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A view of the northern edge of Himalayan mountain belt looking south, the high peaks barely 

poking above the horizon of the vast Tibetan Plateau. Djordje Grujic checks on our trusty 

donkeys while our invaluable guide Dawa Tamang brings up the rear.  
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Abstract 

Migmatite-cored gneiss domes in the Himalaya are valuable structures that expose the mid-

crust, allowing for the investigation of tectonic and structural processes governing the evolution 

of the Himalayan orogen. Located in NW Nepal, the Gurla Mandhata core complex exposes the 

Himalayan Metamorphic Core (HMC), a sequence of high metamorphic-grade gneiss, 

migmatite, and granite, in the hinterland of the Himalayan orogen. Sm-Nd isotopic analyses 

indicate that these rocks have both Greater Himalayan sequence (GHS) and Lesser Himalayan 

sequence (LHS) protolith affinity. In-situ U-Th/Pb monazite petrochronology coupled with 

petrographic, structural, and microstructural observations reveal that the core complex is 

composed solely of rocks in the hanging wall of the Main Central Thrust (MCT). Rocks from the 

core complex record Eocene Eohimalayan and late-Oligocene to early-Miocene Neohimalayan 

metamorphic pulses (U-Th/Pb monazite age peaks of 40 Ma, 25-19 Ma, and 19-16 Ma) along 

with a pre-Himalayan Ordovician pulse (ca. 470 Ma). The combination of Sm-Nd isotopic 

analysis and U-Th/Pb monazite petrochronology demonstrates that both GHS and LHS protolith 

material is captured in the hanging wall of the MCT and experienced Cenozoic Himalayan 

metamorphism during south-directed extrusion in west Nepal. Monazite ages do not record 

metamorphism coeval with late Miocene east-directed exhumation, demonstrating that peak 

metamorphism and generation of anatectic melt in the core complex had ceased prior to the onset 

of hinterland orogen-parallel extension at ~15-13 Ma. The geometry of the Gurla Mandhata core 

complex requires significant hinterland crustal thickening prior to 16 Ma, which is attributed to 

ductile HMC thickening and footwall accretion of LHS protolith material associated with a 

ramp-flat MHT geometry below the core complex. The Gurla Mandhata core complex shares 

many structural and tectonometamorphic characteristics with the North Himalayan domes. This 
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thesis demonstrates that isotopic signatures such as Sm-Nd should only be used to characterize 

lithotectonic units and structural features across the Himalaya in conjunction with supporting 

petrochronological and structural data. Further, this thesis highlights the necessity for clear 

definitions of Himalayan metamorphic rocks that can differentiate between their protolith and 

tectonometamorphic characteristics.  
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Chapter 1 

Introduction 

1.1 Himalayan Geology  

The Himalayan mountain belt is an orogen formed by the collision and ongoing convergence 

of Asia and India beginning around 55-50 Ma (Najman et al., 2010, 2017; Hu et al., 2016). The 

Himalayan orogen stretches approximately 2500 km from Nanga Parbat in northern Pakistan to 

Namche Barwa in southeastern Tibet (Fig. 1.1a; Yin, 2006). The northern boundary of the 

Himalaya is the Indus-Yarlung Zangpo Suture zone, which separates Himalayan rocks of Indian 

provenance from Tibetan (Asian) rocks. The southern boundary of the Himalayan orogenic 

wedge is the Main Frontal Thrust, the southernmost extent of deformation associated with the 

mountain belt on the Indian plate (Fig. 1.1b; Yin, 2006).  

The Himalayan orogen is composed of Paleoproterozoic to early Cenozoic rocks from the 

pre-collisional margin of the Indian continental block, Cenozoic leucogranites, and Cenozoic 

foreland basin sediments. The Himalaya is divided into four major lithotectonic units, each 

bounded by crustal-scale fault systems. From north to south, the four units are the Tethyan 

sedimentary sequence (TSS), the Greater Himalayan sequence (GHS), the Lesser Himalayan 

sequence (LHS), and the Sub-Himalaya (Fig. 1.2). These lithotectonic units are bounded by the 

Indus-Yarlung Zangpo Suture zone, the South Tibetan Detachment system (STD), the Main 

Central Thrust (MCT), the Main Boundary Thrust (MBT), and the Main Frontal Thrust (MFT) 

(Fig. 1.2). 
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Figure 1.1. a) Color relief map of the Himalaya and surrounding area. Constructed from 

ETOPO2v2 (2006) database with a Cylindrical Equidistant projection. Dashed lines indicated the 

boundaries of the Himalayan orogenic wedge, from the western syntaxis at Nanga Parbat (NP) to 

the eastern syntaxis at Namche Barwa (NB) and from the Indus-Yarlung Zangpo Suture Zone 

(IYSZ) to the Main Frontal Thrust (MFT). The study area is indicated by the black rectangle, 

near the Karakoram Fault (KF) (modified after Nagy et al., 2015). b) Schematic lithosphere-scale 

cross section showing major crustal-scale fault systems and the trajectory of the underplating 

Indian plate (modified after Nábělek et al., 2009 and Godin & Harris, 2014). BS - Bagong 

Suture, GB - Ganga Basin, MBT - Main Boundary Thrust, MCT - Main Central Thrust, STD - 

South Tibetan Detachment. 
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Figure 1.2. a) Simplified geologic map of the Nepal, Bhutan, and North Indian Himalaya 

modified after Murphy and Copeland (2005), Yin (2006), McQuarrie et al. (2008), Antolín et al. 

(2013), and Soucy La Roche et al. (2018a). b) Cross section A-A’ of West Nepal, through the 
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foreland klippe and the hinterland Gurla Mandhata core complex modified after Antolín et al. 

(2013), and Soucy La Roche et al. (2018a). Main Himalayan Thrust trajectory is projected from 

Gao et al. (2016) and Lesser Himalayan sequence duplex is projected from Robinson et al. 

(2006). c) Lithotectonic map of the Gurla Mandhata core complex, illustrating the Gurla 

Mandhata-Humla fault and its relationship to the Karakoram Fault system, modified after 

Murphy and Copeland (2005), Pullen et al. (2011), Yakymchuk and Godin (2012), Antolín et al. 

(2013), McCallister et al. (2014), and Nagy et al. (2015). GMH - Gurla Mandhata-Humla fault, 

IYZS - Indus-Yarlung Zangpo Suture zone, MBT - Main Boundary Thrust, MCT - Main Central 

Thrust, MFT - Main Frontal Thrust, STD - South Tibetan Detachment. 

 

The TSS comprises Paleozoic to early Cenozoic sedimentary and low-grade 

metasedimentary rocks. The TSS represents deposits in the Paleo-Tethys and Tethys seas on the 

northern coast of the Indian plate from the pre-rift stage in the Cambrian to the final breakup of 

Gondwana in the Cretaceous (Garzanti, 1999). These sedimentary rocks were incorporated into 

the Himalayan orogen during the closing of the Tethys ocean prior to final collision of India with 

Asia around 55 Ma (Searle et al., 1987; Garzanti, 1999; Godin et al., 2001; Aikman et al., 2008; 

Najman et al., 2010, 2017). The TSS is bounded to the north by Indus-Yarlung Zangpo Suture 

zone, and at the base by the STD, a low-angle top-to-the-north normal fault system continuous 

across the length of the orogen (Caby et al., 1983; Burchfiel et al., 1992; Godin et al., 1999; 

Cottle et al., 2007; Kellett et al., 2010; Kellett and Grujic, 2012; Law et al., 2013).  

The major lithotectonic units of the Himalaya were historically defined based on a 

combination of lithological, structural, and geographic characteristics (Heim and Gansser, 1939; 

Gansser, 1964; LeFort, 1975). Historical definitions of the units tend to be problematic as they 

conflate too many disparate features. In contrast, modern definitions typically rely on either 
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structural or protolith characteristics of the units (e.g. Hodges, 2000; Yin and Harrison, 2000; 

Yin, 2006; Martin, 2017).  

The Greater Himalayan sequence (GHS) is composed primarily of metapelitic kyanite-

sillimanite-garnet-biotite schist and gneiss, hornblende-biotite orthogneiss, granitic augen gneiss, 

and calc-silicate gneiss, with some granitic rocks. These metasedimentary and meta-igneous 

rocks were deposited or crystallized from the Neoproterozoic to the Ordovician (Garzanti et al., 

1986; DeCelles et al., 1998; Godin et al., 2001; Myrow et al., 2003; Yin, 2010; Gehrels et al., 

2011; Martin, 2017). The exact provenance and tectonic setting of protolith deposition and 

emplacement is still a matter of contention; some authors argue for continuous deposition and 

intrusion on the northern margin of the Indian plate (DeCelles et al., 2000; Myrow et al., 2003; 

Yin, 2006; McKenzie et al., 2011; McQuarrie et al., 2013), whereas others contend the GHS is a 

suspect terrane incorporated into the Himalayan orogen (Brookfield, 1993; DeCelles et al., 2000; 

Cai et al., 2016; Han et al., 2016; Martin, 2017). In either case, the GHS is defined in terms of 

protolith characteristics as the package of rocks in the Himalaya deposited distal to the coastal 

margin of the Indian craton prior to the Cretaceous collision of India with a Mesoproterozoic to 

Ordovician protolith age. 

According to the structural definition, the GHS is in the footwall of the STD and in the 

hanging wall of the MCT, a north-dipping, south-directed thrust fault system (Fig. 1.2; Heim and 

Gansser, 1939; Gansser, 1964; Le Fort, 1975; Hodges, 2000; Yin and Harrison, 2000; Searle et 

al., 2008). The structural definition of the GHS depends on the location and definition of the 

MCT itself, a highly contentious topic (e.g. Searle et al., 2008; Martin, 2016). The MCT has 

been defined using lithological variations in marker units (Gansser, 1983), U-Pb detrital zircon 
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ages (Parrish and Hodges, 1996; DeCelles et al., 2000), Nd isotope compositions (Ahmad et al., 

2000; Robinson et al., 2001), the position of the ductile shear zone placing metamorphic rocks 

over unmetamorphosed or low-grade rocks (Searle et al., 2008; Larson and Godin, 2009), and 

the age of motion along the foreland-directed high strain zone (Yin, 2006; Webb et al., 2011). 

For this thesis, I define the MCT as the base of the high-strain zone that places high-grade 

metamorphic rocks over unmetamorphosed or low-grade metamorphic rocks (Searle et al., 

2008). I also use the term Himalayan Metamorphic Core (HMC) to refer to the structural 

definition of the GHS as the rocks between the STD and the MCT.  

The HMC underwent two phases of Cenozoic Himalayan metamorphism, an Eocene-

Oligocene high-pressure (P) and moderate-temperature (T) phase known as the Eohimalayan 

phase (Inger and Harris, 1992; Vannay and Hodges, 1996; Godin et al., 2001; Kellett et al., 

2014) and an Oligocene-Miocene high-T and moderate-P phase known as the Neohimalayan 

phase (Vannay and Hodges, 1996; Godin et al., 2001; Streule et al., 2010). These metamorphic 

phases overprint a poorly-recorded pre-Himalayan Ordovician igneous and metamorphic event 

(DeCelles et al., 2000; Godin et al., 2001; Gehrels et al., 2003).  

The Lesser Himalayan sequence (LHS) can also be defined structurally or by protolith age. 

Rocks of an LHS protolith comprise primarily Paleoproterozoic to early Mesoproterozoic clastic, 

carbonate, and volcanic rocks as well as granitic rocks (Upreti, 1999; DeCelles et al., 2000, 

2004; Kohn et al., 2010; Gehrels et al., 2011; Martin et al., 2011; Long et al., 2011; Mottram et 

al., 2014; Martin, 2017). The LHS also contains Carboniferous to Permian rocks, although these 

are only present from central Nepal to Bhutan, and are not exposed west of central Nepal 

(Mukhopadhyay et al., 2010; Aggarwal and Jha, 2013). This sequence represents a sequence of 
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continental rift intrusions and overlying passive margin sediments deposited on the northern 

margin of the Indian plate (Brookfield, 1993; Richards et al., 2005; Sakai et al., 2013; Martin, 

2017), although other authors favor a magmatic arc for the origin of the igneous material (Kohn 

et al., 2010; Mandal et al. 2016). According to its structural definition, the LHS lies in the 

footwall of the MCT and has not experienced the HMC deformation and metamorphism (Searle 

et al., 2008). Most of the major foreland-directed brittle thrust faults in the Himalayan orogen are 

in the LHS, expressed in a widespread network of imbricate thrusts and duplexes (Fig. 1.2; 

DeCelles et al., 1998, 2001; Bollinger et al., 2004; Robinson et al., 2006; Mitra et al., 2010). The 

LHS is bounded at its base by the Main Boundary Thrust. Below the Main Boundary Thrust lies 

the Sub-Himalaya, the foreland-most Himalayan lithotectonic unit composed of Neogene 

foreland basin sediments eroded from the rising Himalaya at the southernmost edge of the 

Himalayan deformation front (Schelling and Arita, 1991; DeCelles et al., 1998, 2001; Najman, 

2006). 

1.2 Himalayan Metamorphic Core extrusion and orogen-parallel extension 

The process that exhumed the HMC is highly debated. The two end-member hypotheses are 

the channel flow model (e.g. Beaumont et al., 2001) and the wedge extrusion model (e.g. Kohn, 

2008). Channel flow describes the lateral tunneling and subsequent extrusion of a melt-

weakened channel in the mid-crust, two processes respectively driven by a lithostatic pressure 

gradient and a focused erosional front (Fig. 1.3; Grujic et al., 1996; Beaumont et al., 2001; 

Jamieson et al., 2004, 2006; Godin et al., 2006a). The channel is bounded by two coevally 

operating shear zones: the MCT and the STD (Godin et al., 2006a). The mid-crustal channel is 
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Figure 1.3. Schematic representation of the channel flow model during its initiation and 

progression in the Miocene. Channel flow is initiated by partial melting of a zone in the mid-

crust below the 750°C isotherm, leading to tunneling of the low-viscosity channel towards an 

area of lower lithostatic pressure. Extrusion is amplified by focused erosion at the extrusion 

front. Figure modified after Godin et al. (2006a). 

 

primarily composed of rocks from of GHS protolith, although there is some evidence for 

incorporation of LHS protolith material into the channel through return flow at deeper crustal 

levels (Grujic et al., 2011). By contrast, the wedge extrusion model describes the translation and 

extrusion of GHS material in the hanging wall of a wedge maintained by critical taper, internal 

deformation, underthrusting, and focused erosion (Webb et al., 2007; Kohn, 2008; He et al., 

2015, 2016). Some combination of the two end-member models could account for the 

metamorphic and deformational history of the HMC, which has led to a variety of interpretations 

for the structural and metamorphic datasets throughout the orogen (e.g. Robinson et al., 2006; 

Godin et al., 2006a; Webb et al., 2007; Warren et al., 2008; Larson et al., 2010a,b; Grujic et al., 

750°C velocity
profile GHS

TSS

LHS
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MCT
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Lower crust and
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2011; Yakymchuk and Godin, 2012; Jamieson and Beaumont, 2013; He et al., 2015, 2016; 

Soucy La Roche et al., 2016, 2018a).  

In western Nepal, the MCT and STD were active from the Oligocene to the mid-Miocene, 

extruding the HMC from mid-crustal depths (Godin et al., 2006a; Antolín et al., 2013; Stübner et 

al., 2014; Soucy La Roche et al., 2016). Although the MCT was reactivated as recently as <8 Ma 

(Braden et al., 2017), by the mid-Miocene most of the shortening in the Himalayan orogen began 

to be transferred south towards the foreland, to the Main Boundary Thrust and to the network of 

imbricate thrusts and duplexes in the LHS (Meigs et al., 1995; DeCelles et al., 2001; Soucy La 

Roche et al., 2016, 2018a).  

The southward transfer of Himalayan shortening was broadly coincident with the onset of 

orogen-parallel extension in the hinterland of the orogen (Murphy and Copeland, 2005; Jessup 

and Cottle, 2010; McCallister et al., 2014, Nagy et al., 2015). Orogen-parallel extension 

manifests itself in crustal-scale faults throughout the metamorphic core of the orogen and in the 

southern Tibetan Plateau (Searle et al., 1998; Murphy et al., 2000). These structures 

accommodate east-west extensional strain parallel to the arc of the Himalayan orogen (Searle et 

al., 1998, 2011; Murphy et al., 2000, 2002; Taylor et al., 2003; Lacassin et al., 2004; Phillips et 

al., 2004; McCallister et al., 2014). Shallow crustal-scale strike-slip faults and horst-and-graben 

structures in the Tibetan continental block accommodate a significant portion of the extension 

(Searle et al., 1998, 2011; Yin and Harrison, 2000; Taylor et al., 2003), as do large transtensional 

systems such as the Karakoram Fault system (Fig. 1.1; Murphy et al., 2000; Phillips et al., 2004; 

Murphy and Copeland, 2005; McCallister et al., 2014). Some of the extensional deformation is 

distributed through the metamorphic core of the Himalaya itself in the form of detachment faults 
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exhuming migmatite-cored gneiss domes (Fig 1.2; Murphy et al., 2002; Taylor et al., 2003; 

Thiede et al., 2006; Jessup et al., 2008; Cottle et al., 2009a; Jessup and Cottle, 2010; Langille et 

al., 2012, 2014; Lederer et al., 2013; McCallister et al., 2014; Nagy et al., 2015), and also 

potentially as E-W shear fabrics distributed through the High Himalaya (Pêcher, 1991; Pêcher et 

al., 1991; Yin et al., 1994). The onset of orogen-parallel deformation is variously interpreted to 

be related to lateral expansion of the orogen and extrusion of the Tibetan Plateau or to strain 

partitioning across the orogen in the form of oroclinal bending, radial spreading of the Tibetan 

Plateau, or oblique convergence of the India-Asia tectonic plates (Searle et al., 1998; Murphy et 

al., 2000, 2002, 2013; Murphy and Copeland, 2005; Yin, 2006; Jessup and Cottle, 2010; Styron 

et al., 2011; Xu et al., 2013; McCallister et al., 2014).  

1.3 The Gurla Mandhata core complex 

The Gurla Mandhata core complex in northwestern Nepal is a migmatite-cored gneiss dome 

whose exhumation is associated with orogen-parallel extension in the hinterland (Figure 1.2c; 

Murphy and Copeland, 2005; McCallister et al., 2014). This core complex was first studied in 

detail by Murphy et al. (2002) as a part of the Gurla Mandhata detachment system, a crustal-

scale detachment zone linked with the Karakoram fault system in SW Tibet (Searle et al., 1998, 

Murphy et al., 2000). Most previous work in the core complex (e.g. Murphy and Copeland, 

2005; McCallister et al., 2014; Nagy et al., 2015) has focused on the Gurla Mandhata 

detachment system itself, its kinematic and geodynamical links to the Karakoram Fault and the 

nearby Indus-Yarlung Zangpo Suture zone, and its possible connection to orogen-parallel 

extension and exhumation. Although this work has proved valuable in furthering our 

understanding of crustal-scale shear zones, orogen-parallel extension, and slip transfer in 
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orogenic systems, only a cursory study of the exhumed metamorphic rocks themselves in the 

core complex has been done up to this point.  

The exact nature of the core gneisses and their protolith affiliation is still largely unknown. 

Murphy and Copeland (2005) mapped several units in the core complex and ascribed them to the 

GHS. They described a high metamorphic grade throughout the dome and recorded observations 

consistent with the protolith characteristics of the GHS and the structural characteristics of the 

HMC. However, Sm-Nd isotopic analysis identified rocks in the core complex with isotopic 

signatures associated with both LHS and GHS protoliths across other parts of the Himalaya, 

introducing significant uncertainty to the underlying geometry of the complex (Murphy, 2007).  

1.4 Purpose of this study 

The purpose of this thesis is to characterize the tectonometamorphic and provenance history 

of the rocks exposed in the Gurla Mandhata core complex. This thesis addresses the following 

questions: 

(1) What is the protolith affiliation of the rocks of the Gurla Mandhata core complex? 

(2) What is the prograde metamorphic history of the Gurla Mandhata core complex? 

(3) What do the protolith affiliation and tectonometamorphic history imply about the 

subsurface geometry of the Gurla Mandhata core complex?  

(4) How do the geometry and history of the Gurla Mandhata core complex inform on 

the temporal evolution of the core complex and of other similar Himalayan 

metamorphic core complexes? 

These questions are addressed through field work, petrographic and microstructural analysis, 

Sm-Nd isotope analysis, and U-Th/Pb monazite petrochronology. Field mapping and collection 
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of structural measurements and samples were undertaken in Spring 2016, and comprised a 

detailed 40 km N-S transect across the core complex building on preliminary field mapping 

results in the area from Murphy and Copeland (2005), Yakymchuk and Godin (2012), and Nagy 

et al. (2015). Structural measurements and representative oriented and un-oriented samples were 

collected for petrological, microstructural, isotopic, and geochronological analyses. 

Thin section analysis of oriented samples provides qualitative metamorphic petrology and 

microstructural analyses across the dome. Sm-Nd isotope analysis provides a protolith 

correlation of the highly-metamorphosed units, distinguishing between the isotopic signatures of 

rocks with proximal or distal protoliths among the high-grade, high-strain rocks (Parrish and 

Hodges, 1996; Robinson et al., 2001; McQuarrie et al., 2013; Mottram et al., 2014). In-situ U-

Th/Pb monazite petrochronology provides constraints on the timing of the thermal events that 

have affected the rocks of the dome, including burial, residence in the lower-to-mid crust, and 

exhumation (Cottle et al., 2009b, 2012; Langille et al., 2012; Soucy la Roche et al., 2016; Braden 

et al., 2017). Determining the protolith and tectonometamorphic affiliation of the dome allows a 

discussion on the permissible underlying geometry of the MCT zone and a potential deformation 

history of the core complex. Further, determining the protolith correlation of the rocks in the 

dome leads us to examine whether protolith and structural definitions of the GHS/LHS are 

synonymous or distinct, and whether the Sm-Nd system is a useful analytical tool for making 

protolith and/or structural interpretations. The results of this study give further context to the 

timing of Himalayan dome formation, and add weight to the ongoing debate about useful 

definitions of the MCT and of the provenance of the GHS and LHS protoliths. 
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Chapter 2 provides a literature review of gneiss domes in orogenic systems, the GHS and 

LHS protolith sources, and the application of the Sm-Nd system in orogenic systems. Chapter 3 

presents the original research component of this thesis with meaningful data and discussion, and 

is written as a stand-alone manuscript to be submitted for publication in Lithosphere. Chapter 4 

discusses broader implications of the results and offers suggestions for further research. 

Appendix A contains a comprehensive list of structural field data, Appendix B contains monazite 

and garnet SEM and ion microprobe imagery, and Appendix C contains supplimental bulk rock 

geochemistry data, Sm-Nd isotope analysis data, and monazite petrochronology data. 
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Chapter 2 

Contextualizing the Gurla Mandhata core complex: a review of gneiss domes 

and Himalayan protolith sources 

2.1 Gneiss domes and metamorphic core complexes 

The Gurla Mandhata core complex is a structure commonly classified as both a gneiss dome 

and as a metamorphic core complex (Murphy et al., 2002; Murphy and Copeland, 2005; 

McCallister et al., 2014). It is commonly discussed in the context of other metamorphic core 

complexes in the Himalaya, such as the Leo Pargil dome and the Ama Drime massif (e.g. 

Murphy and Copeland, 2005; Thiede et al., 2006; Jessup et al., 2008; Cottle et al., 2009a; 

Langille et al., 2010, 2012, 2014). The terms “gneiss dome” and “metamorphic core complex” 

have specific structural and tectonometamorphic definitions, so application of these terms to the 

Gurla Mandhata core complex informs on its evolution and geometry. Whether the Gurla 

Mandhata core complex satisfies the definitions of these terms will provide a more convincing 

platform on which to build further interpretation with new data gathered in this thesis. 

Gneiss domes are common structures in orogens across the world (e.g. Coney, 1980; 

Ramberg, 1981; Yin, 2004). They were first described by Eskola (1948) as “mantled domes” 

with a gneiss and granite core surrounded by a sedimentary rim. The mantled domes were 

interpreted as intrusive bodies, and this interpretation was instrumental in the early quest towards 

a theory of plate tectonics because it provided evidence of what Eskola described at the time as 

“orogenic revolutions” of “Earth’s first solid shell.” These intrusive bodies required a process 

that produced upward flow of material in the core of the dome, such as a remobilization of low-

density or partially molten material at the base of the crust. This density-contrast model, 
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developed further in experimental models (e.g. Ramberg, 1981), formed the basis for the early 

identification and interpretation of these structures. 

Gneiss domes were identified in the North American Cordillera in the late 1970s alongside 

the discovery of extensional detachment faults, leading to a reinterpretation and renaming of 

these structures to extensional metamorphic core complexes (Davis and Coney, 1979; Coney, 

1980). These specific Cordilleran high metamorphic grade complexes are separated from their 

country rock by high strain décollement zones, associated low-angle normal faults, and high 

thermal field gradients (Armstrong, 1972; Davis and Coney, 1979; Coney and Harms, 1984). 

The exhumation of core gneiss requires large amounts of horizontal stretching, typically 

accompanied by vertical thinning of the lithosphere in amounts that would only be possible in 

orogenic systems subjected to large-scale extensional stress regimes (Lister and Davis, 1989). 

The ‘Cordilleran core complex’ model was subsequently used to reinterpret many gneiss domes 

in the Himalaya, the Variscan belt, and even Eskola’s (1948) original domes in the Alps as 

extensional metamorphic core complexes linked to extensional detachment faults (Chen et al., 

1990; Burg and Vanderhaeghe, 1993; Mancktelow and Pavlis, 1994). 

Although the Cordilleran model of lithosphere-scale extension along low-angle normal faults 

has been useful in describing some newly-discovered gneiss domes in orogenic systems, such as 

in the central and eastern Alps (Wawrzyniec et al., 2001) and central Iran (Verdel et al., 2007), 

there have been numerous gneiss domes identified across the world and even in the Cordillera 

itself for which the generalized Cordilleran extensional model is not permissible given the 

observations. Some gneiss domes are devoid of bounding detachment faults, and are interpreted 

to have originated from vertical crustal flow or diapirism (Calvert et al., 1998; Fayon et al., 
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2004). Gneiss domes in Papua New Guinea, Alaska, and Greece all have structures that are 

difficult to reconcile with simple exhumation along bounding detachment faults, such as steeply-

dipping ductile normal and strike-slip shear zones, pull-apart rift basins, and active subduction 

zones (Calvert et al., 1998; Vanderhaeghe, 2004; Little et al., 2011). Additionally, some gneiss 

domes in the Himalaya are associated with ductile thrusts and thrust duplexes (Lee et al., 2000; 

Gleeson and Godin, 2006) and with strike-slip shear zones (Pêcher and Le Fort, 1999).  

To simplify and clarify the terminology, and to account for the variety of gneiss domes 

around the world, Yin (2004) proposed a classification scheme for gneiss domes based on the 

structural characteristics, kinematics, and geological processes that led to their formation (Fig. 

2.1). In this scheme, the definition of a gneiss done is expanded to include all orogenic domal 

structures with a metamorphic core of considerably higher grade than its surrounding country 

rock. The first subdivision of Yin’s classification separates fault-related and fault-unrelated 

gneiss domes, emphasizing the role of faulting in gneiss dome development. Further subdivision 

is based on the type of faulting and the temporal relationship of magmatism with exhumation 

(Fig. 2.1). According to this classification, Cordilleran-style metamorphic core complexes are 

fault-related, extension-related gneiss domes, typically with an unbroken upper plate.   

The gneiss dome classification scheme of Yin (2004) is helpful for distinguishing between 

the two major types of gneiss domes in the Himalaya. The first group is the North Himalayan 

domes (Fig. 2.2). These structures are cored by granite, gneiss, and migmatite, are surrounded by 

a deformed metasedimentary shell, and are exposed along the North Himalayan antiform (Fig 

2.2; Burg et al., 1984; Chen et al., 1990; Hauck et al., 1998; Maluski et al., 1998;  
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Figure 2.1. Simplified gneiss dome classification scheme, with example gneiss domes from the 

Himalaya and around the world. Modified after Yin (2004). 
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Figure 2.2. Map of the major Himalayan culminations and extensional core complexes, 

superimposed on shaded relief (GTOPO 30 USGS). The North Himalayan domes are 

concentrated along the trace of the North Himalayan Anticline (dashed black line), while the 

extensional core complexes are associated with local extensional fault systems such as grabens 

and transtensional strike-slip faults. IYSZ - Indus-Yarlung Suture Zone; KFS - Karakoram Fault 

System; MBT- Main Boundary Thrust; MCT - Main Central Thrust; NHA - North Himalayan 

antiform (surface trace). STD - South Tibetan Detachment; TG - Thakkhola Graben; ZSZ - 

Zanskar Shear Zone. Modified after Armijo et al. (1986), Hodges (2000), Watts and Harris 

(2005), Thiede et al. (2006), Larson et al. (2010a), and Langille et al. (2010). 
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Lee et al., 2000, 2004, 2006; Zhang et al., 2004; Aoya et al., 2005, 2006; Watts and Harris, 2005; 

Lee and Whitehouse, 2007; Quigley et al., 2008; Larson et al., 2010a). Although these 

culminations do expose a detachment surface, their geometric configuration is unrelated to 

extensional processes as they are interpreted to be tectonic windows into the underlying 

metamorphic core of the Himalaya (Lee et al., 2000, 2004; Gleeson and Godin, 2006; Godin et 

al., 2006b; Quigley et al., 2008; Larson et al., 2010a). The North Himalayan domes are exposed 

at the surface due to erosion down to a buckled underlying STD fault system, and are linked with 

compression, crustal thickening, thrust duplex formation, and possible out-of-sequence 

hinterland deformation (Zhang et al., 2004; Lee et al., 2004, 2006; Gleeson and Godin, 2006; 

Godin et al., 2006b; Yin, 2006; Larson et al., 2010a). The domes are alternatively associated 

with a proposed south-dipping Himalayan back thrust known as the Great Counter Thrust (Yin et 

al., 1994; Makovsky et al., 1999; Lee et al., 2000; Yin, 2006). The North Himalayan domes are 

therefore interpreted as compression-related gneiss domes in Yin’s (2004) classification (Fig. 

2.1).  

By contrast, the Himalayan core complexes, including the Ama Drime massif and the Leo 

Pargil dome, are commonly interpreted as extension-related core complexes (Fig. 2.2; Thiede et 

al., 2006; Jessup et al., 2008; Cottle et al., 2009a; Langille et al., 2010, 2012, 2014; McCallister 

et al., 2014). They each have a clear system of related coeval extensional faults, and each have a 

domal geometry with a metamorphic core. The Ama Drime massif is associated with oppositely-

dipping normal faults accommodating down-dip displacement active between 13-11 Ma (Jessup 

et al., 2008; Cottle et al., 2009a, Kali et al., 2010). Similarly, the Leo Pargil dome was exhumed 

from mid-crustal depths along oppositely-dipping normal faults between 16-10 Ma (Thiede et 

al., 2006; Langille et al., 2012).  
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The Gurla Mandhata core complex differs from the Leo Pargil and Ama Drime domes in that 

it is bounded by a single fault: the Gurla Mandhata-Humla detachment system (Fig. 2.3; Murphy 

and Copeland, 2005). This fault is part of a dextral transtensional system linking a dextral strike-

slip fault in the northwest, with normal faults and dextral strike-slip faults in the west and south, 

respectively. The Gurla Mandhata-Humla fault system is interpreted to be kinematically linked 

with the Karakoram Fault system, a crustal-scale transtensional fault accommodating 40-70 km 

of extensional deformation in the Himalaya-Tibet system (Searle et al., 1998; Murphy et al., 

2000, 2002; Phillips et al., 2004; Murphy and Copeland, 2005; Wang et al., 2012). The Gurla 

Mandhata-Humla fault system acts as an extensional stepover structure, transferring arc-parallel 

displacement from the Karakoram fault system to an active system of northwest-southeast 

trending normal faults and strike-slip in western and central Nepal (Fig 2.3b; Murphy et al., 

2002; Murphy and Copeland, 2005; Styron et al., 2011; McCallister et al., 2014; Silver et al., 

2015; Cannon et al., 2018). The geometry of the stepover results in localized extension leading 

to the exhumation of the core complex (Fig. 2.3b).  

The Gurla Mandhata core complex exposes high metamorphic-grade rocks, primarily 

metapelitic schist, gneiss, metatexite, diatexite, and granite (Murphy and Copeland, 2005; 

Murphy, 2007; Nagy et al., 2015). Although the Gurla Mandhata core complex is part of a 

regional-scale transtensional strike slip system, it can also be classified as a detachment-related 

extensional metamorphic core complex based on the current available data and interpretations. 

The Gurla Mandhata should be considered in relation to other extensional metamorphic core 

complexes in the Himalaya and around the world, and this thesis will examine whether this 

conclusion holds true with the examination of new data from the core complex. 
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Figure 2.3. Schematic model of the temporal evolution of the Gurla Mandhata core complex. (a) 

The hinterland is thickened during ongoing convergence of the Indian craton with Asia as the 

HMC is extruded via the STD and MCT channel. (b) After the onset of orogen-parallel extension 

in the hinterland, the Gurla Mandhata core complex is exhumed along the Gurla Mandhata-

Humla fault system (GMH), a series of hinterland faults kinematically linked with the 

Karakoram fault system extending northwestward into Tibet. The Gurla Mandhata core complex 

is interpreted as a pull-apart slip transfer zone in the transpressional Karakoram fault system. 

Modified after Murphy and Copeland (2005). 
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2.2 GHS and LHS protolith sources and along-strike variability of the 

Himalaya 

The rocks of the Gurla Mandhata core complex were initially interpreted as part of the GHS 

(Murphy et al., 2002; Murphy and Copeland, 2005). Isotope studies, primarily Sm-Nd, have cast 

doubt as to whether the rocks of the Gurla Mandhata are all of GHS protolith affinity or whether 

they contain some LHS protolith material (Murphy, 2007). Sm-Nd isotopic studies in the 

Himalaya assign rocks to either the GHS or LHS based on characteristic values unique to each 

protolith source (Parrish and Hodges, 1996; Martin et al., 2005; Murphy, 2007; Imayama and 

Arita, 2008). A major assumption behind these isotopic correlations is that the GHS and LHS 

protoliths have similar isotopic characteristics across the entire orogen with little along-strike 

variability. Himalayan geology is still commonly thought of in terms of units that are continuous 

along strike (Gansser, 1964; LeFort, 1975; Whittington et al., 1999; Hodges, 2000; Yin and 

Harrison, 2000) despite significant variations in the timing, magnitude, and style of major 

structural and metamorphic events along the orogen (see Yin, 2006; Martin, 2017). The GHS 

and LHS are sourced from the Indian craton, incorporating material from various cratonic nuclei 

and from Proterozoic mobile belts and basins (Yin, 2006; McKenzie et al., 2011; Martin, 2017). 

Because the Precambrian geology of India is highly variable from NW to NE, it follows that the 

isotopic signature of both GHS and LHS should vary along-strike in the Himalaya.  

The GHS consists of a succession of Neoproterozoic to Ordovician metasedimentary rocks 

and (meta)igneous rocks intruded by ca. 880-800 Ma and 510-460 Ma (meta)igneous rocks 

(Garzanti et al., 1986; DeCelles et al., 1998; Godin et al., 2001; Cottle et al., 2009b; Yin, 2010; 

Tobgay et al., 2010; McKenzie et al., 2011; Martin, 2017). In contrast, the LHS is primarily a 

Paleoproterozoic to Mesoproterozoic sedimentary succession with periodic episodes of granitic 
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intrusions ranging between 1900-1600 Ma (Upreti, 1999; DeCelles et al., 2000; Kohn et al., 

2010; Mukhopadhyay et al., 2010; Gehrels et al., 2011; Martin et al., 2011; Long et al., 2011; 

Mottram et al., 2014; Martin, 2017). The LHS also contains Carboniferous to Permian rocks, 

though these are only present from central Nepal to Bhutan, and are not exposed west of central 

Nepal (Mukhopadhyay et al., 2010; Aggarwal and Jha, 2013). The LHS and GHS have 

significant along-strike variability, with some units correlatable across the orogen but many 

specific to local regions (see Martin, 2017 for a full breakdown of named LHS and GHS units 

across the orogen).  

Two competing end-member models attempt to reconcile the variability of LHS and GHS 

units: the Contiguous Deposition model (Fig. 2.4a; Frank et al., 1973; Brookfield, 1993) and the 

Exotic Terrane model (Fig. 2.4b; DeCelles et al., 2000; Gehrels et al., 2003). In the simplest 

version of the Contiguous Deposition model, sediments are eroded from the Indian craton and 

deposited in a contiguous sequence off the northern margin of peninsular India (Fig. 2.4a; 

Brookfield, 1993; Myrow et al., 2003). The more proximal units represent the assemblage that 

would later become the LHS, while the more distal units would later become the GHS. Although 

there are several variations of the model that involve different temporary hiatuses in deposition, 

different periods of igneous activity, and different timing of shear zone development, all 

deposition occurs off the coast of India in a relatively contiguous manner (e.g. Myrow et al., 

2003; Gehrels et al., 2011; McQuarrie et al., 2013). Large sections of the sequence have since 

been eroded away or subducted and incorporated into the Himalayan orogen, so a protolith 

boundary between the relatively older LHS package and younger GHS package is observable 

throughout the Himalaya (e.g. Parrish and Hodges, 1996; Myrow et al., 2003; Imayama and 

Arita, 2008; McKenzie et al., 2011; McQuarrie et al., 2013).
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Figure 2.4. Schematic diagram of the two end-member models of GHS and LHS deposition. The 

Contiguous Deposition Model posits that the GHS and LHS are linked by their shared 

provenance, while the Exotic Terrane Model posits that the GHS and LHS share no provenance 

link. Modified after Yin (2006). 
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The Exotic Terrane model, by contrast, suggests that the GHS was deposited on a crustal 

fragment remotely from India and has no genetic relationship with India or the LHS assemblage 

(Fig. 2.4c; DeCelles et al., 2000; Gehrels et al., 2003; Martin, 2017). This model posits that the 

GHS assemblage and the LHS assemblage were accreted to each other in the Cambro-

Ordovician, and that the two assemblages have such distinct Precambrian geologic histories that 

the GHS assemblage can be considered a suspect terrane (Gehrels et al., 2003; Martin, 2017). 

Though the two end-member models require significantly different interpretations of the pre-

collisional tectonic configuration of the northern margin of India, both models imply a distinct 

age provenance that separates the GHS and the LHS assemblages. Additionally, in both models, 

the LHS assemblage will be influenced by the composition of the Indian shield. 

The Indian subcontinent consists of Archean cratons separated by Proterozoic mobile belts, 

Meso- to Neoproterozoic sedimentary and volcanoclastic cover sequences, Permo-Triassic 

sedimentary rocks, and Cretaceous flood basalts (Fig. 2.5; Meert et al., 2010). The main Archean 

cratonic nuclei are the Aravalli-Bundelkhand craton in the west, the Bastar craton in the center, 

and the Singhbhum craton to the east (Meert et al., 2010; Bhowmik et al., 2012; Godin and 

Harris, 2014). Proterozoic mobile belts, chief among them the Central Indian Tectonic Zone, 

separate the Aravalli-Bundelkhand craton from the Bastar and Singhbhum cratons. These mobile 

belts also include the Aravalli-Dheli fold belt, the Eastern Ghats belt, and the Shillong Plateau 

gneiss (Fig. 2.5). The Archean cratons and Proterozoic mobile belts are overlain by Meso- to 

Neoproterozoic sedimentary sequences of the Vindhyan and Krol sequences deposited in basins 

between the major cratons (Chaudhuri et al., 2002). The Precambrian core assemblage is 

unconformably overlain by Permo-Triassic sedimentary rocks, deposited during the Gondwana 

supercontinent cycle in a network of continental grabens, and by the Cretaceous Deccan
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Figure 2.5. Simplified geology map of northern peninsular India, showing Archean cratons (A - 

Aarvalli; Ba - Bastar; Bu - Bundelkhand; S - Singhbum), Proterozoic mobile belts (ADFB - 

Arvalli-Dheli fold belt; CGC - Central gneiss complex; CITZ - Central Indian tectonic zone; 

EGB - Eastern Ghats belt; SPGC - Shillong Plateau gneiss complex) and Proterozoic and 

Phanerozoic sedimentary cover sequences. Also includes major fault systems and suture zones in 

the Himalaya-Tibet system and Peninsular India (BS - Bagong suture; GBF - Great Boundary 
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fault; KF - Karakoram fault; MFT - Main Frontal thrust; SNNF - Son Narmada North fault; 

IYSZ - Indus-Yarlung suture zone). Modified after Godin and Harris (2014). 

 

Traps, triggered by the movement of peninsular India over a major mantle plume (Fig. 2.5; 

Meert et al., 2010).  

Correlations along the entire length of the orogen without accounting for along-strike 

variability in the Indian craton, the primary protolith source for the LHS and possibly also the 

GHS, are simplistic at best. Unfortunately, both the LHS and GHS have been subject to 

widespread Cenozoic deformation and metamorphism, obscuring many of the stratigraphic 

markers of the original units and complicating many geochemical and isotopic methods that 

could distinguish between the two units on a protolith level (Yin, 2006; Martin, 2017). 

Therefore, protolith correlation should be made using methods that are sensitive only to 

crystallization age of the materials and are unaffected by later metamorphism. 

2.3 Sm-Nd isotopes in orogenic systems 

Differentiating between the LHS and GHS is a key first-order observation in Himalayan 

geology. This segregation is complicated by confusing definitions of the LHS and GHS and by 

the varying degrees of Cenozoic deformation and metamorphism both units experienced. 

According to the protolith definition of the LHS and GHS used in this thesis, the two units are 

differentiated by their protolith ages regardless of tectonometamorphic history. One analytical 

technique that can be used to make this distinction is the Sm-Nd isotope system.  

Sm-Nd isotope dating is a technique typically used in igneous petrology to determine a model 

mantle extraction age of crustal materials (DePaolo and Wasserburg, 1976; McCulloch and 

Wasserburg, 1978; Miller and Harris, 1989). Sm and Nd are rare earth elements (REE) with 
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several naturally occurring isotopes of which 147Sm, 143Nd, and 144Nd are the most important in 

this context. 147Sm decays to 143Nd with a half-life of 1.06×10&& years, and 144Nd is an abundant 

isotope with a half-life of 2.23×10&) years, long enough to be considered stable on geologic 

time scales. The 143Nd/144Nd of the depleted mantle evolves through time (DePaolo and 

Wasserburg, 1976; Goldstein et al., 1984). Once melt is extracted from the mantle, that material 

acquires an “initial” ratio that no longer evolves with the depleted mantle but is only altered by 

147Sm decay of already present Sm in the material at time of extraction (Fig. 2.6). The 

divergence of these isotopic evolution lines in any given sample, the measured 144Nd/143Nd and 

147Sm/144Nd in the sample vs the depleted mantle 143Nd/144Nd and 147Sm/144Nd, can be used to 

calculate a model age (TDM) at which the initial melt was extracted from the mantle (Fig. 2.6; 

DePaolo and Wasserburg, 1976; McCulloch and Wasserburg, 1978). These deviations are 

typically very small so epsilon notation, 𝜀Nd(t), is commonly used where one epsilon unit 

represents one part per 10,000 deviation from the depleted mantle evolution line (DePaolo and 

Wasserburg, 1976). The 𝜀Nd(t) value is the calculated epsilon value at a given age 𝑡, whereas 

𝜀Nd(0) is the current epsilon value calculated at the present day.   

The Sm-Nd system is useful in large hot orogens exposing metamorphic terranes. Sm and Nd 

are rare earth elements, and are incompatible elements in partial melt and relatively immobile 

during sedimentation and diagenesis (McCulloch and Wasserburg, 1978; Parrish and Hodges, 

1996). As such, the Sm-Nd system is not particularly susceptible to partitioning during 

sedimentation, diagenesis, metamorphism, alteration, or deformation. The 𝜀Nd(0) value of a 

metasedimentary sample can be considered solely dependent on the mantle extraction age of the 

protolith materials (Parrish and Hodges, 1996; Ahmad et al., 2000). Measuring the 𝜀Nd(0) values 
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Figure 2.6. Sm-Nd model ages. The 143Nd/144Nd ratio is extrapolated backwards, with a slope 

proportional to the Sm-Nd ratio, until it intersects the depleted mantle curve, giving a TDM 

model age. In this example, the depleted mantle model age is ~2.1 Ga. Modified from Dickin 

(2005). 

 

of various terranes in orogenic systems allows the discrimination between terranes and 

tectonometamorphic units that have undergone significant metamorphism and may appear 

similar at present but have drastically different histories and ages.  

Sm-Nd work in the Cordillera pinpointed the geotectonic setting of accreted terranes by 

determining whether the terrane’s 𝜀Nd(0) more closely matched a juvenile island arc signature or 

an old cratonic signature (Unterschultz et al., 2002), and solved questions of distal vs proximal 

provenance of foreland basin sediments off the North American craton prior to the accretion of 

most terranes (Boghossian et al., 1996). Studies in the Grenville orogeny used	𝜀Nd(0) signatures 

to determine whether certain banded gneisses belonged to parautochthonous or allochthonous 
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terranes and arcs (Dickin, 2000) and to constrain the formation of the Central Metasedimentary 

belt (Dickin and McNutt, 2007). Sm-Nd is also used in Brazil to untangle the intense 

metamorphism and deformation that accompanied Gondwana amalgamation and determine the 

protolith sources of major units in the various Gondwanan orogenic systems (Schmus et al., 

2003; Moura et al., 2008; Caxito et al., 2014). 

Sm-Nd was first used in the Himalaya in the Langtang area of central Nepal to show that the 

GHS and LHS yield distinct ranges of 𝜀Nd values, leading to major differences in their TDM 

model ages (Parrish and Hodges, 1996). Since then, a series of Sm-Nd studies in the Himalaya 

have provided a set of characteristic values for the GHS and LHS (Fig. 2.7; Wittington et al., 

1999; Ahmad et al., 2000; Robinson et al., 2001; Argles et al., 2003; Richards et al., 2006; 

Imayama and Arita, 2008). The earlier studies were performed in areas where the two units were 

easily distinguishable in the field and the MCT zone was clearly identified structurally (e.g. 

Parrish and Hodges, 1996; Robinson et al., 2001), leading to later attempts to draw tectonic 

boundaries solely based on isotopic data (Ahmad et al., 2000; Martin et al., 2005; Murphy, 

2007). This is problematic, because it assumes that all rocks with an LHS protolith lie in the 

footwall of the MCT and all rocks with a GHS protolith lie in the hanging wall of the MCT. 

Further, this approach assumes no along-strike variability in GHS and LHS isotopic signatures.  

Recent work in NW India (McKenzie et al., 2011), Bhutan (Tobgay et al., 2010), and Sikkim 

(Mottram et al., 2014) has attempted to reconcile protolith vs structural GHS and LHS 

definitions and along-strike variability. The Tons Valley-Kumaon region in NW India exposes 

units that have typical GHS 𝜀Nd values and some that have typical LHS values, despite both 

units being in the footwall of the MCT and being only slightly metamorphosed  
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Figure 2.7. Summary of reported Sm-Nd results from across the Himalaya. Results include 

ranges of εNd(0) values for GHS (purple), LHS (yellow), and, where reported, the MCT zone 

(blue). Many authors distinguish between lower (L) and upper (U) LHS units. εNd(0) values 

under -20 are always assigned to the LHS, whereas values above -20 are typically GHS though 

there are some upper LHS results with higher εNd(0) values. Results from (a) Richards et al. 

(2005) (b) Ahmad et al. (2000) (c) Robinson et al. (2001) (d) Murphy (2007) (e) Imayama and 

Arita (2008) (f) Martin et al. (2005) (g) Imayama and Arita (2008) (h) Robinson et al. (2001) (i) 

Parrish and Hodges (1996) (j) Robinson et al. (2001) (k) Imayama and Arita (2008) (l) Mottram 

et al. (2014) (m) Richards et al. (2006) (n) Tobgay et al. (2010). 

 

(McKenzie et al, 2011). The MCT is interpreted to have migrated structurally upwards in the 

Tons Valley-Kuamon region, leaving GHS protolith material in the footwall of the shear zone 

(McKenzie et al., 2011). The GHS protolith unit in the Tons Valley-Kuamon region shares 

isotopic similarities to the Vindhyan sequence, contributing to the Contiguous Outboard 

Deposition model of GHS formation and suggesting that the GHS and LHS protoliths should 
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have different signatures along-strike from each other (Chakrabarti et al., 2007; McKenzie et al., 

2011). 

In the eastern Himalaya, similar interpretations distinguish protolith from structural 

definitions and demonstrate the along-strike variability of the GHS and LHS protolith. In 

Bhutan, the Paro Formation, a traditionally “LHS” unit, has interbedded members that alternate 

between GHS and LHS 𝜀Nd signatures, and is interpreted as having been initially deposited in a 

heterogeneous basin with both old (LHS) and young (GHS) input (Tobgay et al., 2010). In 

Sikkim, units that are clearly in the highly deformed and metamorphosed hanging wall of the 

MCT have LHS protolith 𝜀Nd signatures, suggesting that the MCT in the Sikkim region 

migrated structurally down into LHS protolith (Mottram et al., 2014). Together, these studies 

highlight the necessity to discriminate between structural and protolith definitions of the GHS 

and LHS. Rocks of LHS protolith affinity may appear in the hanging wall of the MCT, and rocks 

of GHS protolith affinity may appear in the footwall. Sm-Nd isotope geochemistry can therefore 

determine the protolith affiliation of rocks in the Himalaya but cannot be used to make structural 

interpretations in the absence of supporting structural data. 

 
 
 
 
 
 
 
 
 
 
 
 



 

33 

 

Chapter 3 

Protolith affiliation and tectonometamorphic evolution of the Gurla 

Mandhata core complex, NW Nepal 

3.1 Abstract 

Located in NW Nepal, the Gurla Mandhata core complex exposes the Himalayan 

Metamorphic Core (HMC), a sequence of high metamorphic-grade gneiss, migmatite, and 

granite, in the hinterland of the Himalayan orogen. Sm-Nd isotopic analyses indicate that these 

rocks have both Greater Himalayan sequence (GHS) and Lesser Himalayan sequence (LHS) 

protolith affinity. In-situ U-Th/Pb monazite petrochronology coupled with petrographic, 

structural, and microstructural observations reveals that the core complex is composed solely of 

rocks in the hanging wall of the Main Central Thrust (MCT). Rocks from the core complex 

record Eocene Eohimalayan and late-Oligocene to early-Miocene Neohimalayan metamorphic 

pulses (U-Th/Pb monazite age peaks of 40 Ma, 25-19 Ma, and 19-16 Ma) along with a pre-

Himalayan Ordovician pulse (ca. 470 Ma). The combination of Sm-Nd isotopic analysis and U-

Th/Pb monazite petrochronology demonstrates that both GHS and LHS protolith material is 

captured in the hanging wall of the MCT and experienced Cenozoic Himalayan metamorphism 

during south-directed extrusion in west Nepal. Monazite ages do not record metamorphism 

coeval with late Miocene east-directed exhumation, demonstrating that peak metamorphism and 

generation of anatectic melt in the core complex had ceased prior to the onset of hinterland 

orogen-parallel extension at ~15-13 Ma. The geometry of the Gurla Mandhata core complex 

requires significant hinterland crustal thickening prior to 16 Ma, which is attributed to ductile 

HMC thickening and footwall accretion of LHS protolith material associated with a ramp-flat 
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MHT geometry below the core complex. The Gurla Mandhata core complex shares structural 

and tectonometamorphic characteristics with the North Himalayan domes. This chapter 

demonstrates that isotopic signatures such as Sm-Nd should only be used to characterize rock 

units and structural features across the Himalaya in conjunction with supporting 

petrochronological and structural data.  

3.2 Introduction 

Large hot orogens commonly expose a high-grade metamorphic core in their hinterland, 

which provides valuable insight into their tectonometamorphic evolution. In the Himalaya, the 

high-metamorphic grade mid-crustal rocks of the Himalayan Metamorphic Core (HMC) are 

exposed in an orogen-parallel north-dipping slab along the entire length of the orogen (Fig. 3.1a; 

Hodges, 2000; DeCelles et al., 2001; Yin, 2006; Martin, 2017). The HMC is also exposed in 

some foreland klippen (Antolín et al., 2013; Soucy La Roche et al., 2016, 2018a) and as a series 

of domes and metamorphic core complexes (Fig 3.1a; Chen et al., 1990; Lee et al., 2000; 

Quigley et al., 2008; Murphy et al., 2002; Murphy and Copeland, 2005; Thiede et al., 2006; 

Jessup et al., 2008; Cottle et al., 2009a; Larson et al., 2010a; Langille et al., 2010, 2012, 2014). 

Although exhumation of the slab occurred primarily in an orogen-perpendicular compressional 

regime coupled with erosion, the exhumation of extensional metamorphic core complexes in the 

Himalaya is commonly associated with orogen-perpendicular extension (Murphy and Copeland, 

2005; Thiede et al., 2006; Yin, 2006; Jessup et al., 2008; Cottle et al., 2009a; Styron et al., 2011; 

Xu et al., 2013; McCallister et al., 2014, Nagy et al., 2015). These hinterland expressions of the 

HMC have proved influential in understanding the timing of major metamorphic events affecting 

the Himalaya and in reconstructing a timeline of orogen formation (e.g. LeFort, 1975; Chen et 

al., 1990; Inger and Harris, 1992; DeCelles et al., 2000, 2001; Hodges, 2000; Lee et al., 2000, 
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Figure 3.1. a) Simplified geologic map of the Nepal, Bhutan, and North Indian Himalaya 

modified after Murphy and Copeland (2005), Yin (2006), McQuarrie et al. (2008), Antolín et al. 
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(2013), and Soucy La Roche et al. (2018a). b) Cross section A-A’ of West Nepal, through the 

foreland klippe and the hinterland Gurla Mandhata core complex modified after Antolín et al. 

(2013), and Soucy La Roche et al. (2018a). Main Himalayan Thrust trajectory is projected from 

Gao et al. (2016) and Lesser Himalayan sequence duplex is projected from Robinson et al. 

(2006). c) Lithotectonic map of the Gurla Mandhata core complex, illustrating the Gurla 

Mandhata-Humla fault and its relationship to the Karakoram Fault system, modified after 

Murphy and Copeland (2005), Pullen et al. (2011), Yakymchuk and Godin (2012), Antolín et al. 

(2013), McCallister et al. (2014), and Nagy et al. (2015). GMH - Gurla Mandhata-Humla fault, 

IYZS - Indus-Yarlung Zangpo Suture zone, MBT - Main Boundary Thrust, MCT - Main Central 

Thrust, MFT - Main Frontal Thrust, NHA – North Himalayan antiform STD - South Tibetan 

Detachment. 

 

2004; Yin, 2006; Cottle et al., 2009a; Yakymchuk and Godin, 2012; Nagy et al., 2015; Gibson et 

al., 2016; Martin, 2016, 2017; Soucy La Roche et al., 2016, 2018a,b; Braden et al., 2017, 2018).  

The Gurla Mandhata core complex in northwestern Nepal was identified as a part of the Gurla 

Mandhata-Humla detachment system, a crustal-scale detachment zone interpreted to be 

associated with the Karakoram fault system in SW Tibet (Fig. 3.1c; Searle et al., 1998, Murphy 

et al., 2000, 2002). Most previous work in the core complex has focused on the Gurla Mandhata 

detachment system, its kinematic and geodynamical links to the Karakoram Fault and the nearby 

Indus-Yarlung Zangpo Suture zone, and its accommodation of orogen-parallel extension and 

exhumation (e.g. Murphy et al., 2002; Murphy and Copeland, 2005; McCallister et al., 2014; 

Nagy et al., 2015). Although this focus has proved valuable in furthering the understanding of 

crustal-scale shear zones, orogen-parallel extension, and slip transfer in orogenic systems, only a 

cursory study of the exhumed metamorphic rocks themselves in the core complex has been done 

to date.  
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The Gurla Mandhata core complex is one of a series of granite- and migmatite-cored 

metamorphic core complexes in the Himalaya that include the Ama Drime massif in southern 

Tibet, the Leo Pargil dome in northwestern India, and the North Himalayan domes in southern 

Tibet (Fig. 3.1a). The North Himalayan domes lie along a structure known as the North 

Himalayan antiform (Fig. 3.1a), and their domal architectures are interpreted to be associated 

with Eocene-Miocene orogen-perpendicular compression, hinterland crustal thickening, and 

mid-crustal ramps in the MHT (Hauck et al., 1998; Beaumont et al., 2004; Lee et al., 2004, 2006; 

Larson et al., 2010a). In contrast, the Ama Drime massif and the Leo Pargil dome are bounded to 

the east and west by normal faults and their domal architecture is commonly associated with the 

onset of the late Miocene orogen-parallel extension (Thiede et al., 2006; Jessup et al., 2008; 

Cottle et al., 2009a; Langille et al., 2010; Kali et al., 2010). The Gurla Mandhata core complex 

shares similarities with both classes of Himalayan domes, being associated with orogen-parallel 

extension and the Karakoram fault system while also aligned with the axial surface trace of the 

North Himalayan antiform.  

Geologic mapping in the Gurla Mandhata core complex has revealed rocks with a high 

metamorphic grade throughout the dome consistent with the structural and tectonometamorphic 

characteristics of the HMC (Murphy et al., 2002; Murphy and Copeland, 2005). However, Sm-

Nd isotopic analyses identified rocks with isotopic signatures of both Greater Himalayan 

Sequence (GHS) and Lesser Himalayan Sequence (LHS) affinity (Murphy, 2007). The presence 

of both isotopic signatures in the dome introduces significant uncertainty to the underlying 

geometry and tectonometamorphic history of the core complex, as the GHS and LHS have 

undergone significantly different tectonometamorphic evolutions (e.g. Garzanti, 1999; DeCelles 



 

38 

 

et al., 2000, 2001; Godin et al., 2001; Kohn et al., 2005, 2010; Goscombe et al., 2006; Yin, 2006; 

Kohn, 2008; Martin, 2017).  

In this chapter I use Sm-Nd isotopic analysis and in-situ U-Th/Pb monazite petrochronology, 

coupled with structural field mapping and petrographic and microstructural analysis, to 

characterize the Gurla Mandhata core complex in protolith and tectonometamorphic terms. The 

combination of both analytical techniques allows for comparisons between the 

tectonometamorphic and protolith histories of the Gurla Mandhata core complex and provides 

insight into the subsurface geometry of the core complex and the timing of metamorphic events 

prior to and during exhumation. The results test which tectonic model of Himalayan dome 

formation best suits the Gurla Mandhata core complex, and whether such a tectonic model has 

implications for other classes of Himalayan domes. 

3.3 Geological Setting 

The Himalayan orogen was formed by the collision and on-going convergence of the 

Eurasian and Indian plates beginning at ca. 55-50 Ma (Najman et al., 2010, 2017; Hu et al., 

2016). The orogen is composed of Paleoproterozoic to early Cenozoic rocks from the pre-

collisional northern margin of the Indian continental plate, Cenozoic leucogranites, and Neogene 

foreland basin sediments. The Himalaya is divided into four major lithotectonic units from north 

to south: the Tethyan sedimentary sequence (TSS), the GHS, the LHS, and the Sub-Himalaya 

(Fig. 3.1). These lithotectonic units are bounded by crustal-scale ductile shear zones and fault 

systems. From north to south, these are the South Tibetan Detachment system (STD), the Main 

Central Thrust (MCT), the Main Boundary Thrust, and the Main Frontal Thrust (Fig. 3.1). The 

latter three are interpreted to merge at depth into the Main Himalayan thrust (MHT), the basal 

detachment of the entire orogen (Schelling and Arita, 1991; Hauck et al., 1998; Gao et al., 2016). 
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The GHS was initially defined as a suite/sequence of ortho- and paragneisses and granites in 

the hanging wall of the MCT (Heim and Gansser, 1939; Gansser, 1964; LeFort, 1975). The 

conflation of lithological, structural, and geographic characteristics in the historic definition was 

problematic, so modern definitions of the GHS focus on individual characteristics such as 

protolith age or structure (e.g. Hodges, 2000; Yin and Harrison, 2000; Yin, 2006; Martin, 2017). 

The GHS in central and western Nepal is defined here based on the nature and age of its protolith 

materials. The GHS protolith consists of a Neoproterozoic to Ordovician sequence of metapelitic 

kyanite-sillimanite-garnet-biotite schist and gneiss, hornblende-biotite orthogneiss, granitic 

augen gneiss, and calc-silicate gneiss, with Miocene leucogranitic intrusions (Searle and Godin, 

2003; Gleeson and Godin, 2006; Yin, 2006; Larson et al., 2010b; Yakymchuk and Godin, 2012). 

The these rocks were originally deposited or crystallized distal to the northern margin of the 

Indian plate (Garzanti et al., 1986; DeCelles et al., 2000; Godin et al., 2001; Robinson et al., 

2001; Myrow et al., 2003; Goscombe et al., 2006; Yin, 2010; Gehrels et al., 2011; Martin, 2017). 

The GHS is structurally defined as the package of rocks in the hanging wall of the MCT and the 

footwall of the STD exhibiting pervasive ductile deformation coeval with peak metamorphic 

conditions from the Eocene to the Miocene (Heim and Gansser, 1939; Gansser, 1964; Le Fort, 

1975; Hodges, 2000; Yin and Harrison, 2000; Searle et al., 2008).  

The LHS is also defined based on either protolith or structural criteria. The LHS protolith in 

western Nepal contains primarily Paleoproterozoic to early Mesoproterozoic clastic, carbonate, 

magmatic and volcanic rocks, all deposited and crystallized proximal to the northern margin of 

the Indian plate (Brookfield, 1993; Upreti, 1999; DeCelles et al., 2000, 2004; Richards et al., 

2005; Kohn et al., 2010; Gehrels et al., 2011; Martin et al., 2011; Long et al., 2011; Mottram et 

al., 2014; Martin, 2017). Structurally, the LHS lies in the footwall of the MCT, is bounded at its 
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base by the Main Boundary Thrust, and has experienced Cenozoic deformation and low 

greenschist facies metamorphism (Fig. 3.1; DeCelles et al., 2000; Hodges, 2000; DiPietro and 

Pogue, 2004; Yin, 2006; Martin, 2017).  

The MCT is defined as the base of a ~2 km thick top-to-the-south high-strain zone that 

places high-metamorphic grade metamorphic rocks over unmetamorphosed or low-grade 

metamorphic rocks (Searle et al., 2008; Larson and Godin, 2009). The MCT commonly follows 

the base of the GHS protolith. Unfortunately, the structural boundary and the protolith boundary 

of the GHS/LHS do not always coincide (e.g. Tobgay et al., 2010; McKenzie et al., 2011; 

Yakymchuk and Godin, 2012; Mottram et al., 2014). Therefore, to avoid confusing the above 

two GHS definitions, the Himalayan metamorphic core (HMC) is defined (Braden et al., 2018) 

as the rocks in the hanging wall of the MCT, which can include rocks of both protolith ‘GHS’ 

and ‘LHS’ affinities (Fig. 3.2).  

The HMC records two stages of Cenozoic metamorphism, an Eocene-Oligocene high-P 

(pressure) and moderate T (temperature) Eohimalayan phase (Inger and Harris, 1992; Vannay 

and Hodges, 1996; Godin et al., 2001; Kellett et al., 2014) and an Oligocene-Miocene high-T 

and moderate-P Neohimalayan phase (Vannay and Hodges, 1996; Godin et al., 2001; Streule et 

al., 2010). These metamorphic phases overprint a pre-Himalayan Ordovician metamorphic event 

(DeCelles et al., 2000; Godin et al., 2001; Gehrels et al., 2003, 2011; Martin et al., 2007). 

Neohimalayan metamorphism is typically associated with southward extrusion of the HMC by 

synchronous motion along the MCT and the STD, which terminated in western Nepal by 15-13 

Ma (Godin et al., 2006a; Yin, 2006; Stübner et al., 2014; Cottle et al., 2009b, 2015; Nagy et al., 

2015; Soucy la Roche et al., 2016, 2018a,b). 
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Figure 3.2. Differences in protolith and structural definitions of the Greater Himalayan sequence 

(GHS) and Lesser Himalayan sequence (LHS). According to the structural definition, the 

Himalayan metamorphic core (HMC) is defined as all rocks in the hanging wall of the Main 

Central thrust (MCT) zone, which can incorporate rocks from both GHS and LHS protoliths into 

the high-strain, high metamorphic-grade HMC. According to protolith definitions, the GHS and 

LHS are distinguished by their differing protolith age and chemistry independent of the position 

of the MCT zone. Modified from Braden et al. (2017). 

 

3.4 Geology of the Gurla Mandhata core complex 

The Gurla Mandhata core complex in northwestern Nepal and southern Tibet is a dome 

exposing the HMC in the hinterland of the orogen (Murphy et al., 2002; Murphy and Copeland, 

2005). The Gurla Mandhata core complex is interpreted to have exhumed in a crustal-scale 

transtensional setting along the Gurla Mandhata-Humla detachment system (GMH) (Fig. 3.1c; 

Murphy et al., 2002; Murphy and Copeland, 2005). The GMH is kinematically linked to the 
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Karakoram fault in SW Tibet (Searle et al., 1998; Murphy et al., 2000; Phillips et al., 2004; 

Murphy and Copeland, 2005; McCallister et al., 2014; Nagy et al., 2015) and is associated with a 

mid-Miocene transition in west Nepal from south-directed extrusion of the HMC to orogen-

parallel extension (Murphy and Copeland, 2005; Jessup and Cottle, 2010; Hintersberger et al., 

2010; Styron et al., 2010, 2011; McCallister et al., 2014; Nagy et al., 2015). The Gurla Mandhata 

core complex is interpreted to have experienced the final stages of Neohimalayan metamorphism 

between 19-15 Ma during south-directed HMC extrusion before the onset of orogen-parallel 

extension ca. 15-13 Ma (Murphy and Copeland, 2005; Nagy et al., 2015).  

3.4.1 Lithologic units and structural style 

Mapping in the Gurla Mandhata core complex reveals five primary rock units: an augen 

gneiss, a marble/calc-silicate/metasandstone package, a garnet-biotite metapelite, a sillimanite-

garnet-biotite metapelite, and leucogranite bodies (Fig. 3.3). 

The augen gneiss unit (quartz + feldspar + biotite) is strongly foliated with elongated quartzo-

feldspathic augen defining an east-plunging mineral lineation. The augen gneiss contains s- and 

d-type porphyroclasts consistent with top-to-the-west sense of shear observed throughout (Fig. 

3.4a). Biotite- and hornblende-rich orthogneiss layers are present within the augen gneiss in the 

south of the dome, and are accompanied by meter- to outcrop-scale leucogranite dikes and sills 

(Fig. 3.4b). 

The calc-silicate gneiss (calcite + quartz + phlogopite + diopside) is present in the north of the 

dome, and is interlayered with centimeter- to meter-scale marble and metasandstone layers. The 

entire marble/calc-silicate/metasandstone package is commonly and boudinaged on the outcrop 

scale into tight, west-verging folds with N-S trending hinge lines (Fig. 3.4c). 
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Figure 3.3. Detailed map of the central Gurla Mandhata core complex. Stereographic projections 

were produced with the Stereonet (v. 9.8.3) software package of R. Allmendinger. Contouring 

was done with the 1% area method and 5% contour intervals. GMH - Gurla Mandhata-Humla 

fault. 
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Figure 3.4. Field photographs of the main rock units and outcrop features of the Gurla Mandhata 

core complex. (a) Common field relationship between metapelitic unit and leucogranite bodies. 

Small pockets of leucosome in the schist are folded and sheared, and the schist is intruded by 

two-mica granite dykes and sills. N30°21.534’ E081°39.861’ (b) Metapelitic unit 

metamorphosed to diatexite migmatite, with high degrees of partial melt, and rafts of restite in 

leucosome domains. N30°08.635’ E081°42.925’ (c) Augen gneiss unit with σ-type 

porphyroclasts indicating top-to-the-west shear (photo mirrored for consistency). N30°17.087’ 

E081°40.672’ (d) Boudinaged calc-silicate layer. N30°17.505’ E081°40.321’ (e) Orthogneiss 

with local leucogranite body. N30°03.769’ E081°44.982’ (f) Shear band boudins in mylonitic 

metapelite, indicating as top-to-the-W shear sense. N30°26.291’ E081°38.719 (g) Interpreted 

sequence of regularly interlayered augen gneiss, biotite schist, and calc-silicate, common 

throughout the core complex. N30°17.266’ E081°40.635’ (h) Meter-scale folding in the 

metapelitic unit underlying a calc-silicate layer. N30°21.505’ E081°39.452 

 

The metapelitic units range from schist to gneiss to migmatite (Fig. 3.4d), containing varying 

melt percent up to diatexite with >20% leucosome and schlieren with biotite-rimmed leucosome 

lenses (Fig. 3.4e). The metapelitic unit contains quartz + feldspar + biotite ± muscovite ± garnet 

± sillimanite ± hornblende (Fig. 3.5a,b). The mineral assemblage is consistent with mid- to 

upper-amphibolite facies metamorphic conditions. Garnet is only rarely present and is irregular, 

embayed, and inclusion-filled (Fig. 3.5a,c). Migmatite restite is rich in hornblende and biotite 

(Fig. 3.5d).  

The metapelitic units contain a penetrative east-dipping foliation and an E-plunging mineral 

lineation defined by sillimanite or, in its absence, biotite aggregates and quartzo-feldspathic rods. 

The unit displays abundant meter-scale C-S fabrics and s- and d-type feldspar porphyroclasts, all 

consistent with top-to-the-west shear. Mylonitic metapelites in the northern region of the core  
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Figure 3.5. Photomicrographs of selected samples in the Gurla Mandhata core complex. (a) 

Mineral assemblage of garnet-biotite metapelite unit, quartz + feldspar + muscovite + biotite + 

garnet. (b) Sillimanite-biotite metapelitic schist, quartz + feldspar + sillimanite + biotite ± 

muscovite ± garnet. (c) Mylonitic garnet-biotite metapelite unit with two distinct mineralogical 

domains, and evidence for top-to-the-north shear at the northern edge of the dome near the STD. 

Possible shear concentration in the quartz-biotite domain. (d) Mica fish in protomylonitic 

metapelite showing top-to-the-west shear. (e) C-C’-S fabric in sillimanite-biotite schist, showing 

top-to-the-west shear. (f) Restite domain of diatexite migmatite in the metapelite unit, with 

concentrated biotite and hornblende. (g) Quartz grain boundary migration (GBM), a quartz 

dynamic recrystallization texture that shows > 500ºC quartz dynamic recrystallization in the core 

of the dome. (h) Quartz subgrain rotation (SR), a quartz dynamic recrystallization texture which 

that 400-500ºC quartz dynamic recrystallization near the South Tibetan Detachment. (i) 
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Characteristic leucogranite bodies, with large k-feldspar grains and biotite. Sample locations 

from Figure 3.3. Mineral abbreviations after Whitney and Evans, 2010. 

 

complex contain both top-to-the-west and top-to-the-north shear sense indicators (Fig. 3.4f). 

Biotite and muscovite are often arrayed in C-S fabrics or mica fish on the thin-section scale, 

showing pervasive top-to-the-west shear throughout the dome (Fig. 3.5e,f) except near the STD 

in the north where top-to-the-north shear sense is recorded (Fig. 3.5c). Quartz in the metapelites 

exhibits grain boundary migration dynamic recrystallization texture, implying deformation T > 

500 °C (Fig. 6g), as well as subgrain rotation texture implying deformation T ≈ 400-500 °C (Fig. 

6h; Stipp et al., 2002a,b; Law, 2014). Higher-T dynamic recrystallization textures are more 

common in the centre of the dome and lower-T textures are observed near the northern and 

southern flanks of the dome. 

Large leucogranite bodies throughout the core complex commonly show preferential 

orientations of biotite and muscovite forming a foliation sub-parallel to the dominant foliation of 

the host rock. Although meter-scale leucogranite dikes and sills intrude most units in the core 

complex, there are also larger leucogranite bodies of slightly elongate laccolith geometry (Fig. 

3.4b,d). 

The penetrative foliation measured through the transect consistently dips shallowly to the east 

(15° to 35°) with little systematic change (Fig. 3.3; Fig. 3.4g,h). This contrasts with previous 

studies that had identified a change in structural orientation around the perimeter of the dome, 

with south-dipping foliation near the GMH in the south (Murphy and Copeland, 2005; Nagy et 

al., 2015) and west-dipping foliation on the western flank of the dome (Murphy, 2007).  
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3.5 Samarium-Neodymium Isotope Geochemistry 

I performed whole rock Sm-Nd isotopic analysis to help constrain the protolith of the 

metamorphic rocks of the Gurla Mandhata core complex. Studies conducted across the Himalaya 

provide evidence that Sm-Nd isotopic analysis can distinguish between GHS and LHS protoliths 

as they both have a set of characteristic eNd(0) values (Fig. 3.6; Parrish and Hodges, 1996; 

Wittington et al., 1999; Ahmad et al., 2000; Robinson et al., 2001; Argles et al., 2003; Richards 

et al., 2006; Imayama and Arita, 2008). These distinctive Sm-Nd signatures are due to the 

different protolith ages of the GHS and LHS, with the LHS protolith being primarily Paleo- to 

Mesoproterozoic and the GHS protolith being primarily Neoproterozoic to Ordovician (Parrish 

and Hodges, 1996; Wittington et al., 1999; Yin, 2006; Martin, 2017). Across the Himalaya, an 

eNd(0) value of -20 is commonly used to signify the GHS-LHS protolith boundary such that 

rocks with eNd(0) ≤	-20 are confidently assigned to the LHS (Fig. 3.6; Parrish and Hodges, 1996; 

Murphy, 2007; Imayama and Arita, 2008). A more negative eNd(0) value implies an older 

protolith age, and eNd(0) values below -20 represent sufficiently old protolith materials that such 

rocks can be confidently assigned an LHS protolith (Parris and Hodges, 1996; Robinson et al., 

2001). 

Some authors have attempted draw tectonic boundaries based on Sm-Nd isotopic data, 

assuming the protolith boundary of the GHS and LHS always coincides with the MCT (e.g. 

Ahmad et al., 2000; Martin et al., 2005; Murphy, 2007). However, recent work in Bhutan, in NW 

India, and in Sikkim suggests that rocks with typically GHS eNd(0) values can appear in the 

footwall of the MCT and that rocks with typically LHS eNd(0) values can be observed in the 

hanging wall of the MCT (Chakungal et al., 2010; Tobgay et al., 2010; McKenzie et al., 2011; 

Mottram et al., 2014). 
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Figure 3.6. Summary of reported Sm-Nd results from across the Himalaya. Results include 

ranges of εNd(0) values for GHS (purple), LHS (yellow), and, where reported, the MCT zone 

(blue). Many authors distinguish between lower (L) and upper (U) LHS units. εNd(0) values 

under -20 are always assigned to the LHS, whereas values above -20 are typically GHS though 

there are some upper LHS results with higher εNd(0) values. Results from (a) Richards et al. 

(2005) (b) Ahmad et al. (2000) (c) Robinson et al. (2001) (d) Murphy (2007) (e) Imayama and 

Arita (2008) (f) Martin et al. (2005) (g) Imayama and Arita (2008) (h) Robinson et al. (2001) (i) 

Parrish and Hodges (1996) (j) Robinson et al. (2001) (k) Imayama and Arita (2008) (l) Mottram 

et al. (2014) (m) Richards et al. (2006) (n) Tobgay et al. (2010). 

 

eNd(0) values reported from the Gurla Mandhata core complex yield both GHS (eNd(0) = -10.5 

to -17.6) and LHS (eNd(0) = -21.3 to -23.4) signatures in a short transect on the western perimeter 

of the dome (Murphy, 2007). A complex structural model involving significant thickening and 

exhumation of the LHS, and therefore the MCT, in the dome has been invoked to explain the 

occurrence of the LHS rocks in the Himalayan hinterland. I undertook Sm-Nd isotopic analysis 
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of a total of nineteen samples in the Gurla Mandhata core complex to test the structural model 

proposed by Murphy (2007). 

3.5.1 Methods 

Sm-Nd analysis was conducted on 16 samples from the Gurla Mandhata core complex and 

three samples from the upper Karnali River (Fig. 3.3; Nagy et al., 2015). Bulk rock geochemical 

data for all samples were provided by Acme Labs at Bureau Veritas Mineral Laboratories in 

Vancouver, Canada. Rock samples were crushed and pulverized by a ceramic mortar and pestle, 

then dissolved using lithium borate fusion and analysed on ICP-ES for major elements and ICP-

MS for Rare Earth Elements (REE) and other trace elements.  

Sm-Nd isotopic analyses were performed at GÉOTOP – Université du Québec à Montréal. 

80-110 mg of powder of each sample was dissolved in 15N HNO3, spiked with a 150Nd/149Sm-

enriched spike, and dissolved fully in 29N HF over 5-7 days. The resulting fluoride salts were 

treated with 16N HNO3 and 6N HCl to dissolve and enhance the solubility of the REE. Iron was 

removed by loading samples in ion-exchange polyprep columns with AG1X8 resin and 6N HCl. 

The REE were isolated with TRU Spec resin using 0.05N HNO3, and Nd and Sm were separated 

with LN Spec resin using 0.2N, 0.3N, and 0.5N HCl. The Nd and Sm fractions were loaded onto 

Re filaments and analysed on a TRITON PLUS thermal ionization mass spectrometer (TIMS) in 

static mode. Mass fractionation was corrected using the ratio 146Nd/144Nd = 0.7129 assuming 

exponential fractionation behaviour. The Nd isotopic compositions are expressed as eNd(0) and 

calculated using the present day chondritic uniform reservoir (CHUR) values of 143Nd/144Nd = 

0.512639 and 147Sm/144Nd = 0.1966 (Goldstein et al., 1984). The 147Sm/144Nd ratios are accurate 

to 0.5%, corresponding to an average eNd(0) error of ±0.5 epsilon units, based on measurements 

of the JNdi Nd standard (143Nd/144Nd = 0.512095±5, n=3).  
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3.5.2 Results and Interpretation 

eNd(0) values form the Gurla Mandhata core complex range from -10.5 to -22.4 (Table 3.1). 

Using the eNd(0) cut-off of -20 for the GHS/LHS protolith boundary, most samples are consistent 

with the GHS range, although two samples from the N-S transect through the core complex, 

MA-01 (eNd(0) = -22.4) and MA-31 (eNd(0) = -22.1), and the metapelitic samples from the 

Karnali River (eNd(0) = -24.8 to -24.5) should be interpreted as having an LHS protolith (see Fig. 

3.3 for sample locations). The latter samples are also in the footwall of the GMH fault and ~5 km 

structurally below the shear zone. Results fall into two distinct groups: structurally higher 

samples with GHS-affiliated eNd(0) values and structurally lower samples with LHS-affiliated 

eNd(0) values (Fig. 3.7).  

3.6 U-Th/Pb Petrochronology 

I investigated the timing of metamorphism in the Gurla Mandhata core complex using 

monazite U-Th/Pb petrochronology on two garnet-bearing samples and two samples without 

garnet (Fig. 3.3). Monazite is a light REE phosphate mineral ([LREE]PO4) that occurs as a 

common accessory phase in metapelitic rocks. It contains abundant U and Th, does not favour 

incorporation of Pb in its structure, and is resistant to thermal Pb diffusion in typical crustal 

conditions (Parrish, 1990). Monazite can preserve multiple episodes of growth and (re-) 

crystallization, discernible by chemical mapping of Y and Th (Cottle et al., 2009c). Further, 

monazite analysis can be done in-situ to preserve the microstructural context of each grain.  
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Table 3.1. εNd(0) results. Error propagation from 143Nd/144Nd analysis results in εNd(0) error of 

±0.5 

 

 

 

 

 

 Lithology  Nd ppm  Sm ppm  147Sm/144Nd 143Nd/144Nd 2  error  Nd(0)  
MA-01 Augen Gneiss 38.38 7.74 0.12183 0.511490 7.21E-06 -22.4 
MA-02 Metapelite 25.77 4.75 0.11140 0.511796 1.85E-05 -16.4 
MA-03 7.94 1.63 0.12381 0.511817 2.54E-05 -16.0 
MA-06 34.90 6.51 0.11280 0.511776 1.11E-05 -16.8 
MA-11 36.76 7.05 0.11595 0.511876 9.57E-06 -14.9 
MA-12 43.49 7.91 0.10997 0.511680 8.60E-06 -18.7 
MA-13 28.13 5.49 0.11795 0.511875 6.82E-06 -14.9 
MA-14 32.52 6.53 0.12142 0.511896 7.82E-06 -14.5 
MA-20a 28.91 5.70 0.11907 0.511834 8.20E-06 -15.7 
MA-21b 30.28 6.04 0.12059 0.511864 1.33E-05 -15.1 
MA-21c 17.82 4.30 0.14575 0.511931 1.29E-05 -13.8 
MA-22b 33.24 6.61 0.12017 0.511727 6.75E-06 -17.8 
MA-24a 31.77 6.24 0.11865 0.511876 1.66E-05 -14.9 
MA-26 36.08 7.15 0.11977 0.512100 8.95E-06 -10.5 
MA-27 17.35 3.72 0.12973 0.512024 9.88E-06 -12.0 
MA-31 57.33 10.92 0.11512 0.511505 7.38E-06 -22.1 
HK105B 53.24 9.79 0.11118 0.511365 5.65E-06 -24.8 
HK115 47.79 8.49 0.10737 0.511380 1.87E-05 -24.5 
HK09 Granite 17.51 3.86 0.13312 0.511637 4.06E-06 -19.5 

Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
Metapelite
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Figure 3.7. a) Sm-Nd results from the Gurla Mandhata core complex (dots) and the Karnali 

River (squares) plotted against structural level. b) North-south cross section along the transect 

line, used to calculate structural level of samples by projection below the approximate 

GMH/STD. Results are roughly correlated with structural level, as more LHS-affiliated units 

appear at deeper structural levels. 
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Yttrium (Y) zonation is a key component of monazite petrochronological interpretation. Y is 

readily incorporated in the crystal lattice of monazite (Pyle et al., 2001). In metapelitic rocks, 

however, garnet preferentially incorporates Y and heavy rare earth elements (HREEs) during 

growth, depleting the free Y and HREE content of the system and leaving monazites that grew in 

the presence of garnet Y-poor (Spear and Pyle, 2002; Pyle and Spear, 2003; Kohn et al., 2005). 

Garnet breakdown during anatexis or decompression can release Y into the system, causing 

concurrently crystallizing monazite to be higher in Y content (Pyle, et al., 2001). Therefore, 

monazite results in garnet-bearing rocks can be linked to stages of garnet growth and breakdown, 

and therefore to prograde or retrograde metamorphism. 

In pelitic rocks, xenotime can strongly partition Y and HREEs during metamorphism (Gratz 

and Heinrich, 1997; Pyle, et al., 2001). Xenotime is only present in trace amounts in the analysed 

thin sections, and while in the absence of garnet it may unduly influence the Y and HREE 

budget, its scarcity makes it unlikely to be the dominant control in my samples. 

The ratio of Tb to Lu in analysed monazite is used as a proxy to infer the overall HREE 

behaviour. Because garnet breakdown also releases HREEs, a decreasing Tb/Lu value in 

monazite suggests conditions consistent with garnet breakdown, while an increasing Tb/Lu value 

is consistent with garnet growth, and a highly variable Tb/Lu value may be indicative of melting 

or fluid-rich metamorphism (Zhu and O’Nions, 1999; Kelsey et al., 2008; Stepanov et al., 2012; 

Engi, 2017).  

Monazite grains in Himalayan rocks are typically Cenozoic and, due to their young ages, 

have low 207Pb accumulation and return imprecise 207Pb/235U dates. Therefore, 208Pb/232Th dates 

are used for interpretation for all data.  All dates are reported to ± 2𝜎. The term “date” is used to 

refer to the raw results and the term “age” is used to refer to the interpretation in a 
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tectonometamorphic context. Data are excluded if they are more than 20% discordant or if the 

analytical spot is astride two distinct chemical domains, particularly zones of differing Y 

concentration. 

3.6.1 Methods 

Monazite grains were identified in thin section and selected using a Mineral Liberation 

Analysis 650 field emission gun environmental scanning electron microscope at Queen’s Facility 

for Isotope Research (Queen’s University, Kingston, Ontario, Canada). Selected grains were 

chemically mapped for U, Th, Y, Ca, and Si with X-ray wavelength dispersive spectrometry on a 

JEOL JXA-8230 electron microprobe, also at Queen’s Facility for Isotope Research. The 

electron microprobe experimental conditions were set at an acceleration voltage of 15 kV, beam 

current of 200 nA, dwell time of 100 ms and step size of 0.5-1.4 µm.  X-ray element maps 

identified chemical zonation and informed laser spot locations. 

In situ U-Th/Pb and trace element data were acquired simultaneously at the University of 

California, Santa Barbara using a Photon Machines 193 nm ArF Excimer laser ablation system 

connected via split stream to a multi-collector Nu Plasma (U/Th-Pb data) and an Agilent 7700S 

Quadrupole (trace element data) inductively-coupled plasma mass spectrometer. Analytical 

procedures are outlined in Cottle et al. (2013) and Kylander-Clark et al. (2013) with 

modifications described in McKinney et al. (2015). Two primary reference monazites, 44096 

and Stern, and a secondary reference monazite, FC1, were analyzed after every tenth unknown 

spot; reference monazites reproduce to within 2% (2σ) of the accepted value. U, Th, Pb isotope 

and trace element data were collected simultaneously using a spot size of 8-10 µm, 90 shots at a 

frequency of 3 Hz and source laser energy of 2.5 mJ. Si, Ca, and Mg levels were monitored for 

evidence of inclusions and ablation sites visually inspected to ensure no contamination occurred 
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during analysis. Data reduction was carried out using Iolite (Paton et al., 2010). Complete results 

are reported in Appendix C. 

3.6.2 Results 

Sample MA-06 is a sillimanite-biotite metapelitic schist with no garnet (sample locations in 

Fig. 3.3; representative thin section photos in Fig 3.5). Monazite grains are only found in the 

matrix, and are randomly oriented with respect to the matrix foliation. 55 meaningful analyses 

from three matrix monazite grains in sample MA-06 yield dates from 41.2 ± 1.0 Ma to 19.7 ± 

0.5 Ma. The low-Y core from monazite 1 yields dates from 41-40 Ma, while high-Y rims, and 

other monazite grains with relatively uniform high-Y content yield dates from 26-20 Ma (Fig. 

3.8). Spots from the low-Y domain of the largest grain, Monazite 1, suggest two peaks in 

monazite growth at ~24 Ma and ~21 Ma, with the ~24 Ma peak being the more significant (Figs. 

3.9, 3.10). The Tb/Lu value is high in the old 41-40 Ma core, and low in the younger 26-20 Ma 

high-Y domains. In Monazite 28, extremely high-Y xenotime forms the core of the grain with a 

younger monazite overgrowth parallel to the foliation. The xenotime core yields dates of 31-25 

Ma, while its monazite rim yields dates from 23-22 Ma.  

Sample MA-11 is a sillimanite-biotite metapelitic schist with no garnet. Monazite grains are 

only found in the matrix, and are either oriented randomly with respect to the matrix foliation or 

parallel to it. 45 meaningful analyses from seven matrix monazite grains in sample MA-11 yield 

dates from 22.6 ± 0.5 Ma to 15.9 ± 0.4 Ma. Randomly oriented grains have low-Y cores and 

high-Y rims, but the dates between the core and rim are only subtly different and all range from 

19-16 Ma (Fig. 3.10). Foliation-parallel grains, which display resorbed rims indicative of 

monazite breakdown, have high-Y cores that decrease smoothly towards the truncated rims and  
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Figure 3.8. Selected monazite grains from each sample with scanning electron microscope 

image, elemental yttrium X-ray map showing low-Y cores (blue and green) and high-Y rims 

(orange and red), and recorded dates from each laser spot. 
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Figure 3.9. Y and Tb/Lu vs 208Pb/232Th date for each analysed sample. 
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Figure 3.10. Frequency diagrams for dated monazites. Light shaded areas represent low-Y cores 

and dark shaded areas represent high-Y rims. Only Miocene dates are plotted for sample MA-21. 

Sample MA-11 has overlapping rim and age dates, so the area is graded. Constructed with 

Isoplot v3.75. 

 

yield similar dates to the randomly oriented grains. The Tb/Lu values in MA-11 are highly 

variable, and appear uncontrolled by any core/rim zonation (Fig. 3.9).  

Sample MA-21 is a protomylonitic garnet-biotite metapelite at the structurally highest level 

of the transect. Monazite grains are mostly randomly oriented with respect to the foliation, 
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though one monazite is an inclusion in garnet. The garnet was chemically mapped for Ca, Mn, 

Mg, Fe, and Y, and it displays uniform Mg and Fe composition with a small Ca-depleted rim 

suggesting some growth zoning. The garnet rim is also subtly depleted in Y and is high in Mn, 

indicative of garnet resorption. 28 meaningful analyses from four grains in sample MA-21 yield 

two populations of dates: typical Miocene dates from 21.3 ± 0.5 Ma to 17.6 ± 0.4 Ma, and much 

older Ordovician-Silurian dates from 470.0 ± 12 Ma to 425.8 ± 11 Ma (Figs. 3.8, 3.9, 3.10). 

Monazite 3 is an inclusion in a s-type garnet porphyroclast, consistent with top-to-the-north 

shear in a mylonitic shear band oriented parallel to the foliation (Fig. 3.8). This monazite yields 

dates from 447-442 Ma. Monazite 2 is randomly oriented in the matrix, and yields young dates 

from 21-18 Ma. It has a high-Y core with a small low-Y rim that was too narrow to target with 

the laser. Monazite 4 is oriented with its long axis parallel to the foliation with quartz and biotite 

wrapping around it, and yields dates from 455-425 Ma. Monazite 9 preserves both old and young 

dates, with a low-Y core of 470-433 Ma and a high-Y rim of 18-20 Ma (Fig. 3.8).  

Sample MA-26 is a garnet-biotite metapelitic schist. Most monazite grains are oriented 

parallel to foliation, although two are randomly oriented with respect to the foliation. Large 

poikiloblastic garnets with inclusions of biotite, quartz, monazite, xenotime, ilmenite, and zircon 

appear throughout the sample. Monazite inclusions in garnet in sample MA-26 are too small to 

analyse. 51 meaningful analyses from six matrix monazite grains in sample MA-26 yield dates 

from 22.0 ± 0.5 Ma to 16.4 ± 0.4 Ma. Monazite grains all have distinct chemical zoning, with 

low-Y cores yielding dates from 22-19 Ma and high-Y rims yielding dates from 19-16 Ma (Figs. 

3.8, 3.9. 3.10). Tb/Lu values are highest in spots at ~22 Ma and decrease sharply from 22-19 Ma, 

then continue to decrease slowly from 19-16 Ma (Fig. 3.9). Two garnets in the sample were 

chemically mapped for Ca, Mn, Mg, Fe, and Y. Both are relatively uniform in Ca, Mg, Fe, and 
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Y, preserving no evidence for growth zoning, but have a spike in Mn content at the embayed 

rims, further suggesting garnet breakdown resorption. 

3.6.3 Interpretation of monazite dates in the Gurla Mandhata core complex 

Y-zoning in sample MA-26 is interpreted to be garnet-controlled. I interpret monazite growth 

in the presence of garnet prior to ca. 19 Ma, followed by monazite growth during garnet 

breakdown from 19-16 Ma. Low-Y domains have an age range of 22-19 Ma with a peak at 20 

Ma, and high-Y domains have an age range of 20-16 Ma with a peak at 18 Ma (Fig. 3.10). The 

age ranges are also reflected in the Tb/Lu values with high Tb/Lu prior to 19 Ma and low Tb/Lu 

from 19-16 Ma. Monazite inclusions in garnet, despite being too small to target for U-Th/Pb 

petrochronology, suggest that monazite was present for at least some stage of garnet growth. 

Outcrop-scale and thin section-scale textural evidence suggests a degree of partial melt within 

the sample, which I interpret to have been generated during the garnet breakdown stage. 

Samples MA-06 and MA-11 have no visible garnet, and so Y-content in monazite cannot be 

linked to garnet growth or breakdown and therefore correlated with metamorphic stages. 

Nevertheless, sample MA-06 yields monazite with 40 Ma cores and rims that crystallized from 

25 to 20 Ma, suggesting metamorphism in the Gurla Mandhata rocks from as early as middle 

Eocene with significant metamorphic thermal pulses beginning at ca. 25 Ma. Sample MA-11 

yields monazite ages ranging from 19-16 Ma with ambiguous Y-zonation and highly variable 

Tb/Lu ratios over that age range. Highly variable HREE ratios can suggest an open system in 

which HREEs flow freely, such as fluid-rich metamorphism, however this interpretation on its 

own is tenuous due to the lack of garnet in sample MA-11 as garnet exerts the primary control on 

HREE concentrations in metapelites (Zhu and O’Nions, 1999; Kelsey et al., 2008; Stepanov et 

al., 2012; Yakymchuk and Brown, 2014). Despite their lack of garnet, the age ranges of samples 
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MA-06 and MA-11 are consistent with the two primary phases of monazite growth in sample 

MA-26. Sample MA-06 yields an age range of 25-20 Ma and sample MA-11 yields an age range 

of 19-16 Ma, consistent with the two peaks recorded in sample MA-26 (Fig. 3.10).  

Sample MA-21 is the structurally highest sample, recovered in proximity to the STD. It 

records top-to-the-north sense of shear, and contains garnet with monazite inclusions. Garnet and 

monazite textural evidence in the sample is consistent with syn-deformational mineral growth in 

the top-to-the-north shear band in the thin section. The sample contains monazite grains with 

Cambro-Ordovician (470-425 Ma) cores, which I interpret to be either detrital grains derived 

from Cambro-Ordovician granites or preserved grains from a Cambro-Ordovician metamorphic 

event recorded in the GHS in central and eastern Nepal (Godin et al., 2001; Gehrels et al., 2003, 

2011; Cawood et al., 2007). Monazite ages from 22-18 Ma are recorded in spots in high-Y 

domains with Y ppm values comparable to high-Y domains in sample MA-26. Therefore, I 

interpret monazite growth in the presence of garnet growth from 22-18 Ma at the structurally 

highest level of the Gurla Mandhata core complex.  

The Gurla Mandhata core complex records Eohimalayan metamorphism at ca. 40 Ma and 

Neohimalayan metamorphism from 25-16 Ma, with monazite growth in the presence of garnet 

from 22-19 Ma and during garnet breakdown from 19-16 Ma. Growth in the presence of garnet 

is also interpreted to be coeval with top-to-the-north shear near the STD. Based on these results, 

I interpret the Gurla Mandhata to expose rocks that are part of the HMC and have experienced 

Cenozoic Himalayan high-T metamorphism, with retrograde metamorphism and exhumation 

beginning ca. 19 Ma. 
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3.7 Discussion 

Field mapping and optical petrographic and microstructural analyses reveal that the structural 

style and mineral assemblages of the transect through the Gurla Mandhata core complex are 

relatively homogeneous from north to south. Pelitic mineral assemblages across the core 

complex are consistent with up to upper-amphibolite facies metamorphism typical of the GHS in 

central and western Nepal (Searle and Godin, 2003; Gleeson and Godin, 2006). I did not 

encounter a transition from high-strain to low-strain rocks, i.e. the base of a shear zone, and did 

not observe any systematic change in metamorphic grade or deformation style within the dome 

except at the structurally highest level near the STD in the north. Based on structural, isotopic, 

and geochronological data, I argue that the Gurla Mandhata core complex is composed of both 

GHS and LHS protolith rocks, and that the MCT is not exposed in the core complex. 

Metamorphism and anatexis are associated with crustal thickening, doming, and south-directed 

extrusion from mid-crustal levels in the late Oligocene to early Miocene, prior to mid-Miocene 

E-W extensional deformation and final exhumation.  

3.7.1 The LHS-GHS protolith boundary is not always a structural boundary 

All the observed metapelitic rocks along the Gurla Mandhata core complex transect exhibit 

similar deformation textures and have experienced high grade metamorphism during the 

Cenozoic. However, these rocks have affinity to both protolith LHS and GHS as demonstrated 

by Sm-Nd results, and there is no identifiable shear zone at the isotopically-defined GHS-LHS 

boundary. Therefore, all rocks in the Gurla Mandhata core complex are interpreted to be in the 

hanging wall of the MCT, and thus part of the HMC. The MCT must then be buried below the 

surface exposure of the dome. The correlation between structural level and eNd(0) values of the 
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samples suggests that although the MCT is not present, a protolith boundary may exist at the 

structural level represented by the transition eNd(0) ≈ -20 (Fig. 3.7).  

The protoliths of the LHS and GHS reflect older proximal and younger distal sedimentation, 

respectively, on the north continental margin of proto-Indian Gondwana from the 

Paleoproterozoic to early Paleozoic (McKenzie et al., 2011; Martin, 2017; Najman et al., 2017). 

The LHS sedimentary rocks in this part of the Himalaya were derived primarily from the Paleo- 

to Mesoproterozoic Vindhyan Supergroup sedimentary sequence (McKenzie et al., 2011). GHS 

metasediments are derived from Neoproterozoic ca. 880-800 Ma and Cambro-Ordovician ca. 

510-460 Ma granites (Garzanti et al., 1986; DeCelles et al., 2000; Godin et al., 2001; Myrow et 

al., 2003; Goscombe et al., 2006; Yin, 2010; Gehrels et al., 2011; Martin, 2017), and may have 

some additional sediment input from the Vindhyan Supergroup (Chakrabarti et al., 2007). 

The LHS and GHS protoliths, by virtue of their different depositional ages, will yield 

different eNd(0) values that are reflected in the eNd(0) ≈ -20 value commonly cited as the LHS-

GHS cut-off value (Ahmad et al. 2000; Murphy, 2007; Imayama and Arita, 2008). eNd(0) values 

from the Gurla Mandhata core complex fall on both sides of this cut-off value, suggesting that 

both LHS and GHS protoliths comprise the core complex. I interpret a protolith boundary in the 

core complex separating structurally higher GHS material from structurally lower LHS material 

(Fig. 3.7). Data are consistent with results from Murphy (2007) who reports samples with both 

GHS and LHS eNd(0) affinity on the western flank of the Gurla Mandhata core complex. eNd(0) 

results from Murphy (2007) are similarly structurally correlated, with samples of LHS eNd(0) 

affinity at lower structural levels.  

My interpretation is strengthened by U-Th/Pb monazite petrochronology data. Rocks from 

the Gurla Mandhata core complex record Cenozoic metamorphism primarily from 25-16 Ma and 
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as early as 40 Ma. This pattern of metamorphism is consistent with recorded thermal pulses 

affecting the HMC in central and western Nepal (e.g. Cottle et al., 2009b; Carosi et al., 2010, 

2018; Montomoli et al., 2013; Iaccarino et al., 2015; Nagy et al., 2015; Gibson et al., 2016).  

3.7.2 Hinterland crustal thickening beneath the Gurla Mandhata core complex 

The present subsurface geometry of the Gurla Mandhata core complex requires significant 

hinterland crustal thickening of the HMC (Murphy, 2007; Antolín et al., 2013; Gao et al., 2016). 

Several geometries can account for the volume of necessary material, including the thickening of 

material of both GHS and LHS protolith in the hanging wall of the MCT (Fig. 3.11a), thickening 

of only GHS rocks in the hanging wall of the MCT (Fig. 3.11b; Gao et al., 2016), and hinterland 

duplexing of the LHS at depth exhuming the MCT to the surface (Fig. 3.11c; Murphy and 

Copeland, 2005; Murphy, 2007; Antolín et al., 2013; McCallister et al., 2014).  

As demonstrated above, the transition in eNd(0) values from LHS to GHS reflects only a 

protolith boundary. There is no evidence to suggest that the LHS-GHS protolith boundary 

coincides with a shear zone within the Gurla Mandhata core complex. Therefore, I propose that 

the MCT is located at depth below the core complex and that the HMC has been thickened 

significantly in its hanging wall (Fig. 3.11a).  

Duplexing of the LHS is commonly used to account for foreland upper-crustal thickening of 

the LHS (Schelling and Arita, 1991; Yin, 2006; Khanal and Robinson, 2013; Robinson and 

Martin, 2014). Hinterland LHS duplexing in the footwall of the MCT is possible, however there 

are rheological limitations to this model, as crustal-scale duplexing is unlikely at mid-crustal 

depths in a ductile regime with abundant partial melt. Therefore, structural duplication of the 

HMC, which includes both GHS and LHS protolith material, is a more plausible explanation for 

the internal structure of the Gurla Mandhata core complex (Fig. 3.11a). 
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Figure 3.11. Three possible geometries of the Gurla Mandhata core complex accounting for 

hinterland crustal thickening. (a)  Crustal-scale ductile thickening of Lesser Himalaya sequence 

(LHS) and Greater Himalayan sequence (GHS) protolith material in the Main Central thrust 

(MCT) hanging wall in the hinterland. LHS and GHS material is captured in the hanging wall of 

the MCT and subjected to Cenozoic Himalayan metamorphic core (HMC) metamorphism. The 

ostensible protolith boundary is preserved in the Gurla Mandhata core complex. (b)  Crustal-

scale duplexing of GHS protolith material in the hanging wall of the MCT, resulting in 

significant hinterland thickening of the GHS. This model is suggested by Gao et al. (2016), 

however it cannot account for LHS-affiliated εNd(0) results in the Gurla Mandhata core complex 

from this study. (c) Crustal-scale duplexing of the LHS in the footwall of the MCT, exposing the 

MCT in the Gurla Mandhata core complex. This model requires significant shortening and 

thickening of the LHS in the hinterland and would expose unmetamorphosed LHS in the core of 

the Gurla Mandhata, which contradicts the results of this study. Main Himalayan thrust (MHT) 

geometry from Gao et al. (2016). STD – South Tibetan detachment. 

 

3.7.3 Temporal evolution of the thickened hinterland HMC  

U-Th/Pb monazite petrochronology presented in this chapter documents monazite growth 

from 40-15 Ma, consistent with Eohimalayan and Neohimalayan metamorphic ages across the 

orogen (Inger and Harris, 1992; Vannay and Hodges, 1996; Godin et al., 2001; Yin, 2006; 

Streule et al., 2010). No recovered monazite yield any younger ages. Based on these results, I 

suggest that the Gurla Mandhata core complex experienced high-T metamorphism and anatectic 

melt generation during subsequent crustal thickening and extrusion stages from 40-15 Ma, prior 

to the initiation of orogen-parallel extension in the mid-Miocene (Fig. 3.12).  

Eocene metamorphism in the TSS and the GHS is recorded throughout the Himalaya and 

southern Tibet (Godin et al., 2001; Yin, 2006; Aikman et al., 2008; Cottle et al., 2009b; Kellett et 

al., 2014; Stübner et al., 2014; Larson and Cottle, 2015; Soucy La Roche et al., 2018a). In central 
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Figure 3.12. Schematic temporal evolution of the Himalayan metamorphic core (HMC) in the 

hinterland of west Nepal. Present Main Himalayan thrust (MHT) geometry, including hinterland 

ramp, is taken from Gao et al. (2016), and southward propagation of the foreland ramp is 

inferred from Mercier et al. (2017). Initiation of the Karakoram fault system and geometry of the 

incipient Gurla Mandhata (GM) dome modified from Murphy and Copeland (2005). See text for 

full description of temporal evolution. Modified after Soucy La Roche et al. (2018a). GHS – 

Greater Himalayan sequence, GMH – Gurla Mandhata-Humla fault, LHS – Lesser Himalayan 

thrust, MBT – Main Boundary thrust, MCT – Main Central thrust, STD – South Tibetan 

detachment, TSS – Tethyan sedimentary sequence. 

 
and western Nepal, kyanite-grade metamorphism and limited partial melting occurred at mid- to 

lower-crustal depths (≥37 km) during crustal thickening from 40-30 Ma (Fig. 3.12a; Godin et 

al., 2001; Yin, 2006; Soucy La Roche et al., 2018a). From ca. 30-25 Ma, inferred tunnelling of a 

melt-weakened low-viscosity channel began along the incipient STD and MCT, initiating 

southward extrusion of the HMC (Fig 3.12b; Grujic et al., 1996; Beaumont et al., 2001, 2004; 

Jameson et al., 2004, 2006; Godin et al., 2006a; Grujic, 2006). During this time, the channel 

front underwent cooling and extrusion driven by focused denudation while the hinterland 

remained hot and pervasively deforming, undergoing extensive anatectic melting (Beaumont et 

al., 2001; Godin et al., 2006a; Grujic, 2006; Soucy La Roche et al., 2018a,b).  

Geodynamic models show that motion of the extruding paleo channel in the foreland, 

combined with ongoing contraction of the entire orogen, causes colder rheologically competent 

crustal material of the lower plate in the hinterland mid crust to act as a “plunger,” deflecting the 

melt-weakened HMC mid crustal channel upwards (Fig 3.12c; Model HT111 discussed in 

Beaumont et al., 2004; Jamieson et al., 2006; Warren et al., 2008). This creates a ramp-flat 

geometry in the MHT that causes deflection of the HMC channel and forces the channel up and 

over the ramp, creating a dome in the mid crust (Fig 3.12c; Jamieson et al., 2006; Warren et al., 
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2008, 2011; Grujic et al., 2011). Ongoing hinterland shortening combines with foreland 

extrusion, resulting in locking of the leading edge of the HMC channel in the foreland and 

further contributing to hinterland thickening and doming of the ductily-deforming channel in the 

hinterland (Godin et al., 2006b; Larson et al., 2010b; Zhang et al., 2011; Yakymchuk and Godin, 

2012; Antolín et al., 2013; Soucy La Roche et al., 2016; Braden et al., 2017). The ramp-flat 

geometry of the MHT is geophysically imaged across the Himalaya, including below the North 

Himalayan Anticline and directly below the Gurla Mandhata core complex (Hauck et al., 1998; 

Gao et al., 2016).   

I propose that ductile doming up and over the MHT ramp incorporates LHS protolith 

material into the initial GHS mid-crustal channel during the Oligocene to early Miocene. The 

plunger model is linked with the exhumation of deep rocks elsewhere in the Himalayan 

hinterland (Warren et al., 2008; Grujic et al., 2011). The underplating material of the cold 

“plunger” creating the MHT ramp is interpreted to be of LHS provenance (Jamieson et al., 2006; 

Warren et al., 2008, 2011). Therefore, material of LHS provenance may be incorporated into the 

mid-crustal channel through return flow (Fig. 3.12c; Grujic, 2006). I suggest that sillimanite-

grade metamorphism of both LHS and GHS protolith material, anatectic melt generation, and 

establishment of a domal geometry were occurring in the Gurla Mandhata core complex during 

this phase of hinterland HMC thickening, with the onset of anatexis at ca. 19 Ma (Fig 3.12c).  

In the mid-Miocene, the already established dome was further exhumed through the upper 

crust by orogen-parallel extension, the onset of which is constrained to ca. 15 Ma (Fig 3.12d; 

Murphy et al., 2002, Murphy and Copeland, 2005; Nagy et al., 2015). My results suggest that 

sillimanite-bearing metatexite and diatexite migmatite units in the core complex were subjected 

to anatexis during crustal thickening only prior to 16 Ma. The onset of east-west extensional 
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GMH shear zone system at ca. 15 Ma generated a penetrative east-dipping foliation with top-to-

the-west shear in the Gurla Mandhata core complex, likely overprinting north-south structural 

elements from the Eocene-Oligocene crustal thickening stage (Murphy and Copeland, 2005; 

Nagy et al., 2015). 

I interpret exhumation associated with orogen-parallel extensional deformation along the 

GMH system to be coeval with rejuvenated hinterland thrusting along the MCT in NW Nepal 

and NW India (Fig. 3.12d-e; Montomoli et al., 2013; Braden et al., 2017, 2018; Thiede et al., 

2017). Rejuvenated thrusting isolates klippen of HMC such that the klippen preserve rocks with 

monazite ages and P-T-t-d paths characteristic of Eocene-Oligocene crustal thickening phase, 

allowing for on-going hinterland deformation in the HMC as late as ~8 Ma (Fig. 3.12d,e; Soucy 

La Roche et al., 2016, 2018a; Braden et al., 2018). The interaction of east-west extension along 

the GMH system, hinterland rejuvenated thrusting, and foreland deformation requires significant 

strain partitioning between all these shear zone systems at the orogen scale (e.g. Murphy et al., 

2013; McCallister et al., 2014; Silver et al., 2015; Cannon et al., 2018). 

The structural and temporal evolution of the Gurla Mandhata core complex of NW Nepal 

sheds light on other potential interpretations of other core complexes in the Himalaya. For 

example, the Ama Drime massif in southern Tibet records syn-tectonic sillimanite-grade 

metamorphism with associated anatexis around 13 Ma such that metamorphism, decompression, 

exhumation along oppositely-dipping normal faults, and orogen parallel extension can all be 

kinematically linked (Jessup et al., 2008; Cottle et al., 2009a). However, the steep bounding 

normal faults likely only contributed to the latest phase of exhumation and cannot account for 

the deep exhumation of eclogite-facies rocks in the core complex (Kali et al., 2010; Grujic et al., 

2011; Kellett et al., 2014). My results from the Gurla Mandhata core complex show that the 
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establishment of a dome and exhumation of deep material can precede orogen-parallel extension, 

so it is possible that the Ama Drime massif experienced a similar tectonometamorphic evolution. 

Such an evolution may also be applicable to the Leo Pargil dome, which records a protracted 

sequence of P-T-t-D paths and top-to-the-west shearing between 23-18 Ma, suggesting 

protracted anatexis during a crustal thickening stage that persists into a later orogen-parallel 

extension stage (Langille et al., 2012, 2014; Lederer et al., 2013). 

Finally, I note that the geometry and tectonometamorphic history of the Gurla Mandhata core 

complex is similar to that of the North Himalayan gneiss domes (Fig. 3.1). In both cases, 

anatexis precedes extensional exhumation, and they share similar subsurface geometries (Lee et 

al., 2006; Larson et al., 2010a). The North Himalayan gneiss domes are also linked to 

underthrusting and a major ramp in the MHT (Hauck et al., 1998; Jamieson et al., 2006; Lee et 

al., 2006; Grujic et al., 2011; Gao et al., 2016). Crustal thickening in the North Himalayan gneiss 

domes in southern Tibet is further interpreted to have been associated with hinterland out-of-

sequence thrusting along the Great Counter Thrust or other blind thrusts (Burg et al., 1984; Lee 

et al., 2006; Larson et al., 2010a, 2010b), similar to my interpretation involving a rejuvenated 

hinterland MCT (see also Braden et al., 2018). These characteristics are consistent with observed 

features of the Gurla Mandhata core complex. The North Himalayan gneiss domes and the 

extensional core complexes such as the Gurla Mandhata and the Ama Drime Massif are usually 

considered separate classes of structures with different tectonometamorphic evolutions (e.g. 

Thiede et al., 2006; Jessup et al., 2008; Langille et al., 2012), but my interpretations suggest that 

these structures may be closely linked. 
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3.8 Conclusions 

U-Th/Pb monazite petrochronological ages coupled with structural mapping and thin section 

petrography and microstructural analyses imply that the Gurla Mandhata core complex is part of 

the HMC. Rocks of the Gurla Mandhata core complex preserve inherited monazite grains with 

an early Cambro-Ordovician metamorphic or magmatic signature and show evidence for 

protracted Cenozoic (40-16 Ma) metamorphism. Sm-Nd isotope analysis reveals that the core 

complex retains isotopic signatures of both GHS and LHS protolith affinity (eNd(0) = -10.5 to -

22.4). This demonstrates that Sm-Nd isotope analysis cannot effectively discern between the 

tectonometamorphic units of the HMC and the LHS. Integration of structural mapping with Sm-

Nd results reveals an isotopic protolith boundary in the HMC present in the core of the Gurla 

Mandhata core complex.  

Results presented here imply significant crustal thickening in the HMC in the hinterland of 

the orogen involving both GHS and LHS protolith material. Analysed monazite grains in the 

Gurla Mandhata core complex show no evidence for anatectic melt generation during the 

orogen-parallel extensional phase of core complex formation from 15 Ma to present. All reported 

U-Th/Pb monazite ages are older than 16 Ma, before the transition from south-directed extrusion 

of the HMC to east-directed orogen-parallel extension in the hinterland of the orogen (e.g. Nagy 

et al., 2015). This implies that anatectic melt in the Gurla Mandhata core complex was not 

generated due to mid-Miocene initiation of orogen-parallel extension. The Gurla Mandhata core 

complex is a structural and metamorphic culmination that was established in the Oligocene to 

early Miocene during the crustal thickening stage before being overprinted by the extensional 

Gurla Mandhata-Humla fault system in the mid-Miocene. 
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Chapter 4 

General discussion and suggestions for future study 

The goal of the thesis was to characterize the tectonometamorphic and provenance history of 

the rocks of the Gurla Mandhata core complex, and to answer the following questions from 

Chapter 1: 

(1) What is the protolith affiliation of the rocks of the Gurla Mandhata core complex? 

(2) What is the prograde metamorphic history of the Gurla Mandhata core complex? 

(3) What do the protolith affiliation and tectonometamorphic history imply about the 

subsurface geometry of the Gurla Mandhata core complex?  

(4) How do the geometry and history of the Gurla Mandhata core complex inform on 

the temporal evolution of the core complex and of other similar Himalayan 

metamorphic core complexes? 

This chapter examines the principal results from investigation of these research questions and 

discusses how the results further the understanding of the metamorphic core of Himalayan 

hinterland. It also discusses what implications the results and research methods have for orogenic 

systems in general, and which future research avenues have been highlighted by the investigative 

process. 

4.1 Principal contributions 

Geologic mapping and in-situ U-Th/Pb monazite petrochronology in the Gurla Mandhata 

core complex reveal that the core complex exposes high-grade metamorphic rocks of the HMC 

in the hinterland of the Himalayan orogen in NW Nepal. Rocks from the core complex 
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experienced Eohimalayan (ca. 40 Ma) and Neohimalayan (25-16 Ma) metamorphism, consistent 

with HMC metamorphic ages reported throughout central and western Nepal (e.g. Vannay and 

Hodges, 1996; Godin et al., 2001; Yin, 2006; Aikman et al., 2008; Larson et al., 2010a; Carosi et 

al., 2010, 2013; Streule et al., 2010; Antolín et al., 2013; Iaccarino et al., 2015; Soucy La Roche 

et al., 2016; Braden et al., 2017). There are no recorded ages younger than 15 Ma in the high-

metamorphic grade core of the core complex, demonstrating that sillimanite-grade 

metamorphism and accompanying anatectic melt generation had ceased prior to 16 Ma. The 

transition from dominant orogen-perpendicular compression to dominant orogen-parallel 

extension in the hinterland in NW Nepal is interpreted to have occurred around 15-13 Ma (e.g. 

Murphy and Copeland, 2005; Nagy et al., 2015), therefore metapelitic anatectic melt generation 

is interpreted to be unrelated to orogen-parallel extension and associated exhumation. This 

requires significant hinterland thickening of the HMC. I interpret the Gurla Mandhata to be a 

structural and metamorphic culmination whose subsurface domal architecture was already 

established, at least in part, prior to the initiation of orogen-parallel extension at ca. 15 Ma. 

Sm-Nd results presented in Chapter 3 reveal that the Gurla Mandhata core complex preserves 

both LHS and GHS protolith isotopic signatures (eNd(0) = -10.5 to -22.4). However, the lack of 

an exposed base of a high-shear zone in the Gurla Mandhata core complex separating high-

metamorphic grade from low-metamorphic grade rocks demonstrates that the MCT is not 

exposed in the core complex. Further, the prograde metamorphic history of the core complex is 

consistent from the center to the flanks of the dome. Therefore, protolith material from both the 

LHS and GHS is preserved in HMC, all in the hanging wall of the MCT. The lower structural 

levels of the HMC of the Gurla Mandhata core complex exposes the LHS-GHS protolith 

boundary. 
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4.1.1 Implications for Sm-Nd results in the Himalaya and in other orogenic systems 

Sm-Nd results from the Gurla Mandhata core complex are inconsistent with historic 

definitions of the GHS and LHS, which frequently conflate stratigraphic, structural, and 

tectonometamorphic characteristics. The results from Chapter 3 demonstrate that the Sm-Nd 

isotope system is an effective tool for differentiating the LHS and GHS protolith, but not for 

determining any structural or tectonometamorphic characteristics. My results are consistent with 

the observations made in Sikkim, Bhutan, and Northern India that eNd(0) values can vary 

significantly within Himalayan lithotectonic units and that eNd(0) alone is not an effective tool 

with which to make structural interpretations (Chakungal et al., 2010; Tobgay et al., 2010; 

McKenzie et al., 2011; Mottram et al., 2014). Structural maps and cross sections that consider 

isotopic data to have structural implications (e.g. Murphy, 2007) are likely overly simplistic and 

do not consider either the along-strike variability or the full tectonometamorphic history of the 

LHS and GHS assemblages. 

Both the Contiguous Outboard Deposition model and the Accreted Terrane model of GHS 

and LHS deposition consider LHS to be an older, more proximal sedimentary package to the 

Indian craton and the GHS to be a younger, more distal package to the craton (Parrish and 

Hodges, 1996; DeCelles et al., 2000; Gehrels et al., 2003; Myrow et al., 2003; Martin, 2017). 

The protolith boundary between the two, however, has been complicated by hundreds of millions 

of years of geological history affecting the two stratigraphic assemblages. As the strength of Sm-

Nd isotopic analysis is its ability to determine the relative provenance age of units that have been 

affected by significant tectonometamorphic overprint, it can and should be used to refine our 

knowledge concerning the protolith history of the Himalaya. The application of Sm-Nd isotopic 

analysis across the Himalaya as a focused provenance tool may reveal a much more nuanced 
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distribution of LHS and GHS protolith material both in the hanging wall and the footwall of the 

MCT, and could contribute to a deeper understanding of along-strike variations in both the 

protolith and tectonometamorphic history of the orogen. 

The results of Chapter 3 also highlight the usefulness the of Sm-Nd system in orogenic 

systems outside of the Himalaya. Its characteristics as a provenance tool are uniquely useful in 

orogens involving complex tectonometamorphic histories and terranes. Similar recent results 

from the Brasiliano orogenic system in Brazil (Caxito et al., 2014, 2016; Hollanda et al., 2015) 

and the Grenville orogen in Canada (Dickin et al., 2010, 2014; Dickin and North, 2015) 

highlight the usefulness of the Sm-Nd system in orogenic reconstruction, as terranes that have an 

intense orogenic overprint can be differentiated and studied individually.  

4.1.2 Extension-related or compression-related gneiss domes in the Himalaya 

Chapter 2 explored the classification of gneiss domes in the Himalaya and concluded that, 

based on the previously available evidence, the Gurla Mandhata core complex was a extension-

related core complex like the Ama Drime and the Leo Pargil domes (e.g. Murphy et al., 2002; 

Murphy and Copeland, 2005; McCallister et al., 2014). This interpretation is based on the 

presence of the Gurla Mandhata-Humla detachment system, which is interpreted to be linked to 

the exhumation of the core complex beginning in late Miocene time, as well as syn-extensional 

leucogranites reported near the bounding detachment fault dated to ca. 14-9 Ma (Murphy and 

Copeland, 2005). Considering new data presented in Chapter 3, however, the Gurla Mandhata is 

now re-interpreted as a thrust-related gneiss dome, more akin to the North Himalayan 

culminations (e.g. Burg et al., 1984; Chen et al., 1990; Lee et al., 2000, 2004, 2006; Gleeson and 

Godin, 2006; Larson et al., 2010a). Metamorphism and anatectic melt generation are linked to a 

crustal thickening stage constrained to 25-16 Ma by U-Th/Pb monazite petrochronology. The 
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crustal thickening stage is interpreted to be initiated by S-directed extrusion and doming of the 

mid-crustal channel in a compressive regime, prior to the late Miocene onset of E-W extension 

along the Gurla Mandhata-Humla detachment system. Therefore, the domal architecture of the 

Gurla Mandhata core complex interpreted to be compression-related.  

Despite this interpretation, the Gurla Mandhata core complex still retains characteristic 

features of an extensional core complex that distinguish it from the North Himalayan 

culminations. The Gurla Mandhata core complex is part of an extensional system and was 

exhumed during late-Miocene orogen-parallel extension (Murphy et al., 2002; Murphy and 

Copeland, 2005; McCallister et al., 2014), while the North Himalayan culminations do not 

exhibit extensional fault systems associated with footwall exhumation (Gleeson and Godin, 

2006; Larson et al., 2010a). This highlights the unique character of the Gurla Mandhata core 

complex, and shows that the classification of gneiss domes (e.g. Yin, 2004) should consider 

models of gneiss dome formation as end-member interpretations. There is a spectrum between 

purely thrust-related and purely detachment-related gneiss domes, and care should be taken to 

avoid simplistic models that do not consider multiple stages of gneiss dome formation over 

millions of years. 

 

4.2 Unresolved questions and suggestions for future study 

This thesis focuses on a central segment of the Gurla Mandhata core complex, highlighting its 

characteristics and linking it to previously published results (Fig. 4.1). Although it makes a 

significant contribution to the understanding of the central segment and the western limits of the 

core complex, this study also highlights several areas for future research. 
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Figure 4.1. Simplified geologic map of NW Nepal and Tibet modified after Murphy and 

Copeland (2005), Pullen et al. (2011), Yakymchuk and Godin (2012), Antolín et al. (2013), 

McCallister et al. (2014), and Nagy et al. (2015). Areas of suggested future work are, as 

suggested in the text: a) the eastern Gurla Mandhata core complex, b) leucogranite bodies in the 

central and eastern Gurla Mandhata core complex, c) the Xiao Gurla Range, and d) the 

physiographic transition in the centre of the Gurla Mandhata core complex. GMH – Gurla 
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Mandhata-Humla fault, IYZS – Indus-Yarlung Zangpo Suture Zone, MCT – Main Central thrust, 

STD – South Tibetan detachment. 

 

4.2.1 Where is the eastern flank of the Gurla Mandhata core complex? 

The Gurla Mandhata core complex lacks a clear eastern termination. The western, southern, 

and northern flanks of the Gurla Mandhata core complex are all documented and linked to the 

GMH detachment system (Murphy and Copeland, 2005; Murphy, 2007; Nagy et al., 2015; this 

study), but the eastern flank of the core complex has yet to be identified. The Chuwa Khola, 15-

20 km east of the transect from this study, is interpreted to be a homogeneously north-northeast-

dipping sequence of high-metamorphic grade GHS rocks with east- to northeast-plunging 

elongation lineations (Fig 4.1a; Yakymchuk and Godin, 2012). The reported rock types are 

different from the Gurla Mandhata core complex, and include a much greater abundance of 

leucogranite and calc-silicate gneiss. The differences in lithology and structure from the Chuwa 

Khola to the transect through the Gurla Mandhata core complex imply the presence of a 

geological boundary, but the nature and location of this boundary are unknown. If the Chuwa 

Khola is part of the Gurla Mandhata core complex, then petrochronological data and 

interpretations from the Chuwa Khola can be used to independently test the predictions of my 

structural model. However, if it is not, then the eastern flank of the core complex can be 

identified and my proposed structural model can be refined. 

The Chuwa Khola contains two distinct lithological packages: an “upper” GHS and a 

“lower” GHS separated by a metamorphic discontinuity (Yakymchuk and Godin, 2012). Sm-Nd 

isotopic analysis will clarify the protolith association of these units. Based on my interpretations 

from Chapter 3, I hypothesise that the metamorphic discontinuity in the Chuwa Khola represents 
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the preserved protolith boundary between GHS and LHS, and that the “lower” GHS will yield  

LHS protolith eNd(0) values. Sm-Nd isotopic analysis in Chapter 3 was performed on a suite of  

samples with limited structural depth, so additional data from a much broader range of structural 

levels will evaluate the validity of my model.  

In-situ monazite U-Th/Pb monazite petrochronology from the eastern Gurla Mandhata core 

can clarify whether it has experienced a similar metamorphic history to the central transect or 

whether a more significant tectonometamorphic boundary exists between the two transects. 

Further, petrochronological results can examine whether the “lower” GHS and the “upper” GHS 

share the same tectonometamorphic history. According to the model developed in Chapter 3, I 

hypothesise that the “upper” GHS preserves both Eohimalayan and Neohimalayan metamorphic 

pulses but that the “lower” GHS preserves only the Neohimalayan pulse as “lower” GHS 

material was incorporated into the HMC channel in the late Oligocene. Targeted isotopic and 

petrochronological studies are still needed in this part of the hinterland of NW Nepal to decipher 

their tectonometamorphic evolution. 

4.2.2 Do leucogranites in the Gurla Mandhata core complex support a mid-Miocene 

cessation of anatectic melt generation? 

In chapter 3, I report both local leucogranites within the metapelitic units, such as dikes and 

sills, and larger map-scale leucogranite bodies in the Gurla Mandhata core complex (Fig 4.1b). 

Leucogranite bodies near the GMH have been dated using Th/Pb ion microprobe monazite 

dating to estimate timing for motion on the GMH (Murphy and Copeland, 2005), but there are no 

published leucogranite ages from map-scale bodies within the central core complex (Fig 4.1b). 

U/Pb zircon geochronology can provide crystallization ages for the leucogranite bodies in the 

Gurla Mandhata core complex, which will independently verify the modeled mid-Miocene 
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cessation of anatectic melt generation presented in chapter 3. If my interpretation is correct, then 

intrusive leucogranite bodies generated during anatexis of the dome should record crystallization 

ages prior to 15 Ma.  

4.2.3 What is the structural and tectonometamorphic link between the Gurla Mandhata 

core complex and the Xiao Gurla range? 

The Gurla Mandhata core complex may also be linked to the Xiao Gurla range ~60km to the 

north (Fig. 4.1c). Reported detrital zircon ages from the Xiao Gurla range vary from 644-363 Ma 

and metamorphic zircon ages are reported at ca. 36 Ma (Pullen et al., 2011). U-Pb zircon ages in 

leucogranite bodies from the Xiao Gurla are reported at ca. 23 Ma and ca. 15 Ma (Pullen et al., 

2011). These findings are consistent with a GHS protolith that has undergone similar Eo- and 

Neohimalayan HMC metamorphism to the Gurla Mandhata core complex. The detachment fault 

bounding the Xiao Gurla range is interpreted to be a northward continuation of the Gurla 

Mandhata detachment system (Pullen et al., 2011), and the similarities in metamorphic grade and 

textures between the Xiao Gurla range and the Gurla Mandhata core complex suggest that the 

two domal structures are linked.  

U-Th/Pb monazite petrochronology of metapelites in the Xiao Gurla range and U-Pb zircon 

geochronology of leucogranites in the Gurla Mandhata core complex will independently verify 

whether the two ranges are part of the same structure and experienced the same 

tectonometamorphic history. The proposed temporal evolution of the Gurla Mandhata core 

complex from Chapter 3 should be consistent with observations from the Xiao Gurla range. 

While the kinematic link between the GMH, the STD, and the Karakoram Fault system is still 

under investigation (e.g. McCallister et al., 2014; Silver et al., 2015), previous mapping suggests 

that the trace of the Gurla Mandhata detachment continues northward and forms a synformal 
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corrugation between the Gurla Mandhata and the Xiao Gurla (Murphy and Copeland, 2005; 

Murphy et al., 2009; Pullen et al., 2011). Kinematic and dynamic links between the Gurla 

Mandhata and the Xiao Gurla will inform the timing of the development (or reactivation) of arc-

parallel extensional features in the Himalaya with implications for other large hot orogens 

around the world. 

4.2.4 Why is there an abrupt physiographic transition in the centre of the Gurla Mandhata 

core complex? 

The centre of the transect is characterized by an abrupt physiographic transition (Fig. 4.1d, 

Fig 4.2). South of the mountain pass at Takkche, the landscape is characterized by mountainous 

terrain with deeply incised river valleys and 1000s of meters of relief. North of the pass, the 

landscape is relatively flat, with gentle rolling hills and only 10s to 100s of meters of relief (Fig. 

4.2). The abrupt physiographic change is not marked by a change in lithology or metamorphic 

grade, so it may be related to exhumation and denudation of the hinterland or to differential 

topographic uplift.  A geological boundary may exist in the Gurla Mandhata core complex, 

however, the similarity of rock types and metamorphic grade on either side of the boundary 

suggest that the physiographic boundary may be a manifestation of a significant underlying 

structure. 

Changes in river channel steepness and drainage network patterns in the Himalaya have been 

linked to strain accumulation, seismicity, tectonic uplift rates, and the coupling of the plate 

boundary between India and Asia in the deep crust (e.g. Godard et al., 2014; Morell et al., 2015, 

2017; Harvey et al., 2015; Cannon et al., 2018). The tectonic framework of the Himalaya has 

been shown to be highly influenced by climate, erosion, and denudation rates as they influence  
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Figure 4.2. Field photos from the Gurla Mandhata core complex. Abrupt physiographic 

transition between flat landscapes with shallow rolling hills on the Tibetan Plateau (photos (a) 

and (b)) and mountainous terrain with high relief, steep peaks, and deeply incised river valleys in 

the Himalayan mountains (photos (d) and (e)). The transition is visible in (c), taken from the flat 
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plateau looking south at the mountains. GMH – Gurla Mandhata-Humla fault, IYZS – Indus-

Yarlung Zangpo Suture Zone, MCT – Main Central thrust, STD – South Tibetan detachment. 

 

exhumation rates and drive channel flow (Beaumont et al., 2004; Jamieson et al., 2004; Godin et 

al., 2006a; Grujic et al., 2011). Physiographic transitions in the Himalaya have been linked to 

deeper, underlying tectonic boundaries in the orogen (Wobus et al., 2005, 2006, 2008). The 

(re)activation of basement structures and deep-rooted lateral ramps in the Indian craton is also 

increasingly being linked to structural and neotectonic features in the Himalaya (Godin and 

Harris, 2014; Godin et al., 2018; Soucy La Roche, 2018a).  

(U-Th)/He thermochronology and cosmogenic nuclide dating are useful tools for determining 

whether erosion and/or uplift rates vary dramatically between the high-relief and plateau-like 

domains. The study of river morphology and evolution may also help determine if the plateau-

like morphology is antecedent to Himalayan uplift. If the plateau-like morphology is found to 

have developed concurrently with Himalayan uplift, then mapping of basement structures below 

the core complex could illuminate how the plateau was developed, how it relates to the current 

understanding of the structural and tectonic evolution of NW Nepal, and whether the tectonic 

models proposed in this thesis need to be updated. I provide evidence in Chapter 3 for a ramp-

flat geometry in the MHT below the Gurla Mandhata core complex, and it is possible that the 

“renewed” topography may reflect this underlying structure. 

Investigation of this “abandoned” plateau-like morphology in the north of the Gurla 

Mandhata core complex may lead to a deeper understanding of the nature of the Himalayan 

system itself, and of how the main drivers of tectonic processes could be influenced by 

antecedent topography or ancient basement structures in the underlying plates. 
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Appendix A 

Field Station Locations and Structural Measurements 

 

Station Latitude Longitude Structure Azimuth Dip/Plunge 
MA-01 N 30°06.650’ E 81°42.637’ Foliation 338 29 
MA-01 N 30°06.650’ E 81°42.637’ Mineral Lineation 066 25 
MA-02 N 30°08.815’ E 81°43.292’ Foliation 333 15 
MA-02 N 30°08.815’ E 81°43.292’ Mineral Lineation 110 20 
MA-03 N 30°17.036’ E 81°41.177’ Foliation 031 24 
MA-03 N 30°17.036’ E 81°41.177’ Mineral Lineation 116 17 
MA-03 N 30°17.036’ E 81°41.177’ Fold Hinge 111 21 
MA-04 N 30°16.752’ E 81°41.222’ Foliation 038 25 
MA-04 N 30°16.752’ E 81°41.222’ Mineral Lineation 118 22 
MA-05 N 30°17.047’ E 81°41.146’ 

   MA-06 N 30°17.236’ E 81°40.711’ Foliation 015 30 
MA-06 N 30°17.236’ E 81°40.711’ Mineral Lineation 124 30 
MA-07 N 30°17.250’ E 81°40.713’ 

   MA-08 N 30°17.646’ E 81°40.278’ Foliation 143 16 
MA-08 N 30°17.646’ E 81°40.278’ Mineral Lineation 143 05 
MA-09 N 30°18.208’ E 81°40.453’ Foliation 130 82 
MA-09 N 30°18.208’ E 81°40.453’ Mineral Lineation 134 25 
MA-10 N 30°21.534’ E 81°39.861’ Foliation 046 19 
MA-10 N 30°21.534’ E 81°39.861’ Mineral Lineation 124 13 
MA-10 N 30°21.534’ E 81°39.861’ Axial Plane 052 32 
MA-10 N 30°21.534’ E 81°39.861’ Fold Hinge 165 22 
MA-11 N 30°21.605’ E 81°39.896’ Foliation 000 15 
MA-11 N 30°21.605’ E 81°39.896’ Mineral Lineation 106 30 
MA-12 N 30°21.674’ E 81°40.073’ Foliation 010 50 
MA-12 N 30°21.674’ E 81°40.073’ Mineral Lineation 099 50 
MA-13 N 30°21.695’ E 81°40.112’ Foliation 036 18 
MA-13 N 30°21.695’ E 81°40.112’ Mineral Lineation 108 14 
MA-14 N 30°21.787’ E 81°39.724’ Foliation 340 20 
MA-14 N 30°21.787’ E 81°39.724’ Mineral Lineation 100 15 
MA-15 N 30°20.621’ E 81°38.667’ Mineral Lineation 103 31 
MA-16 N 30°23.453’ E 81°38.835’ Foliation 314 19 
MA-16 N 30°23.453’ E 81°38.835’ Mineral Lineation 091 16 
MA-17 N 30°23.553’ E 81°39.066’ 
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MA-18 N 30°23.777’ E 81°39.221’ Foliation 326 14 
MA-18 N 30°23.777’ E 81°39.221’ Mineral Lineation 114 11 
MA-19 N 30°23.833’ E 81°38.944’ 

   MA-20 N 30°24.250’ E 81°38.835’ Foliation 300 40 
MA-20 N 30°24.250’ E 81°38.835’ Mineral Lineation 080 20 
MA-21 N 30°26.291’ E 81°38.719’ Foliation 265 14 
MA-21 N 30°26.291’ E 81°38.719’ Mineral Lineation 101 10 
MA-22 N 30°18.648’ E 81°40.449’ Foliation 033 19 
MA-23 N 30°15.230’ E 81°41.513’ Foliation 120 13 
MA-24 N 30°13.894’ E 81°42.336’ Foliation 346 21 
MA-24 N 30°13.894’ E 81°42.336’ Mineral Lineation 106 18 
MA-24 N 30°13.894’ E 81°42.336’ Fault plane 040 85 
MA-25 N 30°11.021’ E 81°41.890’ 

   MA-26 N 30°09.290’ E 81°42.460’ Foliation 352 11 
MA-26 N 30°09.290’ E 81°42.460’ Mineral Lineation 110 05 
MA-27 N 30°08.365’ E 81°42.925’ Foliation 345 32 
MA-27 N 30°08.365’ E 81°42.925’ Mineral Lineation 078 30 
MA-28 N 30°04.889’ E 81°43.541’ Foliation 345 28 
MA-28 N 30°04.889’ E 81°43.541’ Mineral Lineation 080 22 
MA-29 N 30°03.769’ E 81°44.982’ Foliation 329 23 
MA-29 N 30°03.769’ E 81°44.982’ Mineral Lineation 082 12 
MA-30 N 29°59.968’ E 81°46.873’ Foliation 165 05 
MA-30 N 29°59.968’ E 81°46.873’ Mineral Lineation 150 03 
MA-31 N 29°58.361’ E 81°48.632’ 
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Appendix B 

Supplementary monazite and garnet BSE imagery and X-ray ion microprobe 

chemical maps 
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Appendix C 

Supplementary data tables 

 

 
TABLE C1. Bulk rock geochemical data available in a separate Excel file. 

TABLE C2. Sm-Nd isotopic analysis data available in a separate Excel file. 

TABLE C3. U-Th/Pb monazite petrochronology data available in a separate Excel file. 


