 

Davidson, C., Grujic, D., Hollister, L., Schmid, S.M., 1997. Metamorphic reaction related to decompression 

and synkinematic intrusion of leucogranite, High Himalyan Cristallines, Bhutan. J. Metamorph. Geol. 15, 

593–612. 

 

DeCelles, P.G., Gehrels, G.E., Quade, J., LaReau, B., Spurlin, M., 2000. Tectonic implications of U-Pb 

zircon ages of the Himalayan orogenic belt in Nepal. Science 288, 497–499. doi:10.1126/science. 

288.5465.497. 

 

DeCelles, P.G., Robinson, D.M., Quade, J., Copeland, P., Upreti, B.N., Ojha, T.P., Garzione, C.N., 2001. 

Regional structure and stratigraphy of the Himalayan fold-thrust belt, far western Nepal. Tectonics 20, 487–

509. doi:10.1029/2000TC001226. 

 

Doglioni C., Carminati E., Cuffaro M., Scrocca D., 2007.  Subduction kinematics and dynamic constraints. 

Earth-Sci. Rev. 83, 125–175. 

 

Doglioni C., Panza G., 2015. Polarized plate tectonics. Adv. Geophy. 56, 1–312. 

 

Dunkl, I., Antolín, B., Wemmer, K., Rantitsch, G., Kienast, M., Montomoli, C., Ding, L., Carosi, R., Appel, 

E., El Bay, R., Xu, Q., von Eynatten, H., 2011. Metamorphic evolution of the Tethyan Himalayan flysch in 

SE Tibet. In: Gloaguen, R., Ratschbacher, L. (Eds.), Growth and Collapse of the Tibetan Plateau. Geol. Soc. 

Lond., Spec. Publ. 353, pp. 45–69. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 25 

Fuchs, G., 1964. Beitrag zur Kenntnis des Palaozoikums und Mesozoikums der tibetischen Zone in Dolpo 

(Nepal Himalaja). Sonder. aus den Verhandlungen der Geol. Bund. 1, 6–9.  

 

Fuchs, G., 1977. The geology of the Karnali and Dolpo regions, WesternNepal. Jahrb. Geolog. Bundesanst. 

120, 165–217. 

 

Fuchs, G., Frank, W., 1970. The geology of West Nepal between the rivers Kali Gandaki and Thulo Bheri. 

Jahrb. Geolog. Bundesanst. 18, 3–103. 

 

Gansser, A., 1964. Geology of the Himalayas. Interscience Publishers JohnWiley and Sons, New York (289 

pp.). 

 

Gansser, A., 1983. Geology of the Bhutan Himalaya. Birkhäuser Verlag, Boston (180 pp.). 

 

Godin, L., Grujic, D., Law, R.D., Searle, M.P., 2006. Channel flow, ductile extrusion and exhumation in 

continental collision zones: An introduction. In: Law, R.D., Searle, M.P., Godin, L. (Eds.), Channel Flow, 

Ductile Extrusion and Exhumation in Continental Collision Zones. Geol. Soc. Lond., Spec. Publ. 268, pp. 1–

23. 

 

Gibson, R., Godin, L., Kellett, D.A., Cottle, J.M., Archibald, D., 2016. Diachronous deformation along the 

base of the Himalayan metamorphic core, west-central Nepal. Geol. Soc. Am. Bull.  128, 860–878. 

 

Groppo, C., Rolfo, F., Lombardo, B., 2009. P-T evolution across the Main Central thrust zone (eastern 

Nepal): Hidden discontinuities revealed by petrology. J. Petrol. 50, 1149–1180. 

 

Greenwood, L.V., Argles, T.W., Parrish, R.R., Harris, N.B.W., Warren, C., 2016. The geology and tectonics 

of central Bhutan. J. Geol. Soc. 173, 352–369. doi:10.1144 /jgs2015-031. 

 

Grujic, D., Casey, M., Davidson, C., Hollister, L., Kundig, R., Pavlis, T.L., Schmid, S., 1996. Ductile 

extrusion of the Higher Himalayan Crystalline in Bhutan: Evidence from quartz microfabrics. 

Tectonophysics 260, 21–43. 

 

Grujic, D., Hollister, L.S., Parrish, R.R., 2002. Himalayan metamorphic sequence as an orogenic channel: 

Insight from Bhutan. Earth Planet. Sci. Lett. 198, 177–191. 

 

Grujic, D., Warren, C.J., Wooden, J.L., 2011. Rapid synconvergent exhumation of Miocene aged 

lower orogenic crust in the eastern Himalaya. Lithosphere 3, 346–366. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 26 

 

Goscombe, B., Gray, D., Hand, M., 2006. Crustal architecture of the Himalayan metamorphic front in 

eastern Nepal. Gondwana Res. 10, 232–255. 

 

Gururajan, N.S., Choudhuri B.K., 1999. Ductile Thrusting, metamorphism and Normal faulting in 

Dhauliganga Valley, Garhwal Himalaya. Himal. Geol. 20, 19–29. 

 

Hagen, T., 1963. Evolution of the highest mountain in the world. In: Hagen, T., Dhyrenfurth, G.O., von 

Fuerer-Haimendorf, C., Schneider, E. (Eds.), Mount Everest. Formation, population and exploration of the 

Everest region. Oxford University Press, London, pp. 11-112. 

 

Hagen, T., 1969. Report on the geological survey of Nepal. Volume I: Preliminary reconnaissance. Mém. 

Soc. Helv. Sci. Nat. 86 (1), 185. 

 

Harrison, T.M., Grove, M., McKeegan, K.D., Coath, C.D., Lovera, O.M., Le Fort, P., 1999. Origin and 

episodic emplacement of the Manaslu Intrusive Complex, Central Himalaya. J. Petrol. 40, 3–19. 

 

Harrison, T.M., Ryerson, F.J., Le Fort, P., Yin, A., Lovera, O.M., Catlos E.J., 1997. A late Miocene-Pliocene 

origin for the central Himalayan inverted metamorphism. Earth Planet. Sci. Lett. 146, El–E8. 

 

Hashimoto, S., 1973. Geology of the Nepal Himalayas. Saikon, Sapporo (315 pp.). 

 

He, D., Webb, A.A.G., Larson, K.P., Martin, A.J., Schmitt, A.K., 2015. Extrusion vs. duplexing models of 

Himalayan mountain building 3: duplexing dominates from the Oligocene to Present. Int. Geol. Rev. 57, 1–

27. 

 

Heim, A., Gansser, A., 1939. Central Himalaya: geological observations of the Swiss expedition 1936. Mém. 

Soc. Helv. Sci. Nat. 73, 1–245. 

 

Heron, A.M., 1922a. Appendix III. A note on the geological results of the Expedition, and Map III. The 

geology of the Mount Everest region. In: Howard-Bury, C.K. (Eds.), Mount Everest. The reconnaissance, 

1921. Arnold, London, pp. 338–340.  

 

Heron, A.M., 1922b. Geological results of the Mount Everest Expedition, 1921. Geogr. J. 59, 418–431.  

 

Heron, A.M., 1922c. The rocks of Mount Everest. Geogr. J. 60, 219–220. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 27 

Hodges, K.V., 2000. Tectonic of Himalaya and southern Tibet from two perspectives. Geol. Soc. Am. Bull. 

112, 324–350. 

 

Hodges, K.V., Parrish, R.R., Searle, M.P., 1996, Tectonic evolution of the Central Annapurna Range, 

Nepalese Himalayas: Tectonics 15, 1264–1291. 

 

Hu, X., Garzanti, E., Wang, J., Huang, W., An, W., Webb A., 2016. The timing of India-Asia collision onset 

– Facts, theories, controversies. Earth-Sci. Rev. 160, 264–299. doi:10.1016/j.earscirev.2016.07.014. 

 

Hubbard, M.S., 1989. Thermobarometric constraints on the thermal history of the Main Central Thrust zone 

and Tibetan Slab, eastern Nepal Himalaya. J. Metamorph. Geol. 7, 19–30. 

 

Jaros, J., Kalvoda, J., 1976. Geological results of the Czekoslovak Makalu Expedition. Himal. Geol. 6, 176–

196.  

 

Jaros, J., Kalvoda, J., 1978. Geological structure of the Himalayas, Mt. Everest-Makalu section. Rozpravy 

CSAV 88 (1), 1–69. 

 

Iaccarino, S., Montomoli, C., Carosi, R., Massonne, H.-J., Langone, A., Visonà, D., 2015. Pressure–

temperature–time–deformation path of kyanite-bearing migmatitic paragneiss in the Kali Gandaki valley 

(Central Nepal): investigation of Late Eocene-Early Oligocene melting processes. Lithos 231, 103–121. 

 

Iaccarino, S., Montomoli, C., Carosi, R., Massonne, H.-J., Visonà, D., 2017a. Geology and tectono-

metamorphic evolution of the Himalayan metamorphic core: insights from the Mugu Karnali transect, 

Western Nepal (Central Himalaya), J. Metamorph. Geol. 35, 301–325.  

 

Iaccarino, S., Montomoli, C., Carosi, R., Montemagni, C., Massonne, H.-J., Langone, A., Jain, A.K., Visonà 

D. 2017b. Pressure-temperature-deformation-time constraints on the South Tibetan Detachment System in 

the Garhwal Himalaya (NW India). Tectonics 36, https://doi.org/10.1002/2017TC004566. 

 

Imayama, T., 2014. P–T conditions of metabasites within regional metapelites in far-eastern Nepal Himalaya 

and its tectonic meaning. Swiss J. Geosci. 107, 81–99.  

 

Imayama, T., Takeshite, T., Arita, K., 2010. Metamorphic P–T profile and P–T path discontinuity across far-

eastern Nepal Himalaya: investigation of channel flow models. J. Metamorph. Geol. 28, 527–549. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 28 

Imayama, T., Takeshite, T., Yi, K., Cho, D.-Y., Kitajima, K., Tsutsumi, Y., Kayama, M., Nishido, H., 

Okumura, T., Yagi, K., Itaya, T., Sano, Y., 2012 Two-stage partial melting and contrasting cooling history 

within the Higher Himalayan Crystalline Sequence in the far-eastern Nepal Himalaya. Lithos 134–135, 1–22. 

doi:10.1016 /j.lithos .2011.12.004 . 

 

Inger, S., Harris, N.B.W., 1992. Tectonothermal evolution of the High Himalayan crystalline sequence, 

Langtang Valley, northern Nepal. J. Metamorph. Geol. 10, 439–452. 

 

Kellett, D.A., Coutand, I., Cottle, J., Mukul, M., 2013. The South Tibetan detachment system facilitates ultra 

rapid cooling of granulite-facies rocks in Sikkim Himalaya. Tectonics 32, 252–270. doi:10.1002/tect.20014. 

 

Kellett, D.A., Grujic, D., Erdmann, S., 2009. Miocene structural reorganization of the South Tibetan 

detachment, eastern Himalaya: implications for continental collision. Lithosphere 1, 259–281. 

 

Kellett, D.A., Grujic, D., Warren, C., Cottle, J., Jamieson, R., Tenzin, T., 2010. Metamorphic history of a 

syn‐convergent orogen parallel detachment: the South Tibetan detachment system, Bhutan Himalaya. J. 

Metamorph. Geol. 28, 785–808. 

 

Khanal, S., Robinson, D.M., Kohn, M.J., Mandai, S., 2015. Evidence for a far-traveled thrust sheet in the 

Greater Himalayan thrust system, and an alternative model to building the Himalaya. Tectonics 34, 31–52. 

doi:10 .1002/2014TC003616 . 

 

Kohn, M.J., 2008. P‐T‐t data from Nepal support critical taper and repudiate large channel flow of the 

Greater Himalayan Sequence. Geol. Soc. Am. Bull. 120, 259–273. 

 

Kohn, M.J., 2014. Himalayan metamorphism and its tectonic implications. Annu. Rev. Earth Planet. Sci. 42, 

381–419. 

 

Kohn, M.J., 2016. Metamorphic chronology comes of age: past achievements and future prospects. Am. 

Mineral. 101, 25–42. 

 

Kohn, M.J., Catlos, E., Ryerson, F.J., Harrison, T.M.. 2001. Pressure-Temperature-time path discontinuity in 

the Main Central thrust zone, Central Nepal. Geology 29, 571–574. 

 

Kohn, M.J., Wieland, M., Parkinson, C.D., Upreti, B.N., 2004. Miocene faulting at plate tectonic velocity in 

the Main Central thrust region, central Nepal. Earth Planet. Sci. Lett. 228, 299–310. 

doi:10.1016/j.epsl.2004.10.007 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 29 

 

Kohn, M.J., Wielnand, M., Parkinson, C.D., Upreti, B.N., 2005. Five generation of monazite in Langtang 

gneisses: implication for chronology of the Himalayan metamorphic core. J. Metamorph. Geol. 23, 399–406. 

 

Kruhl, J.H., 1996. Prism- and basal-plane parallel subgrain boundaries in quartz: a microstructural 

geothermobarometer. J. Metamorph. Geol. 14, 581–589. 

 

Jain, A.K., Shreshtha, M., Seth, P., Kanyal, L., Carosi, R., Montomoli, C., Iaccarino, S., Mukherjee, P.K., 

2014. The Higher Himalayan Crystallines, Alaknanda – Dhauli Ganga Valleys, Garhwal Himalaya, India. In: 

Montomoli, C., Carosi, R., Law, R.D., Singh, S., Rai, S.M. (Eds.), Geological field trips in the Himalaya, 

Karakoram and Tibet. J. Virtual Explorer, 47, paper 8. 

 

Lal, R.K., Mukerji, S., Ackermand, D., 1981. Deformation and Barrovian metamorphism at Takdah, 

Darjeeling (Eastern Himalaya). In: Saklani, P.S. (Eds.), Metamorphic tectonites of the Himalaya, pp.  231–

278. 

 

Larson, K.P., 2012. The geology of the Tama Kosi and Rolwaling valley region, East-Central Nepal. 

Geosphere 8, 507–517. 

 

Larson, K.P., Cottle, J.M., 2014. Midcrustal discontinuities and the assembly of the Himalayan mid-crust. 

Tectonics 33, 718–740. 

 

Larson, K.P., Godin, L., 2009. Kinematics of the Greater Himalayan sequence, Dhaulagiri Himal: 

Implications for the structural framework of central Nepal. J. Geol. Soc. 166, 25–43. doi:10.1144/0016-

76492007-180. 

 

Larson, K.P., Ambrose, T.K., Webb, A.A.G., Cottle, J.M., Shrestha, S., 2015. Reconciling Himalayan 

midcrustal discontinuities: The Main Central thrust system. Earth Planet. Sci. Lett. 429, 139–146. 

 

Larson, K.P., Camacho, A., Cottle, J.M., Coutand, I., Buckingham, H.M., Ambrose, T.K., Rai, S.M., 2017. 

Cooling, exhumation, and kinematics of the Kanchenjunga Himal, far east Nepal, Tectonics 36, 1037–1052. 

doi:10.1002/2017TC004496. 

 

Larson, K.P., Cottle, J.M., Godin, L., 2011. Petrochronologic record of metamorphism and melting in the 

upper Greater Himalayan sequences, Manaslu–Himal Chuli Himalaya, west-central Nepal. Lithosphere 3, 

379–392. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 30 

Larson, K.P., Gervais, F., Kellett, D.A., 2013. A P–T–t–D discontinuity in east-central Nepal: Implications 

for the evolution of the Himalayan mid-crust. Lithos 179, 275–292. 

 

Larson, K.P., Godin, L., Price, R. A., 2010. Relationships between displacement and distortion in orogens: 

linking the Himalayan foreland and hinterland in central Nepal. Geol. Soc. Am. Bull. 122, 1116–1134. 

 

Law, R.D., Searle, M.P., Simpson, R.L., 2004. Strain, deformation temperatures and vorticity of flow at the 

top of the Greater Himalayan Slab, Everest Massif, Tibet. J. Geol. Soc. 161, 305–320. doi:10.1144/0016-

764903-047. 

 

Le Fort, P., 1971. Les formations cristallophyliennes de la Thakkhola. Recherches géologiques dans 

l’Himalaya du Népal, région del Thakkhola, Édition du CNRS, Paris. 

 

Le Fort, P., 1975. Himalaya: the collided range. Am. J. Sci. 275A, 1–44.  

 

Leech, M.L, 2008. Does the Karakoram fault interrupt mid‐crustal channel flow in the western Himalaya? 

Earth Planet. Sci. Lett. 276, 314–322. 

 

Leloup, P.H., Mahéo, G., Arnaud, N., Kali, E., Boutonnet, E., Liu, D., Liu, X., Haibing, L., 2010. The South 

Tibet detachment shear zone in the Dinggye area. Time constraints on extrusion models of the Himalayas. 

Earth Planet. Sci. Lett. 292, 1–16.doi:10.1016/j.epsl.2009.12.035. 

 

Liu, Z.-C., Wu, F.-Y., Qiu, Z.-L., Wang, J.-G., Liu, X.-C., Ji, W.Q., Liu, C.-Z., 2017. Leucogranite 

geochronological constraints on the termination of the South Tibetan Detachment in eastern Himalaya. 

Tectonophysics, doi.org/10.1016/j.tecto.2017.08.019. 

 

Lombard, A., 1958. Un itinéraire géologique dans l'Est du Népal, Massif du Mont Everest. Mém. Soc. Helv. 

Sci. Nat, 82 (1), 107. 

 

Long, S.P., McQuarrie, N., 2010. Placing limits on channel flow: insights from the Bhutan Himalaya. Earth 

Planet. Sci. Lett. 290, 375–390. 

 

Long, S.P., Gordon, S.M., Soignard, E., 2017. Distributed north-vergent shear and flattening through Greater 

and Tethyan Himalayan rocks: Insights from metamorphic and strain data from the Dang Chu region, central 

Bhutan. Lithosphere. https://doi.org/10.1130/L655.1. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 31 

Long, S.P., McQuarrie, N., Tobgay, T., Grujic, D., Hollister, L., 2011. Geologic map of Bhutan: J. Maps 7. 

doi:10.4113/jom.2011.1159. 

  

Macfarlane, A.M., 1993. Chronology of tectonic events in the crystallines core of the Himalaya, Langtang, 

National Park, central Nepal. Geol. Soc. Am. Bull. 104, 1389–1402.  

 

Martin, A.J., 2017. A review of definitions of the Himalayan Main Central Thrust. Int. J. Earth Sci. 106, 

2131–2145. 

 

Martin, A.J., DeCelles, P.G., Gehrels, G.E., Patchett, P.J., Isachsen, C., 2005. Isotopic and structural 

constraints on the location of the Main Central thrust in the Annapurna Range, central Nepal Himalaya. 

Geol. Soc. Am. Bull. 117, 926–944. doi:10.1130/B25646.1. 

 

Martin, A.J., Ganguly, J., DeCelles, P.G., 2010. Metamorphism of Greater and Lesser Himalayan rocks 

exposed in the Modi Khola valley, central Nepal. Contrib. Mineral. Petrol. 159, 203–223. 

 

Mohan, A., Windley, B.F., Searle, M.P., 1989. Geothermobarometry and development of inverted 

metamorphism in the Darjeeling-Sikkim region of the eastern Himalayan. J. Metamorph. Geol. 7, 95–110. 

doi:10.1111/j.1525-1314.1989.tb00577.x 

 

Montemagni, C., Fulignati, P., Iaccarino, S., Marianelli, P., Montomoli, C., Sbrana, A., 2016. Deformation 

and fluid flow in the Munsiari Thrust (NW India): a preliminary fluid inclusion study. Atti Soc. Tosc. Sci. 

Nat. 123, 67–77. doi:10.2424/ASTSN.M.2016.22. 

 

Montomoli, C., Carosi, R., Iaccarino, S., 2015. Tectonometamorphic discontinuities in the Greater 

Himalayan Sequence: a local or a regional feature? In: Mukherjee, S., Carosi, R., van der Beek, P.A., 

Mukherjee, B.K., Robinson, D.M. (Eds.), Tectonics of the Himalaya. Geol. Soc. Lond., Spec. Publ. 412, pp. 

25–41. 

 

Montomoli, C., Carosi, R., Rubatto, D., Visonà D., Iaccarino, S., 2017a. Tectonic activity along the inner 

margin of the South Tibetan Detachment constrained by syntectonic leucogranite emplacement in Western 

Bhutan. It. J. Geosci. 136, 5–14. 

 

Montomoli, C., Iaccarino, S., Antolin, B., Apple, E., Carosi, R., Dunkl, I., Ding, L., Visonà D., 2017b. 

Tectono-metamorphic evolution of the Tethyan Sedimentary Sequence (Himalayas, SE Tibet). It. J. Geosci. 

136, 73–88. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 32 

Montomoli, C., Iaccarino, S., Carosi, R., Langone, A., Visonà, D., 2013. Tectonometamorphic 

discontinuities within the Greater Himalayan Sequence in Western Nepal (Central Himalaya): Insights on the 

exhumation of crystalline rocks. Tectonophysics 608, 1349-1370.  

 

Mosca, P., Groppo, C., Rolfo, F., 2012. Structural and metamorphic features of the Main Central Thrust 

Zone and its contiguous domains in the eastern Nepalese Himalaya. J. Virtual Explorer 41, paper 2. 

 

Mottram, C.M., Parrish, R.R., Regis, D., Warren, C.J., Argles, T.W., Harris, N.B.W., Roberts, N.M.W., 

2015. Using U-Th-Pb petrochronology to determine rates of ductile thrusting: Time windows into the Main 

Central thrust, Sikkim Himalaya. Tectonics 34, 1355–1374. 

 

Mottram, C.M., Warren, C.J., Regis, D., Roberts, N.M.W., Harris, N.B.W., Argles, T.W., Parrish, R.R., 

2014. Developing an inverted Barrovian sequence; insi hts from monazite petrochronology. Earth Planet. 

Sci. Lett. 403, 418–431. 

 

Mukherjee, S., 2015. A review on out-of-sequence deformation in the Himalaya. In: Mukherjee, S., Carosi, 

R., van der Beek, P.A., Mukherjee, B.K., Robinson, D.M. (Eds.), Tectonics of the Himalaya. Geol. Soc. 

Lond., Spec. Publ. 412, 67–109. 

 

Mukherjee, S., Koyi, H.A., Talbot, C., 2012. Implications of channel flow analogue models for extrusion of 

the Higher Himalayan Shear Zone with special reference to the out-of-sequence thrusting. Int. J. Earth Sci. 

101, 253–272. 

 

Mukhopadhyay, D.K., Chakraborty, S., Trepmann, C., Rubatto, D., Anczkiewicz, R., Gaidies, F., Dasgupta, 

S., Chowdhury, P., 2017. The nature and evolution of the Main Central Thrust: Structural, geochronological 

and petrological constraints from the Sikkim Himalaya, NE India. Lithos 282–283, 447–463.  

 

Myrow, P.M., Hughes, N.C., Searle, M.P., Fanning, C.M., Peng, S.C., Parcha, S.K., 2009. Stratigraphic 

correlation of Cambrian–Ordovician deposits along the Himalaya: implications for the age and nature of 

rocks in the Mount Everest region. Geol. Soc. Am. Bull. 121, 323–332. 

 

Odell, N.E., 1925. Observations on the rocks and glaciers of Mount Everest. Geogr. J. 66, 289–315.  

 

Odell, N.E., 1948. Appendix D. Geological and some other observations in the Mount Everest region. In: 

Tilman, H.W. (Eds.), Everest 1938. Cambridge University Press, Cambridge (pp. 143–155). 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 33 

Palicova, M., Kalvoda, J., Minarik, L., 1982. Petrology of the Makalu massif, Nepal Himalayas. Rozpravy 

CSAV 92 (2), 1–69. 

 

Parrish, R.R., Hodges, K.V., 1996. Isotopic constraints on the age and provenance of the Lesser and Greater 

Himalayan sequences, Nepalese Himalaya. Geol. Soc. Am. Bull. 108, 904–911. 

 

Parsons, A.J., Law, R.D., Phillips, R.J., Lloyd, G.E., Searle, M.P., 2016a. Thermo-kinematic evolution of the 

Annapurna-Dhaulagiri Himalaya, central Nepal: The Composite Orogenic System. Geochem. Geophys. 

Geosyst. 17. doi:10.1002/2015GC006184. 

 

Parsons, A.J., Law, R.D., Searle, M.P., Phillips, R.J., Lloyd, G.E., 2016b. Geology of the Dhaulagiri-

Annapurna-Manaslu Himalaya, Western Region, Nepal, 1:200,000. J. Maps 12, 100-110.  

 

Pertusati, P.C., Lombardo, B., Carosi, R., Frassi, C., Groppo, C., Iacopini, D., Molli, G., Montomoli, C., 

Musumeci, G., Rolfo, F., Visonà, D., 2014. Geological map of Chomolumgma (Everest), Cho-Oyu and 

Makalu area (Nepal-Tibet). In Montomoli C., et al., (Eds.), proceedings for the 29th 

Himalaya-Karakoram-Tibet Workshop, Lucca, Italy. J. Himal. Earth Sci. (Spec. Vol.), pp. 131. 

 

Polino, R., 1983. Geological map of the Upper Imja Khola (Mt Everest region, eastern Nepal). Scale 

1:25,000. S.E.L.C.A. Firenze, Italy. 

 

Rapa, G., Groppo, C., Mosca, P., Roldo, F., 2016 Petrological constraints on the tectonic setting of the 

Kathmandu Nappe in the Langtang–Gosainkund–Helambu regions, Central Nepal Himalaya. J. Metamorph. 

Geol. 34, 999–1023 

 

Richards, A., Argles, T., Harris, N., Parrish, R., Ahmad, T., Darbyshire, F., Draganits, E., 2005. Himalayan 

architecture constrained by isotopic tracers from clastic sediments. Earth Planet. Sci. Lett. 236, 773–796.  

 

Robinson, D.M., 2008. Forward modeling the kinematic sequence of the central Himalayan thrust belt, 

western Nepal. Geosphere 4, 785–801. 

 

Robinson, D.M., Martin A.J., 2014 Reconstructing the Greater Indian margin: a balanced cross section in 

central Nepal focusing on the Lesser Himalayan duplex. Tectonics 33, 2143–2168. 

doi:10.1002/2014TC003564. 

 

Robinson, D.M., DeCelles, P.G.,  Copeland, P., 2006. Tectonic evolution of the Hiamalayan thrust belt in 

western Nepal: implications for channel flow models. Geol. Soc. Am. Bull. 118, 865–885. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 34 

 

Robinson, D.M., DeCelles, P.G., Patchett, P.J., Garzione, C.N., 2001, The kinematic history of the Nepalese 

Himalaya interpreted from Nd isotopes. Earth Planet. Sci. Lett. 192, 507–521. doi:10.1016/S0012-

821X(01)00451-4. 

 

Rolfo, F., Groppo, C., Mosca, P., 2015. Petrological constraints of the ‘Channel Flow’ model in eastern 

Nepal. In: Mukherjee, S., Carosi, R., van der Beek, P.A., Mukherjee, B.K., Robinson, D.M. (Eds.), Tectonics 

of the Himalaya. Geol. Soc. Lond., Spec. Publ. 412, pp. 177–197. 

 

Rubatto, D., Chakraborty, S., Dasgupta, S., 2013. Timescales of crustal melting in the Higher Himalayan 

Crystallines (Sikkim, Eastern Himalaya) inferred from trace element-constrained monazite and zircon 

chronology. Contrib. Mineral. Petrol. 165, 349–372. 

 

Saklani, P.S., Nainwal, D.C., Singh, V.K., 1991. Geometry of the composite Main Central Thrust (MCT) in 

the Yamuna Valley, Garhwal Himalaya, India. Neues Jahrb. Geol. P.-A. 1991, 364–380. 

 

Schultz, M.H., Hodges, K.V., Ehlers, T.A., van Soest, M., Wartho, J.-A., 2017. Thermochronologic 

constraints on the slip history of the South Tibetan detachment system in the Everest region, southern Tibet. 

Earth Planet. Sci. Lett. 459, 105–117. 

 

Searle, M.P., 1999. Extensional and compressional faults in the Everest–Lhotse Massif, Khumbu Himalaya, 

Nepal. J.  Geol. Soc. 156, 227–240. 

 

Searle, M.P., 2003, Geological Map of the Mount Everest Massif, Nepal and South Tibet: Dept. Earth 

Sciences, Oxford University, UK, scale 1:100,000. 

 

Searle, M.P., 2010. Low-angle normal faults in the compressional Himalayan orogen; evidence from the 

Annapurna–Dhaulagiri Himalaya, Nepal. Geosphere 6, 296–315. doi:10.1130/GES00549.1. 

 

Searle, M.P., 2013. Crustal melting, ductile flow and deformation in mountain belts: cause and effect 

relationships. Lithosphere 5, 547–554. 

 

Searle, M.P., Godin, L., 2003. The South Tibetan Detachment System and the Manaslu Leucogranite: a 

structural reinterpretation and restoration of the Annapurna–Manaslu Himalaya, Nepal. J. Geol. 111, 505–

523. 

 

Searle, M.P., Rex, A.J., 1989. Thermal model for the Zanskar Himalaya. J. Metamorph. Geol. 7, 127–134.  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 35 

 

Searle, M.P., Law, R.D., Godin, L., Larson, K., Streule, M.J., Cottle, J.M., Jessup, M.J., 2008. Defining the 

Himalayan Main Central Thrust in Nepal. J. Geol. Soc. 165, 523–534. http://dx.doi.org/10.1144/0016-

76492007-081. 

 

Searle, M.P., Simpson, R.L., Law, R.D., Parrish, R.R., Waters, D.J., 2003. The structural geometry, 

metamorphic and magmatic evolution of the Everest massif, High Himalaya of Nepal–South Tibet. J. Geol. 

Soc. 160, 345–366. 

 

Searle, M.P., Windley, B.F., Coward, M.P., 1987. The closing of Tethys and tectonics of the Himalaya. 

Geol. Soc. Am. Bull. 98, 127–134. 

 

Shrestha, S., Larson, K.P., Guilmette, C., Smit, M.A., 2017. The P–T–t evolution of the exhumed Himalayan 

metamorphic core in the Likhu Khola region, East Central Nepal. J. Metamorph. Geol. 35, 663–693.  

 

Stipp, M., Stunitz, H., Heilbronner, R., Schmid, S.M., 2002. The eastern Tonale fault zone: A ‘natural 

laboratory’ for crystal plastic deformation over a temperature range from 250 to 700 °C. J. Struct. Geol. 24, 

1861–1884. doi:10.1016/S0191-8141(02)00035-4. 

 

Swapp, S.M., Hollister, S., 1991. Inverted metamorphism within the Tibetan slab of Bhutan: evidence for a 

tectonically transported heat sources. Can. Mineral. 29, 1019–1041. 

 

Tobgay, T., McQuarrie, N., Long, S., Kohn, M.J., Corrie, S., 2012. The age and rate of displacement along 

the Main Central Thrust in the western Bhutan Himalaya. Earth Planet. Sci. Lett. 319–320, 146–158. 

doi:10.1016 /j.epsl.2011.12.005. 

 

Upreti, B.N., 1999. An overview of the stratigraphy and tectonics of the Nepal Himalaya. J. Asian Earth Sci. 

17, 577–606. 

 

Valdiya, K.S., 1980, Geology of the Kumaun Lesser Himalaya: Dehradun, India, Wadia Institute of 

Himalayan Geology (289 pp.). 

 

Vannay, J.C., Hodges, K.V. m1996. Tectonometamorphic evolution of the Himalayan metamorphic core 

between the Annapurna and Dhaulaghiri, Central Nepal. J. Metamorph. Geol. 14, 635–656. 

 

Vannay, J.C., Grasemann, B., 1998. Inverted metamorphism in the High Himalaya of Himachal Pradesh 

(NW India): phase equilibria versus thermobarometry. Schweiz. Miner. Petrog. 78, 109–35. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 36 

 

Vannay, J.C., Grasemann, B., Rahn, M., Frank, W., Carter, A., Baudraz, V., Cosca, M., 2004. Miocene to 

Holocene exhumation of metamorphic crustal wedges in the NW Himalaya: Evidence for tectonic extrusion 

coupled to fluvial erosion. Tectonics 23, TC1014. 

 

Visonà, D., Lombardo, B., 2002. Two-mica and tourmaline leucogranites from Everest–Makalu region 

(Nepal–Tibet). Himalayan leucogranites genesis by isobathic heating? Lithos 62, 125–150. 

 

Visonà, D., Carosi, R., Montomoli, C., Peruzzo, L., Tiepolo, M., 2012. Miocene andalusite leucogranite in 

central-east Himalaya (Everest–Masang Kang area): low-pressure melting during heating. Lithos 144, 194–

208. 

 

Wager, L.R., 1965. Injected granite sheets of the Rongbuk valley and the northern face of Mount Everest. In: 

D.N. Wadia Commemorative Volume. India Mining Geology and Metallurgy Institute, 358–379. 

 

Walker, J.D., Martin, M.W., Bowring, S.A., Searle, M.P., Waters, D.J., Hodges, K.V., 1999. Metamorphism, 

melting and extension: age constraints from the High Himalayan slab of SE Zanskar and NE Lahoul. J.  

Geol. 107, 473–495. 

 

Walters J.B., Kohn M.J., 2017. Protracted thrusting followed by late rapid cooling of the Greater Himalayan 

Sequence, Annapurna Himalaya, central Nepal: Insights from titanite petrochronology. J. Metamorph. Geol. 

35, 897–918. https://doi.org/10.1111/jmg.12260. 

 

Wang, J.M., Rubatto, D., Zhang, J.J., 2015. Timing of partial melting and cooling across the Greater 

Himalayan Crystalline Complex (Nyalam, Central Himalaya): in-sequence thrusting and its implications. J. 

Petrol. 56, 1677–1702. 

 

Wang, J.M., Zhang, J.J., Liu K., Zhang B., Wang X.X., Rai S.M., Scheltens M., 2016. Spatial and temporal 

evolution of tectonometamorphic discontinuities in the central Himalaya: Constraints from P–T paths and 

geochronology. Tectonophysics 679, 41–60.  

 

Wang, J.M., Zhang, J.J., Wang, X.X., 2013. Structural kinematics, metamorphic P–T profiles and zircon 

geochronology across the Greater Himalayan Crystalline Complex in south-central Tibet: implication for a 

revised channel flow. J. Metamorph. Geol. 31, 607–628. 

 

Warren, C.J., Grujic, D., Kellet, D.A., Cottle, J., Jamieson, R.A., Ghalley, K.S., 2011. Probing the depths of 

the India-Asia collision: U-Th-Pb monazite chronology of granulites from NW Bhutan. Tectonics 30, 1–24. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 37 

 

Webb, A.A.G., Gao, H., Clift, P., Husson, L., Müller, T., Costantino, D., Yin, A., Xu, Z., Cao, H., Wang Q., 

2017. The Himalaya in 3D: Slab dynamics controlled mountain building and monsoon intensification. 

Lithosphere. doi:10.1130/L636.1. 

 

Webb, A.A.G., Yin, A., Dubey, C.S., 2013. U-Pb zircon geochronology of major lithologic units in the 

eastern Himalaya: implications for the origin and assembly of Himalayan rocks. Geol. Soc. Am. Bull. 125, 

499–522. doi:10.1130/B30626.1 

 

Weinberg, R.F., 2016. Himalayan leucogranites and migmatites: nature, timing and duration of anataxis. J. 

Metamorph. Geol. 34, 821–843. doi:10.1111/jmg.12204. 

 

Yakymchuck, C., Godin, L., 2012. Coupled role of deformation and metamorphism in the construction of 

inverted metamorphic sequences: an example from far-northwest Nepal. J. Metamorph. Geol. 30, 513–535. 

 

Yin, A., 2006. Cenozoic tectonic evolution of the Himalayan orogen as constrained by along-strike variation 

of structural geometry, exhumation history, and foreland sedimentation. Earth-Sci. Rev. 76, 1–131. 

 

Yin, C.H., Kuo, S.T., 1978. Stratigraphy of the Mount Jolmo Lungma and its North slope. Sci. Sinica 21, 

629-644. 

 

Zeiger, K., Gordon, S.M., Long, S.P., Kylander-Clark, A.R.C., Agustsson, K., Penfold, M., 2015. Timing 

and conditions of metamorphism and melt crystallization in Greater Himalayan rocks, eastern and central 

Bhutan: insight from U-Pb zircon and monazite geochronology and trace-element analyses. Contrib. 

Mineral. Petrol. 169, 47. doi:10.1007/s00410-015-1143-6. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 38 

Figure captions 

Fig. 1. Schematic geological map of the Himalayan belt showing the main units and tectonic boundaries 

(modified after Law et al., 2004 and Weinberg, 2016). MFT: Main Frontal Thrust; MBT: Main Boundary 

Thrust; MCT: Main Central Thrust; STDS: South Tibetan Detachment System; P: Peshawar basin; S: Sutlej 

basin. 

 

Fig. 2. Features of the HHD segments in Western and Central Nepal at different scale. (A) Panoramic view 

of the Toijem Shear Zone described in Carosi et al. (2007, 2010); (B) outcrop view of Mangri Shear Zone 

mylonite described in Montomoli et al. (2013) (modified after Montomoli et al., 2015); (C) kinematic 

indicators (white mica fishes) pointing a top-to-the-SW sense of shear within the Toijem Shear Zone 

mylonites (after Carosi et al., 2007); (D) close view of sillimanite-bearing shear bands and kyanite relicts 

(after Carosi et al., 2002); (E) kinematic indicators (mica fishes and foliation fishes) pointing a top-to-the-

SW sense of shear within the Mangri Shear Zone mylonites (after Montomoli et al., 2015); (F) quartz within 

Mangri Shear Zone mylonites, showing chessboard extinction patterns (after Montomoli et al., 2015) that 

suggests a minimum deformation temperature of c. 650°C (Kruhl, 1996).  Mineral abbreviations as follows: 

Bt=biotite, Grt=garnet, Ky=kyanite, Pl=Plagioclase, Qtz=quartz, Sill=sillimanite, Tur=tourmaline, Wm= 

potassic white mica. 

 

Fig. 3.  Geological sketch map of the Central and Eastern Himalaya showing the trace of the HHD from 

Western Nepal, through Sikkim, to Bhutan and its age (modified after Yin, 2006 and Wang et al., 2016). See 

text for details. 

 

Fig. 4. Schematic geological cross section of the Central-Eastern Himalayan belt showing the main tectonic 

and metamorphic discontinuities (modified after Wang et al., 2016). Abbreviations as in Figs. 1, 2 plus: 

MHT: Main Himalayan Thrust; MFT: Main Frontal Thrust; MBT: Main Boundary Thrust; MCT: Main 

Central Thrust; HHD: Higher Himalayan Discontinuity; OOST: out of sequence thrust; STD: South Tibetan 

Detachment; HHL: Higher Himalayan Leucogranite; NHD: North Himalaya Dome;  GCT: Great Counter 

Thrust: Oph: ophiolites;  LB: Lhasa Block;  GB: Gandgese Batholith; SG; Siwalik Group; LHS: Lesser 

Himalayan Sequence; GHSL: lower Greater Himalayan Sequence; GHSU: upper Greater Himalayan 

Sequence: TSS: Tethyan Sedimentary Sequence. 
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Fig: 5. Geological map of Western Nepal showing the trace of the HHD recognized along several transects 

(modified from Fuchs, 1964; Fuchs and Frank, 1970; Carosi et al., 2002, 2007, 2013; Bertoldi et al., 2011; 

Montomoli et al., 2013; Iaccarino et al., 2017). 

MCTz: Main Central Thrust zone; HHD: Higher Himalayan Discontinuity; MSZ: Mangri shear zone; TSZ: 

Toijem shear zone; STDS: South Tibetan Detachment System; NHD: North Himalaya Dome; LHS: Lesser 

Himalayan Sequence; GHSL: lower Greater Himalayan Sequence; GHSU: upper Greater Himalayan 

Sequence; HHL: Higher Himalayan Leucogranite; TSS: Tethyan Sedimentary Sequence. 

 

Fig. 6. Sketch of the evolution of the Greater Himalayan Sequence in Western-Central Nepal by progressive 

activation of top-to-the SW thrust-sense shear zones from the uppermost part of the Greater Himalayan 

Sequence to the lower part and to the MCT (modified after Montomoli et al., 2013, 2015; Iaccarino et al., 

2016 and Carosi et al., 2016). 

The kinematic path of particles in the hanging wall and footwall of the shear zones in the Greater Himalayan 

Sequence is shown by dots with different colors. The graphs inserted in the right higher part of each stage 

represent the schematic evolution of the P-T-t data of the portion of the GHS where the points a, b and c are 

located. P-T data from Montomoli et al. (2013, 2015), Carosi et al. (2010, 2016) and Iaccarino et al. (2017). 

Stage A. After the collisional stage at ~ 59 Ma all the Greater Himalayan Sequence underwent burial and 

consequent prograde metamoprhism.  At c. 41–30 Ma, the uppermost portion of the Greater Himalayan 

Sequence, located in the hanging wall of the uppermost thrust-sense shear zone (Kalopani shear zone) and 

below the Tethyan Sedimentary Sequence, was exhuming, whereas the Greater Himalayan Sequence upper 

and lower, in the footwall, was still undergoing prograde metamorphism.  

Stage B. At c. 26–25 Ma, following the activation of the Higher Himalayan Discontinuity, uppermost and 

upper Greater Himalayan Sequence, now in the hanging wall of the Higher Himalayan Discontinuity started 

exhumation, whereas rocks in the footwall of the Higher Himalayan discontinuity (Greater Himalayan 

Sequence lower) were still buried. The older leucogranite (Bura Buri leucogranite in orange color) intruded 

at ~ 24-25 Ma in the upper part of the Greater Himalayan Sequence cross cutting the STDS (Bertoldi et al., 

2011; Carosi et al., 2013) followed by younger Higher Himalayan Leucogranites (orange color) (e.g. Mugu 

granite at 20-19 Ma; Visonà et al., 2012; Iaccarino et al., 2016). 

Stage C. At c. 17–13 Ma, the activation of the Main Central thrust caused the exhumation of all subunits of 

the Greater Himalayan Sequence (uppermost, upper and lower Greater Himalayan Sequences), and the 

Lesser Himalayan Sequence was incorporated in the belt, but reaching lower P and T with respect to the 

Greater Himalayan Sequence. Only from this stage onward the Greater Himalayan Sequences behaved as a 

unique tectonic unit.  
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TSS: Tethyan Sedimentary Sequence; Kalopani s.z: Kalopani shear zone; HHD—Higher Himalayan 

discontinuity; MCT: Main Central Thrust; LHS: Lesser Himalayan Sequence. Not to scale. 
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Figure 6 
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