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View toward the northeast from the center of the Jajarkot klippe in the western Nepal foreland. The Varah 

Devta Temple in the foreground sits on Tethyan sedimentary sequence limestone structurally isolated 

from correlative strata exposed in the Dhaulagiri range making the snowy summits in the background. 

The vegetated rolling hills in the middle ground expose low-metamorphic grade Lesser Himalayan 

sequence rocks that separate the Jajarkot klippe from the Dhaulagiri range by 50–75 km. In the Dhaulagiri 

range, Tethyan sedimentary rocks are tectonically juxtaposed on top of the high-metamorphic grade 

Greater Himalayan sequence along the South Tibetan detachment. The discovery of the same structure in 

the Jajarkot klippe sheds light on emplacement models of external Himalayan klippen. 
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Abstract 

Field mapping and microstructural characterization of metamorphic rocks exposed in the Karnali 

and Jajarkot klippen in the western Nepal foreland highlight the presence of a top-to-the-southwest shear 

zone at the base and a top-to-the-northwest shear zone at the top of the metamorphic rocks, correlative 

with the Main Central thrust and the South Tibetan detachment, respectively. This structural geometry 

implies that these metamorphic rocks are the southern continuation of the Greater Himalayan sequence 

(GHS) exposed in the hinterland to the north, and are key locations to improve our understanding of mid-

crustal evolution in continental collisions. New pressure–temperature–time–deformation data demonstrate 

that GHS rocks in the Karnali and Jajarkot klippen escaped the Miocene high-temperature metamorphic 

overprint pervasive in the hinterland, and consequently reveal the Eocene-Oligocene stages of the 

evolution of the metamorphic core. In the Karnali klippe, prograde metamorphism occurred between 40 

and 35 Ma and P–T conditions peaked at >0.7–1.0 GPa and >650–700 °C between 35 and 30 Ma. Starting 

at 30 Ma, GHS rocks underwent cooling, decompression and melt crystallization associated with the onset 

of shearing along the top-to-the-NE normal-sense South Tibetan detachment. The GHS cooled below 

~450 °C progressively from the south flank (20–17 Ma) to the north flank (17–14 Ma) of the Karnali 

klippe. In the Jajarkot klippe, prograde metamorphism occurred from 45 to 25 Ma, when peak P–T 

conditions of 0.75–1.2 GPa and 550–600 °C were attained. Peak metamorphism was followed rapidly by 

cooling below ~450 °C at 25–20 Ma. In marked contrast, GHS rocks now exposed in the hinterland were 

still buried, hot, and actively deforming while the foreland was cooled and exhumed. The klippen 

therefore preserve a snapshot of the early (i.e. Eocene-Oligocene) evolution of the Himalayan 

metamorphic core. Along-strike variations in the tectonometamorphic evolution of the two klippen are 

interpreted to reflect the geometry of the basal detachment of the orogen and suggest the presence of an 

east-dipping lateral ramp between the Karnali and Jajarkot klippen during the Oligocene.  
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Chapter 1 

General Introduction 

1.1 Introduction 

High-metamorphic-grade rocks deformed at mid-crustal depths are commonly exposed in the 

hinterland of mountain belts, and processes governing the mid-crustal evolution have always been, and 

remain, central to discussions regarding collisional tectonics. In particular, variations in strain, 

metamorphic conditions, and timing of metamorphism and deformation may reflect variations in 

collisional processes in the across- and along-strike directions. Such variations have been recognized in 

the Grenville orogen (e.g. Hynes and Eaton, 2999), the Torngat orogen (e.g. Connelly, 2001), the 

Appalachians (e.g. Thomas, 1983; Malo et al., 1995), the Pan-African orogen (e.g. Goscombe et al., 

2004), the Alps (e.g. Ratschbacher et al., 1991; Bousquet et al., 2008) and the Himalaya (Guillot et al., 

1999; Kellett et al., 2009; Gibson et al., 2016; Braden et al., 2017). Contrasting results from one part of 

the orogen to another can lead to significantly different – and incomplete – tectonic models, such as with 

the ‘channel flow debate’ in the Himalaya (Searle et al., 2006 vs. Kohn, 2008) or in the southern 

Canadian Cordillera (Kuiper et al., 2006 vs. Carr and Simony, 2006).  

The Himalaya is an ideal natural laboratory to study these variations because it is an active 

system with a lack of tectonic overprint, and most importantly, because it exposes mid-crustal units 

continuously for ~2500 km along-strike and, in some areas, continuously or discontinuously over up to 

~250 km across-strike (Figure 1.1B). The main exposure of the Himalayan metamorphic core consists of 

a well-characterized orogen-parallel, north-dipping homoclinal slab (e.g. Gansser, 1964; Le Fort, 1975; 

Hodges et al., 1996; Vannay and Hodges, 1996; Grujic et al., 1996; Godin et al., 2001, 2006a; Larson et 

al., 2010a, Carosi et al., 2010; Gibson et al., 2016; Parsons et al., 2016a; Iaccarino et al., 2017a). North of 

the main Himalayan range, high-grade metamorphic rocks are exposed in a series of structural windows 

called the North Himalayan domes (e.g. Burg et al., 1984; Hauck et al., 1998; Lee et al., 2000; Gleeson  



 

2 

 

 

Figure 1.1 (A) Google Earth Satellite imagery (U.S. Department of State Geographer, Data Scripps 

Institution of Oceanography (SIO), National Oceanic and Atmospheric Administration (NOAA), U.S. 

Navy, National Geospatial-Intelligence Agency (NGA), General Bathymetric Chart of the Oceans 

(GEBCO), Image Landsat/Copernicus) with location of Figure 1.1B (black polygon). (B) Geologic map 

of India, Nepal and Bhutan Himalaya with the locations of the Almora, Dadeldhura, Karnali, Jajarkot and 

Kathmandu klippen. Cross section A-A’ is shown on Figure 1.2. After Murphy and Copeland (2005), Yin 

(2006), McQuarrie et al. (2008), and Antolín et al. (2013). MFT—Main Frontal thrust; MBT—Main 

Boundary thrust; MCT—Main Central thrust; STD—South Tibetan detachment; IYZS—Indus-Yarlung 

Zangbo suture. 
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and Godin, 2006; Godin et al. 2006b; Lee and Whitehouse, 2007; Wagner et al., 2010; Larson et al., 

2010b). South of the main range, a series of less well-studied foreland klippen comprise medium- to high-

grade metamorphic rocks (e.g. Rai et al., 1998; Upreti and Le Fort, 1999; Johnson et al., 2001; Johnson, 

2005; Antolín et al., 2013). Two such klippen in western Nepal, the Karnali and Jajarkot klippen, are 

investigated in this thesis to evaluate the across- and along-strike variations in mid-crustal metamorphism 

and deformation. 

1.2 Geology of the Himalaya 

1.2.1 Main lithotectonic belts and tectonic boundaries 

The Himalayan orogen is the result of the ongoing continental collision between the Indian craton 

and Asia, which started at ca. 55 Ma (Najman et al., 2010, 2017; Hu et al., 2016). The Himalayan 

orogenic system is divided into four lithotectonic units that are in tectonic contact along major north-

dipping crustal-scale faults and shear zones (Figure 1.1B; Gansser, 1964; Le Fort, 1975; Hodges, 2000; 

Yin and Harrison, 2000; Yin, 2006). These four lithotectonic units are located south of the Yarlung(-

Tsangpo) suture, which marks the boundary between rocks belonging to the Indian plate (south of the 

suture) from rocks belonging to the Asian plate (north of the suture). The structurally highest unit, the 

Tethyan sedimentary sequence (TSS), is composed of weakly- to non-metamorphosed Paleozoic to 

Cenozoic sedimentary rocks that record some of the earliest evidence of collision-related deformation and 

crustal thickening in the Eocene (Searle et al., 1987; Garzanti, 1999; Godin et al., 1999a, 2001; Godin, 

2003, Aikman et al., 2008; Kellett and Godin, 2009). The TSS is separated from the underlying Greater 

Himalayan sequence (GHS) by the top-down-to-the-NE South Tibetan detachment (STD; Caby et al., 

1983; Burchfiel et al., 1992). The STD encompasses an up-to-few-km-thick ductile shear zone that is 

commonly overprinted by low-angle brittle faults (e.g. Godin et al., 1999b; Searle et al., 2003; Searle and 

Godin, 2003; Cottle et al., 2007; Kellett and Grujic, 2012). The GHS is composed of Proterozoic to early 

Paleozoic metasedimentary rocks intruded by ca. 880–800 Ma, 510–460 Ma, and 28–14 Ma granites 

(Parrish and Hodges, 1996; Godin et al., 2001; Searle and Godin, 2003; Myrow et al., 2003; Searle et al., 
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2010; Gehrels et al., 2011; Martin, 2017a). The GHS was metamorphosed at high P and moderate T (0.7 

to >1.5 GPa, 500–700 °C) associated with limited partial melting during the Eocene–Oligocene 

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

al., 2014; Stübner et al., 2014; Iaccarino et al., 2015) and then at medium P and high T (0.3–0.7 GPa, 

>650 °C), associated with widespread partial melting and crystallization of large leucogranite bodies 

during the Miocene (Neohimalayan phase; Pêcher, 1989; Vannay and Hodges, 1996; Godin et al. 2001; 

Kohn et al., 2001; Streule et al., 2010). The Eohimalayan and Neohimalayan phases overprint a cryptic 

phase of early Paleozoic metamorphism (e.g. DeCelles et al., 2000; Godin et al., 2001; Gehrels et al., 

2003). The GHS is bound at the base by the top-up-to-the-SW Main Central thrust (MCT), a several 

kilometer-thick high-strain zone that coincides with an inverted metamorphic sequence (Heim and 

Gansser, 1939; Gansser, 1964; Searle et al., 2008; Martin, 2017b). In the footwall of the MCT, the Lesser 

Himalayan sequence (LHS) consists of Paleoproterozoic to early Mesoproterozoic and late Carboniferous 

to Permian sedimentary rocks, Eocene to early Miocene early foreland basin sedimentary rocks, and 

1880–1830 Ma granite (DeCelles et al., 2004; Najman et al., 2005; Gehrels et al., 2011, Martin, 2017a 

and references therein). LHS strata were deformed in an overall foreland-propagating fold-thrust belt 

during the mid- to late Miocene and record metamorphism at greenschist- to subgreenschist-facies 

(DeCelles et al. 2001; Robinson et al. 2006). The foreland-most lithotectonic unit, the Sub-Himalaya, is 

composed of syn-orogenic sedimentary units of the Siwaliks Group that is exposed between the top-to-

the-south, mid- to late Miocene Main Boundary thrust at the top and the seismically active top-to-the-

south Main Frontal thrust at the base (Mugnier et al., 1994; Meigs et al., 1995; Lavé and Avouac, 2000; 

Najman, 2006). The Main Central, Main Boundary and Main Frontal thrusts all root into a single 

detachment underlying the Himalayan orogenic system, the Main Himalayan thrust (MHT; Nelson et al. 

1996; Hauck et al. 1998). 
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1.2.2 The external nappes 

This thesis investigates the tectonometamorphic history of foreland klippen, also referred to as 

Lesser Himalayan crystalline nappes or external crystalline nappes (e.g. Rai et al., 1998; Upreti and Le 

Fort, 1999; Johnson et al., 2001; Johnson, 2005; Antolín et al., 2013). In central Himalaya, the largest 

klippen are, from west to east, the Almora, Dadeldhura, Karnali, Jajarkot, and Kathmandu klippen (Figure 

1.2). These klippen are composed of greenschist- to upper-amphibolite-facies metamorphic rocks and, in 

the core, preserve weakly- to non-metamorphosed upper-crustal sedimentary rocks. The metamorphic 

grade of the rocks in the klippen is lower compared to that of the GHS homoclinal slab, and varies among 

klippen, suggesting important across- and along-strike variations in mid-crustal metamorphism and 

deformation (e.g. Sharma and Kizaki, 1989; Johnson et al., 2001; Naera et al., 2007; Joshi and Tiwari, 

2009; Antolín et al., 2013; Khanal et al., 2015). The relationship between the different klippen and the 

GHS homoclinal slab to the north is thus controversial. Several tectonic models have been proposed to 

explain the occurrence of these metamorphic rocks in the Himalayan foreland, whereby these 

metamorphic rocks have been classified as part of (1) the LHS in the two-thrust model (except for 

metamorphic rocks of the Karnali klippe; Figure 1.2A; Rai et al., 1998; Upreti and Lefort, 1999; Upreti, 

1999), (2) the GHS in the one-thrust model (Figure 1.2B; Johnson et al., 2001; Johnson, 2005; Antolín et 

al., 2013; Khanal et al., 2015), or even (3) the TSS in the tectonic wedging model (Figure 1.2C; Webb et 

al., 2007, 2011; He et al., 2015). In addition, along-strike variations in metamorphic grade between the 

klippen have been associated spatially with underlying structures in the Indian basement (Godin et al., in 

press). Our understanding of the Himalayan mid-crustal evolution can therefore benefit from 

characterization of the metamorphic rocks preserved in the klippen.  
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Figure 1.2 Schematic cross sections of the different tectonic models for the emplacement of the 

Himalayan external crystalline nappes applied to the Jajarkot klippe (location of cross sections on Figure 

1.1). The occurrence and position of the South Tibetan detachment are key factors with which to 

discriminate between the different models (see Chapter 3 for details). (A) Two-thrust model (after Upreti 

and Le Fort, 1999). (B) One-thrust model (after Antolín et al., 2013). (C) Tectonic wedging model (after 

He et al., 2015). LHS—Lesser Himalayan sequence; GHS—Greater Himalayan sequence; TSS—Tethyan 

sedimentary sequence; MT—Mahabharat thrust; MCT—Main Central thrust; MHT—Main Himalayan 

thrust; STD—South Tibetan detachment. 
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1.3 Research questions and approach 

This thesis aims to characterize how mid-crustal metamorphism and deformation varies in the 

direction of tectonic transport, and parallel to the strike of an orogen. In particular, this study focuses on 

metamorphic rocks exposed in the Himalayan foreland and attempts to answer the following questions:  

 

(1) How were the external klippen emplaced and what is the relationship between the klippen and 

the GHS homoclinal slab exposed to the north?  

(2) How does the tectonometamorphic history of the GHS rocks vary from the homoclinal slab to 

the klippen?  

(3) What could explain the along-strike variations in metamorphic grade between the klippen in 

western Nepal? 

 

 These questions are answered in Chapters 2–5 based on detailed mapping in the Karnali and 

Jajarkot klippen in western Nepal, combined with microstructural, geochronological, and 

thermobarometrical analyses. Fieldwork was carried out over two 4–5 week long field seasons in Nepal: 

one in the Karnali klippe in fall 2013 and one in the Jajarkot klippe in spring 2015. Several different types 

of analysis were performed on the samples collected to constrain the pressure–temperature–time–

deformation (P–T–t–D) path of the metamorphic rocks. The sense of shear and the temperature of 

deformation were evaluated with quartz crystallographic <c>-axis preferred orientations (CPO) analyses 

on quartzite and other quartz-rich rocks. Metamorphic conditions were assessed with phase equilibria 

modeling and multi-equilibria conventional thermobarometry on garnet-bearing metapelites. Timing of 

metamorphic and deformation events was constrained with U-Th/Pb petrochronology of monazite and 

xenotime. Timing of cooling and timing of deformation were constrained with 40Ar/39Ar geochronology 

of white mica. Finally, the correlation between sedimentary units preserved in the core of the Jajarkot 

klippe and TSS units in the homoclinal slab was verified with U-Pb geochronology of detrital zircon. 
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1.4 Thesis organization 

Research results are presented as four stand-alone manuscripts in Chapters 2–5. Chapter 2 

characterizes the location, microstructure and timing of deformation along the STD in the Karnali klippe. 

This chapter, which has been published in Geology (Soucy La Roche et al., 2016), demonstrates that 

deformation along the STD started in the early Oligocene, lengthening the period of activity of this major 

structure by several million years. Additionally, mapping of the STD on both flanks of the klippe 

invalidates the inference of the tectonic wedging model that the STD and the MCT merge at depth in the 

Karnali klippe (He et al., 2016).  

Chapter 3 focuses on the emplacement mechanism of the external klippen and has been published 

in the Geological Society of America Bulletin (Soucy La Roche et al., in press). Field and microstructural 

data combined with detrital geochronology data are used to characterize the lithotectonic architecture of 

the Jajarkot klippe. This architecture is only compatible with the one-thrust tectonic model, which 

indicates that the klippen are the southward extension of the GHS and TSS exposed in the hinterland 

(Figure 1.2B). 

Chapter 4 presents detailed P–T–t–D data from the GHS exposed in the Karnali klippe and 

compares its tectonometamorphic evolution with that of the GHS exposed in the homoclinal slab. This 

chapter demonstrates that the Karnali klippe escaped the high-temperature Miocene overprint and is thus 

an excellent area to investigate the early evolution (i.e. Eocene-Oligocene) of the Himalayan middle crust. 

Chapter 4 has been submitted to Tectonics on February 13th, 2018 for a second round of revision.  

Chapter 5 contains detailed P–T–t–D data from the Jajarkot klippe and demonstrates that its 

tectonometamorphic history was significantly different than that of the adjacent Karnali klippe. Data 

presented in this chapter suggest that the evolution of the middle crust was segmented along the strike of 

the orogen and that important lateral strain and metamorphic variations must be taken into account by 

tectonic models. Furthermore, these results add to the growing evidence that along-strike strain 
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partitioning in the Himalaya may have been influenced by inherited Indian basement faults. Chapter 5 

will form the basis for two peer-reviewed papers. 

Supplementary information for Chapters 2–5 is available in Appendices A–D. Appendices A–D 

contain additional detailed methodology, field photographs, photomicrographs, figures, results, detailed 

interpretations and data tables.  
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Chapter 2 

Direct shear fabric dating constrains early Oligocene onset of the South 

Tibetan detachment in the western Nepal Himalaya 

2.1 Abstract 

A newly identified and dated segment of the South Tibetan detachment in the Karnali klippe, 

western Nepal Himalaya, constrains initiation of mid-crustal tectonically driven exhumation to the early 

Oligocene. The folded top-to-the-northeast high-temperature (~600 °C) shear zone separates amphibolite-

facies rocks with a ca. 36–30 Ma prograde metamorphic history in the footwall from weakly to non-

metamorphosed upper crustal rocks in the hanging wall. In situ dating of syn-kinematic–post-

metamorphic peak monazite indicates that the base of the shear zone was active from ca. 30–29 to <24 

Ma, and a post-deformation muscovite cooling age implies that ductile shearing had ceased by ca. 19 Ma. 

Deformation along the South Tibetan detachment in western Nepal was thus synchronous with thrust-

sense shearing along the lower boundary of a zone of migmatitic rocks, compatible with tectonic models 

involving mid-crustal channelized flow during the Oligocene. Along with other published data from the 

Himalayan range, this suggests that the South Tibetan detachment actively exhumed the middle crust for 

almost 20 m.y. 

2.2 Introduction 

The South Tibetan detachment (STD) is a key element in Himalayan tectonic models because of 

its important role in the exhumation of the Himalayan middle crust. This top-down-to-the-north shear 

zone separates the Tethyan sedimentary sequence (TSS) in the hanging wall from the Greater Himalayan 

sequence (GHS) in the footwall (Burchfiel et al., 1992). Specifically, the precise timing of deformation 

along the STD is critical to assess its synchroneity with the top-to-the-south Main Central thrust (MCT) 

underlying the GHS, a condition required by tectonic models involving mid-crustal channelized flow 

(Godin et al., 2006a). Cessation of shearing along the STD is documented between 20 and 16 Ma in the 
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central Himalaya, while syn-deformation ages indicate shearing as early as 26 Ma (see review in Godin et 

al., 2006a). However, the initiation age of the STD in the central Himalaya is still poorly constrained. The 

oldest reported initiation of deformation is inferred at ca. 26–23 Ma from the interpreted onset of 

decompression in the GHS in the western Himalaya (Stübner et al., 2014) and at ca. 25 Ma from the 

extrapolation of diachronous across-strike syn-deformation ages in central Nepal (Leloup et al., 2015). 

Lee and Whitehouse (2007) argued for initiation of a structure correlated with the STD in the north 

Himalayan domes at 35 Ma. However, such an early initiation of STD-related deformation has yet to be 

supported with data from the STD exposed in the main Himalayan range to the south. 

I have identified a new segment of the STD in a klippe in the Himalayan foreland that offers an 

opportunity to date a potentially early segment of the structure. I characterize the nature and kinematics of 

the STD and provide evidence for its early Oligocene onset by combining field observations, 

microstructural analyses, monazite U-Th/Pb petrochronology, and muscovite 40Ar/39Ar 

thermochronology. 

2.3 Geology and structure of the Karnali klippe 

The Karnali klippe is the eastern termination of the Almora-Dadeldhura composite klippe in 

western Nepal (Figure 2.1A), and represents an erosional outlier of GHS and TSS rocks (Upreti and Le 

Fort, 1999). Early studies interpreted the contact between GHS and overlying TSS rocks as conformable 

(Arita et al., 1984a; Hayashi et al., 1984). He et al. (2016) recently correlated the top-to-the-north Tila 

shear zone as an STD segment separating GHS and TSS rocks on the north flank of the klippe (Figure 

2.1A). They proposed that the STD merges with the MCT at the base of the klippe in a tectonic wedge 

geometry, such that neither the GHS nor the STD are exposed on the south flank. 

My detailed mapping of a northeast-southwest–oriented, ~125-km-long transect across both 

flanks of the Karnali klippe, combined with previous mapping (Fuchs, 1977; Arita et al., 1984a; Hayashi 

et al., 1984), confirms that it is a doubly plunging synform underlain by a gently folded, top-to-the-

southwest reverse-sense shear zone that I correlate with the MCT. The Karnali klippe contains greenschist 
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Figure 2.1 (A) Geologic map of the central part of the Karnali klippe, Nepal Himalaya (red polygon on 

inset map; after Antolín et al., 2013), with location of cross section A-A′ and samples JD-46A and JD-

46B (29.098236°N, 81.876649°E; WGS 1984). Hatching indicates the mapped extent of the South 
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Tibetan detachment (STD) and the uppermost Main Central thrust (MCT) high-strain zones. (B) Cross 

section through the Karnali klippe with observed index metamorphic minerals. (C–E) Photographs, 

looking northwest, of σ-porphyroclast (C), asymmetric boudin of leucogranite (D), and sigmoidal lens of 

quartz with asymmetric biotite mats (E) indicating top-to-the-northeast sense of shear at Greater 

Himalayan sequence–Tethyan sedimentary sequence (GHS-TSS) contact. LHS—Lesser Himalayan 

sequence; NHD—north Himalayan domes; MFT—Main Frontal thrust; MBT—Main Boundary thrust; 

Bt—biotite; Grt—garnet; Ky—kyanite; Ms—muscovite; St—staurolite. 

 

to amphibolite facies metamorphic rocks overlain by weakly to non-metamorphosed calcareous 

sedimentary rocks (Figure 2.1A; Arita et al., 1984a; Hayashi et al., 1984). The metamorphic rocks are 

strongly foliated, contain a well-developed mineral elongation lineation plunging to the southwest on the 

north flank and to the northeast on the southwest flank, and are commonly intruded by tourmaline-bearing 

leucogranitic sills and dikes. Based on field observations, the metamorphic field gradient increases from 

biotite grade at the base of the structure to kyanite grade in the upper structural levels. On the southwest 

flank, a decrease from kyanite to staurolite grade is observed up section (Figure 2.1B). In marked contrast 

to those rocks, the overlying units are greenschist to subgreenschist facies calcareous meta-sedimentary 

rocks and limestone devoid of leucogranites. In accordance with Upreti and Le Fort (1999), and based on 

similarity of rock types and metamorphic grade, I interpret the metamorphic rocks and overlying 

sedimentary units to correspond to the GHS and TSS, respectively, preserved as a klippe in the 

Himalayan foreland. 

The contact between the GHS and the TSS is an ~1-km-thick, top-to-the-northeast ductile shear 

zone, as evidenced by C-S-C′ fabric, σ- and δ-porphyroclasts, mica fish, mica mats, and asymmetric 

boudins (Figure 2.1C–1E). The shear zone occurs both on the north flank, 2.5 km structurally above the 

Tila shear zone (Figure 2.1A; He et al., 2016), and on the southwest flank of the Karnali klippe. Note that 

I did not observe clear top-to-the-north shear sense indicators at the Tila shear zone locality. From base to 

top, the high-strain zone involves quartzite, meta-arenite with boudinaged pegmatite (Figure 2.1D), 

diopside-bearing marble with quartz lenses (Figure 2.1E), calcareous meta-arenite, and muscovite + 
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biotite–bearing limestone (Figure 2.1C). On the southwest flank, a thin layer of garnet schist is present 

within the quartzite. 

Rocks at the base of the shear zone exhibit dynamic recrystallization of quartz by grain boundary 

migration (Figure A.1 in Appendix A). Quartz crystallographic <c>- axis preferred orientations (CPO; 

Figure A.2, and methods in Appendix A.1.1) in a biotite + muscovite quartzite from the base of the STD 

on the southwest flank of the Karnali klippe (sample JD-46A, location in Figure 2.1A) yield a well-

defined asymmetric type I crossed girdle indicating a top-to-the-northeast sense of shear (Figure 2.2), 

consistent with field observations and microstructures of adjacent samples. The mean opening angle of 

75° Figure 2.2) implies a deformation temperature of 600 ± 50 °C (Law, 2014, and references therein), 

consistent with observed quartz recrystallization microstructures (>500 °C; Stipp et al., 2002a). 

 

 

 

Figure 2.2 Equal-area lower-hemisphere stereographic projection of quartz crystallographic <c>-axis 

preferred orientations of sample JD-46A indicating top-to-the-northeast sense of shear and temperature of 

deformation of 600 ± 50 °C. 
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I correlate the top-to-the-northeast shear zone with the STD because it separates the GHS in the 

footwall from the TSS in the hanging wall. In contrast, the Tila shear zone (He et al., 2016) does not 

coincide with a significant break in metamorphic grade, as kyanite-grade rocks occur both in the footwall 

and the hanging wall (Figure 2.1A). I therefore consider the Tila shear zone to be a minor structure not 

correlative with the STD. 

2.4 Timing constraints on the South Tibetan Detachment 

The timing of shearing along the STD was assessed by in situ monazite U-Th/Pb petrochronology 

and muscovite 40Ar/39Ar thermochronology. Sample JD-46B (location in Figure 2.1A) is a garnet + 

muscovite + biotite + quartz + plagioclase schist with accessory tourmaline, staurolite, zircon, monazite, 

ilmenite, and apatite collected on the southwest flank at the base of the top-to-the-northeast shear zone, 10 

m structurally below sample JD-46A used for quartz CPO analysis. Abundant top-to-the-northeast shear-

sense indicators such as C-S-C′ fabric, muscovite fish, and σ-porphyroclasts are present at the outcrop and 

thin-section scales (Figure A.2). 

2.4.1 Analytical methods 

U-Th/Pb isotopes and trace element concentrations were obtained on 58 spots from seven 

monazite grains in a standard polished thin section by laser ablation split-stream–multicollector-single-

collector–inductively coupled plasma–mass spectrometry (LASS-ICPMS; Kylander-Clark et al., 2013). 

Details on monazite selection, scanning electron microscope, electron microprobe, and LASS-ICPMS 

conditions, data reduction, and reproducibility of primary and secondary reference monazites can be 

found in Appendix A.1.2. All uncertainties in 208Pb/232Th dates, quoted at 2σ below, include contributions 

from the external reproducibility of the primary reference monazite. I use the terms “date” and “age” to 

refer to results and their interpretation in a tectono-metamorphic context, respectively.  

40Ar/39Ar step-heating and total fusion experiments were performed on single grains of muscovite 

using a Photon Machines CO2 laser and Nu Instruments Noblesse multi-collector mass spectrometer. 
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Mineral separation, sample preparation, irradiation, analytical conditions, and data reduction procedures 

are described in Appendix A.1.3. Uncertainties are reported at the 2σ level. 

2.4.2 Geochronological results 

Monazite is generally elongate (aspect ratio of 2:1–3:1) parallel to the foliation or to shear bands 

defined by muscovite and biotite. Monazite analyses are separated into four domains identified based on 

date, morphology, and quantitative trace element content acquired with LASS-ICPMS (Figure 2.3; see 

Table A.1 in Appendix A for complete results, and Figure A.2 for location of monazite grains in the thin 

section and additional compositional maps). 

Domain 1 consists of partially resorbed cores with irregular edges, low Gd/Yb (38–70), high Y 

(3770–12720 ppm), and yields dates from 36.3 ± 1.0 Ma to 33.9 ± 0.9 Ma. Domain 2 occurs as 

overgrowths on domain 1 cores and individual grains. It is characterized by medium to high Gd/Yb (80–

2527) and decreasing Y (4230–335 ppm) with decreasing date except for two spots with anomalously  

 

 

Figure 2.3 (A) Yttrium (top) and Gd/Yb (bottom) versus 208Pb/232Th date for analyzed monazite of 

sample JD-46B (2σ uncertainties). Domains 1 and 2 are interpreted as pre- and syn-garnet growth. 

Domain 3 marks the onset of garnet breakdown, likely during decompression. Domain 4 is interpreted as 

syn-shearing. (B–C) Maps of relative Y concentration in monazite with date spots in Ma. Note the 

asymmetric shape of domain 4 Y-rich rim interpreted as syn-kinematic. (D) Schematic of domain-1–4 

monazite based on Y X-ray maps. 
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high Y (analyses 42 and 54; 4490 and 6420 ppm) possibly resulting from multi-domain sampling. 

Domain 2 analyses yield dates from 33.7 ± 1.0 Ma to 29.8 ± 0.7 Ma. Domain 3 analyses occur as 

overgrowths on domain 2. They have similar Gd/Yb and Y to domain 2 analyses (477–1563 and 890–

3430 ppm, respectively), but are distinguishable by a decrease in Gd/Yb and an increase in Y compared to 

the youngest analyses from domain 2 and yield dates from 29.7 ± 0.7 Ma to 29.0 ± 0.7 Ma. Domain 4 

analyses are from thin (5–12 µm) asymmetric rims characterized by low Gd/Yb (301–79) that decreases 

with decreasing date, and high Y (4200–10820 ppm) that increases with decreasing date. Domain 4 

analyses yield dates from 28.5 ± 0.8 Ma to 24.7 ± 0.7 Ma. 

Eight total fusion 40Ar/39Ar dates on muscovite range from 17.6 ± 0.2 Ma to 20.1 ± 0.4 Ma, with a 

weighted average of 18.7 ± 0.7 Ma (Figure A.3). Aliquot 3409-05 yields an 18.8 ± 0.3 Ma plateau date, 

indistinguishable from the inverse isochron date (Figure 2.4; Figure A.3G). Similar results from three 

additional step-heating experiments are presented in Figure A.3 and discussed in Appendix A.2. The 

complete data set can be found in Table A.2. 

 

 

Figure 2.4 Muscovite 40Ar/39Ar step-heating date spectra of sample JD-46B. Error bars for individual 

steps are 2σ. MSWD—mean square of weighted deviates. 
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2.4.3 Interpretation of geochronological results 

Simultaneous acquisition of trace element data and U-Th/Pb isotope ratios enables direct 

correlation between dates, monazite chemical composition, and monazite growth conditions (e.g., Larson 

et al., 2013; Stübner et al., 2014). Garnet and xenotime are the primary sinks for Y and heavy rare earth 

elements (HREEs), but because xenotime only occurs as trace inclusions rarely preserved in the core of 

garnet, I argue that garnet exerts the primary control on monazite trace element composition; i.e., in 

sample JD-46B, monazite grown during or after garnet growth should yield high Gd/Yb and low Y 

content, whereas monazite grown during or after garnet breakdown should have a low Gd/ Yb and high Y 

content (Zhu and O’Nions, 1999). 

Domain 1 analyses comprise the oldest dates in the cores of few monazite grains (Figure 2.3A). 

The low Gd/Yb and high Y content of Domain 1 analyses suggest pre- to early syn-garnet growth, 

occurring during prograde metamorphism at ca. 36–34 Ma. The medium to high Gd/Yb and decreasing 

trend of Y content in domain 2 monazite suggest that monazite continued to grow and/or recrystallize 

concurrently with garnet at ca. 34–30 Ma (Figure 2.3A). Garnet is commonly wrapped by the foliation 

and flattened and/or consumed, resulting in foliation-parallel, slightly elongated grain shapes (Figure 

A.2D). Further, inclusions of quartz and ilmenite in garnet are randomly oriented or locally aligned 

perpendicular to the foliation. I therefore interpret ca. 36–30 Ma garnet growth to predate top-to-the-

northeast shear, indicating that the STD was not active during this interval. 

Domain 3 analyses show a different trace element pattern; Y is higher and Gd/Yb is lower 

compared to the youngest analyses from domain 2 (Figure 2.3A). This break at ca. 30 Ma is interpreted to 

record the onset of garnet breakdown. Liberated Y and HREEs were incorporated into newly (re-) 

crystallized monazite. This is supported by local resorption textures in garnet (Figure A.2D). I infer that 

garnet breakdown is a consequence of decompression, because garnet modal proportion is expected to 

decrease along an isothermal decompression path, or combined decompression and cooling path, at ~600 

°C, the temperature of deformation derived from quartz CPO thermometry (e.g., Larson et al., 2013). 

While garnet breakdown could alternatively result from crystallization of trace, submillimeter anhedral 



 

19 

 

crystals of staurolite along a prograde pressure-temperature path (e.g., Spear and Cheney, 1989), I favor 

the former interpretation given the structural context of domain 4 monazite presented here. 

The composition of domain 4 analyses follows a similar trend to that of domain 3— increasing Y 

content and decreasing Gd/Yb with decreasing date, also indicative of monazite (re-) crystallization 

during or after garnet breakdown (Figure 2.3A). In addition, domain 4 monazite forms asymmetric rims 

preferentially located in the extensional quadrants of a strain ellipse under a top-to-the-northeast sense of 

shear (Figs. 3B–3D) (e.g., Williams and Jercinovic, 2002). Domain 4 monazite, dated at ca. 29–25 Ma, is 

thus interpreted as syn-kinematic and provides a robust age constraint on shearing along the STD. Note 

that the minimum date, 24.7 ± 0.7 Ma, represents the youngest syn-kinematic monazite analyzed in this 

study, but not necessarily the minimum age of shearing. 

The absolute minimum age of ductile shearing is constrained by muscovite 40Ar/39Ar 

thermochronology. Because the isotopic closure temperature of muscovite in sample JD-46B (450–480 

°C for a 350-µm-radius grain, -25 to -100 °C/m.y. cooling rate at 500 MPa; see Appendix A.2; Harrison 

et al., 2009) is significantly lower than the temperature of deformation constrained by quartz CPO 

thermometry in sample JD-46A (~600 °C), muscovite 40Ar/39Ar dates are interpreted to reflect post-

deformation cooling after cessation of ductile shearing along the base of the STD at ca. 19 Ma (see 

discussion in the Appendix A.2). 

2.5 Tectonic implications 

Identification of the STD on both flanks of the Karnali klippe and its onset by ca. 30–29 Ma 

constrains plausible tectonic models for exhumation of the GHS. The MCT and the STD do not merge at 

depth beneath the klippe, thus my data do not support a tectonic wedge geometry or model (He et al., 

2016). Models involving lateral flow of the mid-crustal GHS require synchronous deformation along two 

ductile shear zones bounding a channel of melt-weakened material (Godin et al., 2006a). In the Himalaya, 

the STD is the upper boundary to the putative channel, whereas the MCT is commonly proposed as the 

lower boundary. Because disparate criteria have been used to map the MCT (see review in Searle et al., 
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2008), not all purported strands of the MCT can be interpreted as the base of such a channel. For lateral 

flow, the basal shear zone should separate a hanging wall of high-metamorphic-grade migmatitic rocks 

from a footwall of lower-metamorphic-grade rocks with a lower proportion of leucogranite (Godin et al., 

2006a). In Nepal, this corresponds to the MCT-II (Arita et al., 1984a), the upper MCT (Godin et al., 

2006a), and some in-sequence, intra-GHS tectonometamorphic discontinuities (reviews in Montomoli et 

al., 2014; Cottle et al., 2015a). 

Intra-GHS tectonometamorphic discontinuities interpreted as the lower channel boundary were 

active as early as 27 Ma (Montomoli et al., 2014), and kyanite-bearing leucosomes testify to partial 

melting as early as 36 Ma (Cottle et al., 2015a, and references therein). Until now, the STD had not been 

demonstrated to be active at that time. My results show that ductile shearing along the base of the STD in 

the Karnali klippe initiated at ca. 30–29 Ma and ceased by ca. 19 Ma. Deformation along the STD thus 

temporally overlaps with deformation along in-sequence intra-GHS tectonometamorphic discontinuities 

and melt-weakening of the GHS, compatible with lateral channelized mid-crustal flow during the 

Oligocene in western Nepal. Across the Himalayan orogen, coeval activity of the MCT and the STD 

ranges from ca. 30–29 Ma (this study) to ca. 12 Ma (Godin et al., 2006a, and references therein), thus 

extending the possible window for mid-crustal lateral flow to almost 20 m.y. 
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Chapter 3 

Reappraisal of emplacement models for Himalayan external crystalline 

nappes: The Jajarkot klippe, western Nepal 

3.1 Abstract 

Recent mapping in the Jajarkot klippe highlights the presence of the South Tibetan detachment in 

an external crystalline nappe south of the main Himalayan range and provides structural constraints on the 

emplacement mechanism of such nappes. The top-to-the-northeast South Tibetan detachment in the 

Jajarkot klippe separates lower-greenschist- to lower-amphibolite-facies metasedimentary rocks of the 

Greater Himalayan sequence in the footwall from weakly to nonmetamorphosed siliciclastic and 

carbonate rocks of the Tethyan sedimentary sequence in the hanging wall. The maximum depositional age 

of an arenite unit at the base of the Tethyan sedimentary sequence is constrained to the late Cambrian. 

The temperature of deformation increases structurally upward from ~450 °C at the base of the klippe to 

~600 °C in the South Tibetan detachment and decreases sharply to 250–300 °C in its hanging wall. The 

existence of the South Tibetan detachment between the Greater Himalayan sequence and the Tethyan 

sedimentary sequence is only compatible with the one-thrust tectonic model for the emplacement of 

Himalayan external crystalline nappes. The minimum dip-slip displacement along the South Tibetan 

detachment is constrained to 160–185 km in western Nepal based on the restoration of this folded 

structure. The lack of evidence for partial melting in the footwall of the South Tibetan detachment in the 

Jajarkot klippe implies that the melt-weakened middle crust did not flow as far south as the klippe or that 

it flowed obliquely or parallel to the orogen on both sides of the klippe. 

3.2 Introduction 

The Himalayan high-grade metamorphic core, the Greater Himalayan sequence, is primarily 

exposed in a relatively continuous, orogen-parallel, north-dipping homoclinal slab, which forms the 

backbone to many Himalayan tectonic models (e.g., Hodges et al., 1996; Vannay and Hodges, 1996; 
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Grujic et al., 1996; Beaumont et al., 2001; Godin et al., 2001, 2006a; Larson et al., 2010a; Montomoli et 

al., 2013; Cottle et al., 2015a). The Neoproterozoic to early Paleozoic Greater Himalayan sequence was 

carried southward over the low-metamorphic-grade Mesoproterozoic to early Paleozoic Lesser Himalayan 

sequence along the Main Central thrust (Gansser, 1964; Le Fort, 1975; Hodges, 2000; Yin and Harrison, 

2000; Yin, 2006). The Greater Himalayan sequence is bounded at the top by the top-down-to-the-

northeast South Tibetan detachment (Caby et al., 1983; Burchfiel et al., 1992), which separates it from the 

weakly to nonmetamorphosed Paleozoic to Cenozoic Tethyan sedimentary sequence (Garzanti, 1999). 

In addition to the homoclinal slab, Himalayan metamorphic rocks are also exposed to the south of 

the main range in a series of external crystalline nappes, which locally preserve weakly to 

nonmetamorphosed upper-crustal sedimentary rocks in the center (Figure 3.1; e.g., Rai et al., 1998; Upreti  

 

Figure 3.1 Lithotectonic map of central Nepal and western India Himalaya with the locations of the 

external crystalline nappes, the study area shown in Figure 3.3 (black rectangle), and cross section A-A′ 

presented in Figure 3.10. The lithotectonic map extent is located on the geographic map in inset. Map is 

after Antolín et al. (2013) and McQuarrie et al. (2008). ECN—external crystalline nappes; UCSR—

upper-crustal sedimentary rocks; LHS—Lesser Himalayan sequence; GHS—Greater Himalayan 

sequence; TSS—Tethyan sedimentary sequence; MFT— Main Frontal thrust; MBT—Main Boundary 

thrust; MCT—Main Central thrust; STD—South Tibetan detachment. 
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and Le Fort, 1999; Johnson et al., 2001; Johnson, 2005; Antolín et al., 2013). These external crystalline 

nappes are commonly referred to as klippen because they are preserved as synforms underlain by a top-to-

the-southwest shear zone, although some of them are not completely surrounded by footwall rocks (e.g., 

the Kathmandu klippe; Johnson, 2005). The largest klippen in central Himalaya are, from west to east, the 

Almora-Dadeldhura, Karnali, Jajarkot, and Kathmandu klippen (Figure 3.1). Several tectonic models have 

been proposed to explain the occurrence of medium- to high-grade metamorphic rocks south of the 

homoclinal slab, whereby these metamorphic rocks have been classified as part of (1) the Lesser 

Himalayan sequence in the two-thrust model (Rai et al., 1998; Upreti and Lefort, 1999; Upreti, 1999), (2) 

the Greater Himalayan sequence in the one-thrust model (Johnson et al., 2001; Johnson, 2005; Antolín et 

al., 2013; Khanal et al., 2015), or even (3) the Tethyan sedimentary sequence in the tectonic wedging 

model (Figure 3.2; Webb et al., 2007, 2011; He et al., 2015). A key structure with which to test the 

different models is the South Tibetan detachment, because its position—and even its existence—varies 

dramatically depending on the model (Figure 3.2). 

In the two-thrust model (Figure 3.2A; Rai et al., 1998; Upreti and Le Fort, 1999; Upreti, 1999), 

the klippen are interpreted as thrust sheets of Lesser Himalayan sequence rocks carried along the 

Mahabharat thrust, a structurally lower ductile splay of the Main Central thrust. The upper-crustal rocks 

locally preserved in the center of the klippen are predicted to belong to the Lesser Himalayan sequence 

and to be in depositional contact with the underlying medium- to high-grade metamorphic rocks. 

According to this model, the South Tibetan detachment is not present in the klippen. 

In the one-thrust model (Figure 3.2B; Johnson et al., 2001; Johnson, 2005; Antolín et al., 2013; 

Khanal et al., 2015), the metamorphic rocks in the klippen are interpreted as Greater Himalayan sequence 

rocks carried southward along the Main Central thrust. Where preserved, the weakly to 

nonmetamorphosed sedimentary rocks in the center of the klippen are correlative to the Tethyan 

sedimentary sequence and separated from the underlying metamorphic rocks by the South Tibetan 

detachment. 
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Figure 3.2 Schematic cross sections of the different tectonic models for the emplacement of the 

Himalayan external crystalline nappes applied to the Jajarkot klippe. The occurrence and position of the 

South Tibetan detachment are key factors with which to discriminate between the different models (see 

text for details). (A) Two-thrust model (after Upreti and Le Fort, 1999). (B) One-thrust model (after 

Antolín et al., 2013). (C) Tectonic wedging model (after He et al., 2015). LHS—Lesser Himalayan 

sequence; GHS—Greater Himalayan sequence; TSS—Tethyan sedimentary sequence; MT—Mahabharat 

thrust; MCT—Main Central thrust; MHT—Main Himalayan thrust; STD—South Tibetan detachment.  

 

In the tectonic wedging model (Figure 3.2C; Webb et al., 2007, 2011; He et al., 2015), the 

klippen are similarly interpreted to have been carried southward along the Main Central thrust, but the 

South Tibetan detachment is interpreted to merge with the Main Central thrust on the north flank of the 

Almora-Dadeldhura, Karnali, and Kathmandu klippen, and north of the Jajarkot klippe. This implies that 

the south flank of the Almora-Dadeldhura, Karnali, and Kathmandu klippen and the entire Jajarkot klippe 
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are composed of Tethyan sedimentary sequence rocks in tectonic contact with Lesser Himalayan 

sequence rocks along the Main Central thrust. The South Tibetan detachment is absent from the Jajarkot 

klippe and only preserved locally on the north flanks of other klippen. The contact between the upper-

crustal sedimentary rocks and the underlying metamorphic rocks is interpreted as depositional. 

I present field and microstructural data that characterize the position, nature, and kinematics of 

major shear zones and lithologic contacts within the Jajarkot klippe and decipher its structural 

architecture. The depositional age of the sedimentary sequence preserved in the center of the klippe is 

assessed with detrital zircon geochronology. These new data demonstrate the likelyhood of only one of 

the proposed tectonic models pertaining to the emplacement of the external crystalline nappes in the 

Himalaya: the one-thrust model. 

3.3 Previous mapping of the Jajarkot klippe 

The Jajarkot klippe in western Nepal, also referred to as the Jaljala synclinorium, was initially 

investigated by Fuchs and Frank (1970), Arita et al. (1984b), Hayashi et al. (1984), Sharma et al. (1984), 

and Sharma and Kizaki (1989), but received little attention over the last three decades in light of the 

tectonic models mentioned herein. It forms a 125-km-long, 30-km-wide, WNW-ESE–trending synform to 

the southeast of the Karnali klippe (Figure 3.1). Sharma et al. (1984) divided the area into three tectonic 

slices separated by distinct top-to-the southwest thrust faults that coincide with changes in lithology and 

metamorphic grade. The lowest tectonic slice, the Nawakot Unit, underlies the klippe and consists of 

slate, dolomitic limestone, and arkosic sandstone. The middle tectonic slice, the Kuncha Unit, forms the 

base of the klippe and contains phyllite, quartzite, and rare augen gneiss. The Kuncha Unit is overridden 

by the third tectonic slice, composed of the Chaurjhari, Thabang, and Jaljala Units (previously called 

“Formations” by Sharma et al., 1984; Sharma and Kizaki, 1989). The Chaurjhari Unit is composed of 

garnet-bearing schist with minor layers of micaceous quartzite and psammite. The Thabang Unit is 

composed of impure marble, biotite-muscovite-chlorite schist, and arenite. The Jaljala Unit is only 

preserved in the center of the klippe near Jaljala Dhuri, and it consists of calcareous sandstone, limestone  
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Figure 3.3 Geologic map and cross sections through the Jajarkot klippe. Note that metasedimentary units 

are commonly interlayered at a scale too small to be represented on the map (i.e., outcrop scale); 
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therefore, only the main lithological units are displayed. Several units, such as the calc-silicate schist in 

the Chaurjhari Unit, are laterally discontinuous. Hatching indicates the extent of the high-strain shear 

zones. The locations of samples are shown on the map. The occurrence of index metamorphic minerals 

based on field and thin-section observations is indicated below cross section E-E′. A solid line indicates 

the occurrence of the mineral in all metapelitic samples collected, whereas a dashed line indicates that the 

mineral may or may not be present in a metapelite from that structural position. Bt—biotite; Chl—

chlorite; Grt—garnet; Ms—muscovite.  

 

and slate with preserved primary sedimentary structures. Despite the presence of weakly to 

nonmetamorphosed sedimentary rocks (Thabang and Jaljala Units) overlying garnet-bearing schists 

(Chaurjhari Unit), no normal-sense top-to-the-northeast shear zone has previously been identified in the 

klippe, and the contacts between the Chaurjhari, Thabang, and Jaljala Units were interpreted to be 

depositional (Fuchs and Frank, 1970; Sharma et al., 1984). The metamorphic grade was interpreted to 

increase structurally upward from the Nawakot Unit to the Kuncha Unit, peak in the Chaurjhari Unit, and 

decrease gradually structurally upward within the Thabang and Jaljala Units (Sharma and Kizaki, 1989). 

An alternative classification assigns the Nawakot and Kuncha Units to the Chail Nappe, the Chaurjhari 

Unit and the lower half of the Thabang Unit to the Upper Crystalline Nappe, and the upper half of the 

Thabang Unit and the Jaljala Unit to the Dhaulagiri limestone (Fuchs and Frank, 1970). 

3.4 Geology and structure of the Jajarkot klippe 

Four across-strike transects were investigated in the central and western parts of the Jajarkot 

klippe (Figure 3.3). I focused my mapping on the klippe itself, i.e., the rocks in the hanging wall of the 

underlying basal thrust shear zone, and on the uppermost part of the Nawakot Unit below it. The mapping 

was facilitated by recent roadwork, which exposed semicontinuous fresh outcrops on the south flank of 

the central part of the klippe along the Lungrī Kholā and Mādī Kholā transects (Figure 3.3). The 

exposures on the north flank of the central part and on both flanks of the western part are sparser, and 
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outcrops tend to be more weathered. My mapping matches the lithological descriptions of Sharma et al. 

(1984) and Sharma and Kizaki (1989) but differs with respect to the structural interpretation. 

The Nawakot Unit underlies the Jajarkot klippe. The upper part of this unit is composed of arenite 

with preserved detrital grains and sedimentary structures such as ripple marks and cross-bed stratification 

interlayered with greenish to gray slate and phyllite that are progressively more abundant structurally 

upward (Figure 3.4A). Calcareous slate and phyllite occur along the Lungrī Kholā and Mādī Kholā 

transects but were not observed along the western transects. The slaty cleavage in the Nawakot Unit is 

parallel to the bedding and dips moderately to steeply to the north-northeast on the south flank of the 

klippe, and to the south-southwest on the north flank. Sparse lineations defined by quartz aggregates in 

the uppermost Nawakot Unit trend to the northeast and to the southwest on the south and north flanks of 

the klippe, respectively. Tight to isoclinal folds with axial planes parallel to the slaty cleavage are 

common at the outcrop scale, but no large-scale folds were identified. 

The base of the Jajarkot klippe is marked by the lower boundary of a top-to-the-southwest shear 

zone evidenced by ubiquitous C-S-C′ fabric, σ-porphyroclasts, mica fish, sigmoidal inclusion trails in 

garnet porphyroblasts, and asymmetric boudins (Figure 3.4B–C). The shear zone is 3–4 km thick on the 

south flank and 1–2 km thick on the north flank. It consists of quartzite interlayered with minor 

muscovite-biotite-chlorite schist units that increases in abundance structurally upward. The schist is 

garnet-bearing in the uppermost part of the shear zone, and granitic augen gneiss is present near the 

garnet-in isograd in the western part of the klippe (Figure 3.4C–D). The schist contains abundant 

boudinaged quartz veins (Figure 3.4B). These pervasively sheared rocks correspond to the Kuncha Unit 

and the lower half of the Chaurjhari Unit. No discrete thrust could be identified at the base of the 

Chaurjhari Unit (cf. Sharma et al., 1984; Sharma and Kizaki, 1989). Within the shear zone, the bedding-

parallel mylonitic schistosity dips moderately to steeply to the north-northeast on the south flank of the 

klippe, and to the south-southwest on the north flank. The downdip lineation, defined by aggregates of 

quartz and locally biotite, is well developed (Figure 3.4E). Rare outcrop-scale isoclinal folds axial planar  
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Figure 3.4 Photographs of representative lithological units and structures in the Jajarkot klippe. (A) 

Ripple marks in quartz arenite in the Nawakot Unit. (B) Asymmetric boudinaged quartz vein indicating 

top-to-the-southwest sense of shear at the base of the Jajarkot klippe. (C) Sigmoidal inclusion trails in a 

garnet porphyroblast with asymmetric pressure shadows indicating top-to-the-southwest sense of shear in 

the lower part of the Chaurjhari Unit. Photomicrograph in cross-polarized light. (D) Granitic augen gneiss 

at the top of the Kuncha Unit. (E) Lineated quartzite of the Kuncha Unit. (F) Folds with axial planes 

parallel to the regional foliation in quartzite of the Kuncha Unit. (G) Cross-bed stratification (gray lines in 

inset) in arenite of the Thabang Unit. (H) Bedding-parallel crenulation cleavage transposing a 
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perpendicular slaty cleavage preserved in microlithons of a muscovite-biotite schist of the Thabang Unit. 

(I) Interlayered marble (white) and biotite-muscovite schist (dark gray) of the Thabang Unit on the north 

flank of the klippe. A moderately dipping cleavage, interpreted to be axial planar to the regional synform, 

is developed only in the schist. The bedding-cleavage relationship implies that the north flank of the 

Jajarkot klippe is overturned along the easternmost transect. (J) Limestone and tightly folded beds of 

arenite in the Jaljala Unit. (K) Cross-bed stratification in arenite of the Jaljala Unit. (L) Crinoid ossicle in 

limestone of the Jaljala Unit. 

 

to the foliation are preserved in more competent units such as quartzite (Figure 3.4F). South-southwest– 

plunging open kink folds with a crenulation lineation parallel to the fold axis are rare structures 

overprinting the shear foliation in the Chaurjhari Unit. At the map scale, units on the south flank of the 

klippe form a north-northeast–dipping homocline, whereas the north flank is characterized by open to 

tight northwest-southeast–trending folds that overprint the shear foliation. 

Above the top-to-the-southwest high-strain zone, garnet + biotite + muscovite ± chlorite schist 

dominates, with interlayers of calc-silicate schist in the central part of the klippe. The pelitic to psammitic 

schist is in places graphitic and is overlain by quartzite and minor pebbly meta-arenite, which make up the 

upper half of the Chaurjhari Unit. The schistosity and aggregate lineation have the same orientation as in 

the underlying shear zone, but shear-sense indicators are rare and ambiguous. Outcrop- and map-scale, 

open to tight, northwest-southeast–trending folds are common on the north flank but absent on the south 

flank. 

The Chaurjhari Unit is directly overlain by arenite interlayered with marble and biotite-

muscovite-chlorite schist (no garnet) of the Thabang Unit. Structurally upward, the marble proportion 

increases and contains only sparse interlayers of schist and arenite. Structurally higher arenite layers with 

sporadic cross-bedding (Figure 3.4G) are in places thick enough to appear on the map, but they likely 

have a limited lateral extent. Because of its tectonic importance, the contact between the Thabang Unit 

and the underlying Chaurjhari Unit is described in a separate section. A continuous schistosity in the 

marble and a disjunctive cleavage in the schist are well developed in the Thabang Unit. Both foliations 
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are parallel to the bedding and form the main foliation at the outcrop scale. In rare localities, the schist 

rather contains a bedding-parallel crenulation cleavage that transposes a perpendicular slaty cleavage 

preserved in microlithons (Figure 3.4H) and forms a crenulation lineation shallowly plunging to the west-

northwest. The bedding-parallel main foliation dips moderately to the northeast on the south flank of the 

klippe. On the north flank of the klippe, it dips steeply to the southwest in the western part, except where 

folded by open to tight folds trending east-northeast–west-southwest. In the easternmost transect, the 

bedding-parallel foliation dips moderately to steeply to the northeast in both the south and north flanks of 

the klippe. In this area, a second generation of slaty cleavage overprints the bedding-parallel foliation in 

biotite-muscovite schist layers within marble and is interpreted to be parallel to the axial plane of the 

regional synform. This slaty cleavage dips steeply to the north-northeast, while the bedding-parallel 

schistosity dips subvertically to the north-northeast (Figure 3.4I). This bedding-cleavage relationship 

suggests that the north limb of the regional synform is overturned in the easternmost transect (Figure 3.3). 

The along-strike variation in the axial plane orientation of the regional synform and the variable presence 

of map-scale, second-order parasitic folds imply that the Jajarkot synform is not cylindrical. Finally, rare 

open kink folds trending north-northeast–south-southwest are present in the Thabang Unit. 

The Jaljala Unit, which is only preserved at high altitude (~3000–3500 m) in the center of the 

Jajarkot klippe near Jaljala Dhuri, is composed of fine-grained gray limestone with minor interbeds of 

beige arenite (Figure 3.4J). No foliation or lineation is developed, but outcrop-scale tight folds shallowly 

plunging to the west-northwest are outlined by the arenite beds (Figure 3.4J). Abundant cross-bedding is 

present in arenite boulders observed on top of the Jaljala Ridge, but none was observed in situ (Figure 

3.4K). Finally, crinoid ossicles are preserved in limestone beds, confirming the observation of Fuchs and 

Frank (1970; see also Figure 3.4L) and suggesting that these rocks were deposited in the Cambrian(?)–

Ordovician. 



 

32 

 

3.5 Contact between the Chaurjhari and Thabang Units 

The contact between the Chaurjhari Unit and the overlying Thabang Unit marks a drastic change 

in lithology and metamorphic grade from upper-greenschist- to lower-amphibolite-facies pelitic and 

psammitic schist to lower-greenschist-facies marble and limestone with minor siliciclastic layers. The 

contact between the Chaurjhari and Thabang Units is characterized by sheared schist and mylonitic meta-

arenite that contain abundant top-to-the-northeast C-S-C’ fabric, σ- and δ-porphyroclasts, mica fish, 

asymmetric boudins of quartz veins, oblique foliation defined by quartz grain shape preferred orientation, 

and sigmoidal inclusion trails in garnet porphyroblasts (Figure 3.5). Opposite-sense shear bands and 

rotated  

 

Figure 3.5 Photographs of representative structures indicating top-to-the-northeast sense of shear at the 

contact between the Chaurjhari and Thabang Units. (A) C-S-C′ fabrics in a pebbly meta-arenite unit 

exposed along the Lungrī Kholā transect. (B) δ-porphyroclast in the same pebbly meta-arenite unit. (C) 

Backscattered-electron image of sigmoidal inclusion trails defined by ilmenite (Ilm), quartz (Qz), and 

monazite (Mnz) in garnet. (D) C-S fabric in a calcareous schist on the north flank of the western part of 

the klippe. 
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porphyroblasts are rare and only observed at the thin-section scale. The thickness of the shear zone is well 

constrained to ~1 km on the south flank of the klippe along the Lungrī Kholā and Mādī Kholā transects 

(Figure 3.3). Field evidence for the shear zone is notably well developed along the Lungrī Kholā transect, 

where a meta-arenite with 3–50 mm diameter pebbles of plagioclase and polycrystalline quartz—

particularly favorable to the development of shear-sense indicators—is exposed continuously along 

several hundred meters (Figure 3.5A–B). On the north flank of the klippe, the top-to-the-northeast shear 

zone is likely thinner by a few hundred meters (as is the basal top-to-the-southwest shear zone and the 

lithotectonic units), but limited exposure precludes a precise estimate. For the same reason, the thickness 

of the shear zone in the western part of the klippe is unconstrained. Top-to-the-northeast shear-sense 

indicators were nonetheless observed in every location where the Chaurjhari and Thabang Units contact 

was crossed. A major top-to-the-northeast ductile shear zone coinciding with a significant change in 

lithology and metamorphic grade thus marks the contact between the Chaurjhari and Thabang Units.  

3.6 Microstructures and quartz crystallographic <c>-axis preferred orientations 

3.6.1 Methods 

Recrystallization textures in quartz and calcite were documented from 37 thin sections cut 

perpendicular to the foliation and parallel to the mineral lineation. Samples without a visible lineation 

were cut northeast-southwest, in accordance with the regional tectonic transport direction. In addition, 12 

quartz-rich samples were used to measure quartz crystallographic <c>-axis preferred orientations (CPOs; 

see sample location on Figure 3.3; coordinates in Table 3.1; Figure B.1 in Appendix B), which provide 

further information on strain type (coaxial vs. noncoaxial), slip systems, and sense of shear (Tullis et al., 

1973; Lister, 1977; Lister et al., 1978; Lister and Williams, 1979; Law, 1990, 2014; Law et al., 2004, 

2011). 

Quartz crystallographic <c>-axis preferred orientations were measured with a G50 Automated 

Fabric Analyzer housed at the University of Saskatchewan, Saskatoon, Saskatchewan, Canada, with a 5 

µm resolution (Wilson et al., 2007; Peternell et al., 2010; Wilson and Peternell, 2011). This method gives 
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results equivalent to those determined using X-ray (Wilson et al., 2007) and electron backscattered 

diffraction (EBSD; Peternell et al., 2010, 2011; Hunter et al., 2017). Quartz grains were manually picked 

with the INVESTIGATOR software (Peternell et al., 2010), and a retardation and geometric quality filter 

(>80%) was applied to all the optical axes plunging less than 70° to the surface of the thin section. All 

<c>-axis orientation data are presented in equal-area lower-hemisphere stereographic projections oriented 

such that foliation is represented by a vertical east-west plane and lineation is represented by a horizontal 

east-west line. 

Table 3.1 Sample locations 

 

3.6.2 Microstructures 

In the Nawakot Unit, round detrital quartz grains with local bulging recrystallization (Stipp et al., 

2002a, 2002b) at grain boundaries are characteristic of arenite and sandy phyllite (Figure 3.6A). At the 

base of the Kuncha Unit, quartz is typically deformed by subgrain rotation recrystallization (Figure 3.6B), 

whereas grain boundary migration dominates in the upper section of the Kuncha Unit and in the 

Chaurjhari Unit (Figure 3.6C). Quartz grains deformed by top-to-the-northeast shear at the contact 

between the Chaurjhari and Thabang Units and its immediate hanging wall (lower Thabang Unit) are also 

dynamically recrystallized by grain boundary migration (Figure 3.6D). Grain boundary area reduction 

affects some quartz grains from the upper section of the Kuncha Unit, the Chaurjhari Unit, and the lower  

Sample 

number

Latitude 

(ºN)

Longitude 

(ºE)

JK-10 28.273784 82.742615

JK-14B 28.292171 82.759701

JK-17 28.321255 82.770829

JK-25 28.358382 82.793532

JK-28 28.371823 82.792863

JK-76 28.515351 82.703125

JK-98 28.479492 82.539286

JK-100 28.477780 82.534149

JK-104 28.457239 82.518726

JK-156 28.525545 82.346357

JK-167A 28.599815 82.444169

JK-174 28.619322 82.452664

Table 3.1. Sample locations

Note : WGS 1984 geodetic datum
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Figure 3.6 Photomicrographs in cross-polarized light, unless indicated otherwise, of representative quartz 

and calcite recrystallization microstructures. (A) Bulging recrystallization at the edges of detrital quartz 

grains in the Nawakot Unit. (B) Dynamic recrystallization of quartz grains by subgrain rotation at the 

base of the Kuncha Unit. (C) Grain boundary migration in quartz grains from the base of the Chaurjhari 

Unit. (D) Grain boundary migration in quartz grains from the top of the Chaurjhari Unit. Quartz exhibits a 
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grain shape preferred orientation (GSPO) oblique to the horizontal foliation (S), indicating a top-to-the-

northeast sense of shear. (E) Static recrystallization of quartz in the Chaurjhari Unit indicated by grain 

boundary area reduction. (F) Flattened detrital quartz grains in the Thabang Unit in plane-polarized light. 

(G) Round detrital quartz grains in the Thabang Unit with no evidence of dynamic or static 

recrystallization in plane-polarized light (left) and cross-polarized light (right). (H) Calcite grains 

exhibiting twin types II and IV in the Thabang Unit. 

 

section of the Thabang Unit, attesting to partial static recrystallization (Figure 3.6E). Chessboard 

extinction in quartz is absent from all samples. Arenite in the upper part of the Thabang and Jaljala Units 

exhibits recognizable detrital quartz grains, although they are commonly flattened (Figure 3.6F–G). They 

do not display evidence of dynamic recrystallization, such as bulging, subgrain rotation, or grain 

boundary migration, but rare statically recrystallized grains are present. Calcite grains in Thabang and 

Jaljala Unit limestone exhibit twin types II–IV (Figure 3.6H; Burkhard, 1993; Ferrill et al., 2004). 

3.6.3 Quartz crystallographic <c>-axis preferred orientations  

Twelve samples were collected on both flanks of the Jajarkot klippe from the base of the Kuncha 

Unit up to the Thabang Unit (sample locations on Figure 3.3; Table 3.1). All samples were quartzite (with 

minor occurrence of Pl, Ms, Bt, Chl, Tur, and Zrn; abbreviations after Whitney and Evans, 2010) except 

JK-156, a biotite-and muscovite-rich meta-arenite (Bt-Ms-Qz-Pl-Chl-Ep). All CPO fabrics are presented 

in Figure 3.7. 

Samples JK-10, JK-14B, JK-17, JK-104, and JK-174 are from the basal top-to-the-southwest 

high-strain zone, i.e., where ubiquitous top-to-the-southwest shear is recognizable in the field. They are 

characterized by asymmetric top-to-the-southwest type I cross-girdles developed though activation of  

basal <a>, rhomb <a>, and prism <a> slip systems in various proportions. Sample JK-25 was taken from 

a location above the high-strain zone and yielded a poorly defined symmetric (?) cross-girdle suggesting 

the activation of basal <a>, rhomb <a>, and prism <a> slip systems. 
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Figure 3.7. Equal-area lower-hemisphere stereographic projections of quartz crystallographic <c>-axis 

preferred orientations with sense of shear and temperature of deformation at ±50 °C. The relative 

positions of the samples are shown schematically, but no scale is provided because of the variable 

thickness of the units along the different transects. Hatching indicates the extent of the top-to-the-

southwest high-strain zone at the base of the klippe and the top-to-the-northwest high-strain zone at the 

contact between the Chaurjhari and Thabang Units. Fabrics on the left side, except JK-98 at the top, all 

come from samples collected along the well-exposed Lungrī Kholā transect on the south flank of the 

klippe, whereas fabrics on the right side come from samples collected in other transects (for location of 

samples, see Figure 3.3; Table 3.1). All fabrics are oriented such that foliation (S) is represented by a 

vertical east-west plane, and lineation (L) is represented by a horizontal east-west line. The fabrics are 

viewed approximately toward the northwest such that a sinistral fabric implies a top-to-the-southwest (or 

SSW, or WSW) sense of shear and vice versa. Stereographic projections were produced with the 

Stereonet (v. 9) software package of R. Allmendinger. Contouring was done with the 1% area method and 

0.5% contour intervals. 

 

Samples JK-28, JK-76, JK-100, and JK-167A were collected within or in close proximity to the 

top-to-the-northeast high-strain zone that marks the contact between the Chaurjhari and Thabang Units.  

Samples JK-28 and JK-100 yielded an asymmetric top-to-the-northeast type I cross-girdle indicating a 

combination of basal <a>, rhomb <a>, and prism <a> slip systems, consistent with top-to-the-northeast 

shear-sense indicators observed in adjacent outcrops. Samples JK-76 and JK-167A were from the 

Chaurjhari Unit in proximity to the tectonic contact with the Thabang Unit. Limited exposure in these 

areas precluded a precise assessment of the position of samples JK-76 and JK-167A with respect to the 

top-to-the-northeast shear zone. Both samples yielded symmetric (JK-76) to possibly asymmetric top-to-

the-southwest (JK-167A) type I cross-girdles defined by the activation of basal <a>, rhomb <a>, and 

prism <a> slip systems. It is possible that these samples were located in the footwall of the top-to-the-

northeast high-strain zone and consequently do not yield strongly asymmetric fabrics (such as JK-25). 

Alternatively, noncoaxial strain may have been partitioned heterogeneously within the shear zone. The 

sampled units, despite being potentially within the high-strain zone, may have only recorded the coaxial 

component of the general shear. 
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Sample JK-98 is from the immediate hanging wall of the top-to-the-northeast shear zone, i.e., in 

the Thabang Unit, and it yielded a random pattern despite evidence of grain boundary migration dynamic 

recrystallization (along with static grain boundary area reduction) in quartz grains. Finally, JK-156 is a 

meta-arenite located ~1.5 km structurally higher than the base of the Thabang Unit, and it yielded a 

random pattern. The random <c>-axis orientations may represent the random orientation of detrital quartz 

grains, which appear only flattened in this sample, and a lack of dynamic recrystallization. 

3.6.4 Temperature of deformation 

Dynamic recrystallization microstructures such as bulging, subgrain rotation, grain boundary 

migration, and chessboard extinction in quartz (Stipp et al., 2002a, 2002b) and calcite twinning type 

(Burkhard, 1993; Ferrill et al., 2004) are indicative of the approximate temperature of deformation. The 

opening angle of CPO fabrics can also be used to determine quantitatively the temperature of deformation 

±50 °C, assuming that strain rate and hydrolytic weakening are not primary controls on the critical 

resolved shear stress for active slip systems (Kruhl, 1998; Law et al., 2004; Morgan and Law, 2004; Law, 

2014). 

The temperature of deformation profile through the Kuncha and Chaurjhari Units is best 

illustrated by four samples collected for CPO analysis along the Lungrī Kholā transect on the south flank 

of the Jajarkot klippe (JK-10, JK-14B, JK-17, JK-28; see locations on Figure 3.3; also Figure B.1. This 

transect exposes an ~6-km-thick homoclinal (north-dipping) succession with limited structural complexity 

(cross section E-E′ on Figure 3.3; also Figure B.1). The samples range from the base of the top-to-the-

southwest shear zone structurally upward to the top-to-the-northeast shear zone. The lowermost sample, 

JK-10, showed the smallest opening angle of ~60°, indicating a temperature of deformation of 475 °C, 

consistent with dynamic recrystallization of quartz by subgrain rotation (400–500 °C; Figure 3.6B, Figure 

3.7, and Figure 3.8). Upward in the high-strain zone, the opening angle increased to 64° and 68° in 

samples JK-14B and JK-17, respectively, indicating temperatures of deformation of 510 °C and 550 °C, 

respectively, consistent with a transition from subgrain rotation to grain boundary migration quartz  
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Figure 3.8 (A) Schematic structural column with relative positions of samples and extent of the high-

strain zones indicated by hatched pattern. (B) Temperature of deformation based on quartz dynamic 

recrystallization microstructures and calcite twin types (gray rectangles; Burkhard, 1993; Stipp et al., 

2002a, 2002b; Ferrill et al., 2004) and quartz crystallographic <c>-axis preferred orientation thermometry 

(black rectangles; Kruhl, 1998; Law, 2014). The temperature of deformation increases structurally 

upward from the footwall of the top-to-the-southwest shear zone at the base of the klippe and peaks in the 

top-to-the-northwest high-strain zone at the contact between the Chaurjhari and Thabang Units. 

Temperature of deformation decreases drastically in the hanging wall of the top-to-the-northwest shear 

zone. BLG—bulging; CB— chessboard extinction; GBM—grain boundary migration; SGR—subgrain 

rotation. (C) Field occurrences of metamorphic index minerals suggest that metamorphic grade increases 

up section across the top-to-the-southwest shear zone and decreases across the top-to-the-northwest shear 

zone. Bt—biotite; Chl—chlorite; Grt—garnet; Ms—muscovite. (D) Opening angle vs. temperature of 

deformation plot for quartz crystallographic <c>-axis preferred orientation thermometry (Kruhl, 1998; 

Law, 2014). The gray bar illustrates ±50 °C uncertainty. 

 

recrystallization (500–630 °C; Figure 3.6C, Figure 3.7, and Figure 3.8). Finally, the largest opening angle 

of 75°, and thus the highest temperature of deformation of 600 °C, was found in sample JK-28, in the top-

to-the-northeast high-strain zone (Figure 3.7 and Figure 3.8). This temperature is consistent with the 

pervasive grain boundary migration in quartz grains and absence of chessboard extinction (500–630 °C; 

Figure 3.6D). 

Other samples dispersed along the other transects confirm the trend of increasing temperature of 

deformation from the base of the Kuncha Unit toward the top of the Chaurjhari Unit. Sample JK-76, from 

near the top of the Chaurjhari Unit on the north flank of the klippe, has an opening angle of 81°, 

suggesting a temperature of deformation of 650 °C (Figure 3.7 and Figure 3.8). Sample JK-100 in the top-

to-the-northeast and sample JK-104 in the uppermost top-to-the-southwest high-strain zones along the 

Mādī Kholā transect on the south flank of the Jajarkot klippe yielded opening angles of 72° and 65°, 

respectively, associated with temperatures of deformation of 575 °C and 515 °C, respectively (Figure 3.7 

and Figure 3.8). In the northwestern part of the klippe, the 62° opening angle of sample JK-167A 

indicates a temperature of 500 °C, which is lower than observed elsewhere at the contact between the 
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Chaurjhari and Thabang Units (Figure 3.7 and Figure 3.8). The fabric in this sample is, however, not well 

defined, and the two arms are diffuse, reducing the confidence in the opening angle measurement. Finally, 

sample JK-174 at the base of the Kuncha Unit structurally below sample JK-167A yielded an opening 

angle of 55°, implying a temperature of deformation of 445 °C (Figure 3.7 and Figure 3.8). 

The temperature of deformation in the Thabang and Jaljala Units is more difficult to assess 

quantitatively due to the poor development of dynamic recrystallization microstructures in quartz. Grain 

boundary migration at the base of the Thabang Unit (e.g., in JK-98) indicates temperatures of deformation 

of 500–630 °C, but the preservation of mildly deformed (~1.5 km structurally higher within the Thabang 

Unit; Figure 3.6F) to undeformed detrital grains at higher structural levels (~2 km structurally higher; 

Figure 3.6G) suggests limited extent of dynamic and static recrystallization. Bulging dynamic 

recrystallization commonly develops at temperatures above 300 °C, and so its absence, especially in 

samples that do not exhibit static recrystallization, may suggest that these rocks did not attain 300 °C. The 

presence of calcite twin types II–III and IV in Thabang marble and Jaljala limestone (Figure 3.6H) 

implies a deformation temperature range of 250–300 °C. 

In summary, the temperature of deformation increases up section from ~450 °C at the base of the 

top-to-the-southwest shear zone underlying the klippe up to ~600 °C in the top-to-the-northeast shear 

zone between the Chaurjhari and Thabang Units. In the hanging wall of the top-to-the-northeast shear 

zone, dynamic recrystallization textures are less developed, and temperature of deformation decreases to 

250–300 °C. 

3.7 Depositional age of the Thabang and Jaljala Units 

To confirm the loosely constrained Cambrian(?)–Ordovician depositional age of the weakly 

metamorphosed siliciclastic and carbonate rocks preserved in the center of the Jajarkot klippe (Fuchs and 

Frank, 1970), I analyzed detrital zircon from a muscovite- and tourmaline-bearing quartz arenite at the 

base of the Thabang Unit (JK-98; location on Figure 3.3; Table 3.1). 
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3.7.1 Methods 

The sample was crushed with a selFrag (Wang et al., 2012) at Queen’s Facility for Isotope 

Research (Queen’s University). Zircon grains were separated from crushed material at Boise State 

University using standard techniques and annealed at 900 °C for 60 h in a muffle furnace (Allen and 

Campbell, 2012). Zircon grains were separated into a faceted fraction and a round fraction, assuming that 

the faceted zircon grains are more likely to be younger and are better candidates to constrain the 

maximum age of deposition (e.g. Wainman et al., in press). All 29 faceted grains and ~200 randomly 

selected round grains were mounted in epoxy, polished until their centers were exposed, and imaged with 

cathodoluminescence (CL). Zircon was analyzed by laser ablation–inductively coupled plasma–mass 

spectrometry (LA-ICP-MS) using a ThermoElectron X-Series II quadrupole ICP-MS and New Wave 

Research UP-213 Nd:YAG ultraviolet (UV; 213 nm) laser-ablation system at Boise State University. In-

house analytical protocols, standard materials, and data reduction software were used for acquisition and 

calibration of U-Pb dates. Additional details concerning zircon separation techniques and analytical 

methods are available in Appendix B.1. 

Age interpretations are based on 
207

Pb/
206

Pb dates for analyses with 
206

Pb/
238

U dates older than 

1000 Ma and 
206

Pb/
238

U dates for analyses with 
206

Pb/
238

U dates younger than 1000 Ma. Analyses with 

>20% positive discordance and >10% negative discordance were not considered. Errors on the dates from 

individual analyses are given at 2σ. Probability density plots of dates were constructed using Isoplot 3.0 

(Ludwig, 2003). 

3.7.2 Results 

Twenty faceted and 29 round zircon grains yielded dates ranging from 3282 ± 40 to 483 ± 27 Ma, 

with peaks around 2550–2400, 1900–1600, 1300–800, and 650–450 Ma (Figure 3.9; Figure B.2, Table 

B.1 in Appendix B). Faceted grains generally yielded younger dates than round ones, supporting the 

assumption that faceted grains form the youngest population (Figure B.3). However, this sampling 

method introduces a bias in the age spectra: The relative intensity of date peaks does not represent the 
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relative probability of the different age populations because it overestimates the younger peaks, but the 

position of the peaks is not affected. The maximum age of deposition of sample JK-98 was constrained by 

the four youngest analyses that yielded a weighted mean date of 507 ± 15 Ma (mean square of weighted 

deviates = 1.4, probability of fit = 0.24). Thus, the quartz arenite unit at the base of the Thabang Unit in 

the hanging wall of the top-to-the-northeast shear zone is younger than late Cambrian.  

 

 

Figure 3.9 Probability density plot of laser ablation–inductively coupled plasma–mass spectrometry (LA-

ICP-MS) U-Pb dates from faceted and round zircon grains in sample JK-98 (upper part) compared with 

composite probability density plots of detrital zircon grains of the lower Lesser Himalayan sequence (L-

LHS), the Greater Himalayan sequence (GHS), and the Tethyan sedimentary sequence (TSS) from 

Gehrels et al. (2011) (lower part). Plots of GHS, TSS and L-LHS detrital zircon dates are normalized, but 

the vertical scale of the plot of sample JK-98 is exaggerated to put more emphasis on the new data. 

 

3.8 Discussion 

The Jajarkot klippe is underlain by a 1–4-km-thick top-to-the-southwest shear zone that deforms 

siliciclastic rocks of the Kuncha Unit and the lower part of the Chaurjhari Unit. The Chaurjhari Unit is 

separated from the overlying Thabang siliciclastic and carbonate rocks by an ~1-km-thick top-to-the-

northeast shear zone. The field metamorphic gradient is inverted and increases up section from lower-

greenschist-facies at the base of the klippe to lower-amphibolite-facies at the top of the top-to-the-
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northeast shear zone. Above the shear zone, the metamorphic grade decreases abruptly to lower-

greenschist-and subgreenschist-facies, and primary sedimentary structures are preserved. The gradient of 

deformation temperatures based on CPO fabrics and quartz and calcite recrystallization textures correlates 

well with the field metamorphic gradient (Figure 3.8B–C). Temperature of deformation increases from 

~450 °C at the base of the klippe to ~600 °C in the upper part of the Chaurjhari Unit. In the hanging wall 

of the top-to-the-northeast shear zone (i.e., in the Thabang and Jaljala Units), the temperature of 

deformation decreases to 250–300 °C. The gradient of deformation temperatures thus contradicts the 

metamorphic thermal profile of Sharma and Kizaki (1989), who reported the highest metamorphic 

temperature to be near the contact between the Kuncha Unit and the Chaurjhari Unit and suggested a 

gradual decrease structurally upward. The difference in thermal profiles may be a result of comparing 

results obtained with different methods. Temperatures of deformation based on CPO fabrics are presented 

herein, whereas Sharma and Kizaki (1989) reported temperatures of metamorphism based on garnet-

biotite Fe-Mg exchange thermometry with the calibration of Ferry and Spear (1978). Nevertheless, most 

“peak” temperatures in Sharma and Kizaki (1989) were reported to be below 475 °C and are inconsistent 

with the pervasive dynamic recrystallization of quartz by grain boundary migration (>500 °C; Stipp et al., 

2002a, 2002b) observed at the top of the Kuncha Unit and in the Chaurjhari Unit and with temperatures of 

deformation based on CPO fabrics reported herein. Temperature of metamorphism cannot be significantly 

lower than temperature of deformation and yet represent “peak” temperature conditions. This 

inconsistency suggests that some, if not most, temperatures of metamorphism reported in Sharma and 

Kizaki (1989) were underestimated. 

3.8.1 Regional correlations 

I correlate the base of the top-to-the-southwest shear zone underlying the Jajarkot klippe with the 

Main Central thrust according to the structural definition of Searle et al. (2008), which describes the Main 

Central thrust as the base of a thick, high-strain, ductile shear zone coinciding with the base of an inverted 

metamorphic sequence and placing Tertiary metamorphic rocks over weakly to unmetamorphosed rocks 



 

46 

 

(Figure 3.10). Following the recent protolith boundary-structural definition of Martin (2017b), the Main 

Central thrust would lie somewhere in the volume of top-to-the-southwest sheared rocks, perhaps at the 

boundary between the Kuncha and Chaurjhari Units. However, the Main Central thrust (Martin, 2017b) is 

impossible to place precisely without geochemical or detrital geochronology analyses in the Nawakot, 

Kuncha, and Chaurjhari Units. Because these analyses are beyond the scope of this paper, I prefer to use 

the Searle et al. (2008) definition of the Main Central thrust, which allows me to draw the Main Central 

thrust based on field structural data. The weakly metamorphosed Nawakot Unit in the footwall of the 

Main Central thrust is thus correlated with the Lesser Himalayan sequence, whereas the greenschist- to 

amphibolite-facies Kuncha and Chaurjhari Units in the hanging wall are correlated with the Greater 

Himalayan sequence (Figure 3.10). The granitic augen gneiss layer observed at the contact between the 

Kuncha and Chaurjhari Units in the western part of the klippe is correlated with the Ulleri gneiss (Le Fort,  

 

 

Figure 3.10 Simplified regional cross section across western Nepal highlighting the correlation between 

the Jajarkot klippe and the Greater Himalayan sequence and Tethyan sedimentary sequence further north, 

which is unique to the one-thrust model (location on Figure 3.1). The unfolded length of the South 

Tibetan detachment between its foreland-most (south flank of the Karnali klippe) and hinterland-most 

(north flank of the Dolpo anticline) exposures implies a minimum dip slip of ~185 km. See text for 

details. The locations of major shear zones are based on the compilation map of Antolín et al. (2013) and 

this study, while the Lesser Himalayan sequence duplex and the position of the Main Himalayan thrust 

are based on cross sections of Robinson and Martin (2014). LHS—Lesser Himalayan sequence; GHS— 

Greater Himalayan sequence; TSS—Tethyan sedimentary sequence; MFT—Main Frontal thrust; MBT—

Main Boundary thrust; MCT—Main Central thrust; STD—South Tibetan detachment; MHT—Main 

Himalayan thrust. 
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1975; Pêcher and Le Fort, 1977), which is commonly present near the base of the Greater Himalayan 

sequence (following the Main Central thrust definition of Searle et al., 2008). The inverted thermal 

gradient at the base of the Jajarkot klippe is equivalent to the inverted metamorphic sequence at the base 

of the Greater Himalayan sequence in the homoclinal slab, which has been a long-standing debate in 

Himalayan tectonics since its discovery (e.g., Ray, 1947; Gansser, 1964; Le Fort, 1975; Vannay and 

Grasemann, 2001; Yakymchuk and Godin, 2012). The inverted metamorphic sequence is also well 

reflected by the temperature of deformation (e.g., Law et al., 2013; Parsons et al., 2016a), and my new 

results are entirely compatible with such an inverted thermal gradient. Field evidence (i.e., absence of 

staurolite, kyanite, sillimanite, partial melting) suggests that the metamorphic grade in the klippen Greater 

Himalayan sequence is lower compared to the metamorphic grade of the homoclinal slab to the north 

(e.g., Hodges et al., 1996; Vannay and Hodges, 1996; Godin et al., 2001; Larson et al., 2010a; Montomoli 

et al., 2013; Cottle et al., 2015a), but it is similar to the metamorphic grade of the Dadeldhura klippe to 

the west (Beyssac et al., 2004; Naeraa et al., 2007; Antolín et al., 2013). The decrease in peak 

metamorphic temperatures from the hinterland toward the foreland of the orogen has been interpreted to 

represent the isoclinal folding of isograds during extrusion of the metamorphic core (Searle et al., 2006; 

figure 8D in Antolín et al., 2013). 

The lower contact of the Thabang Unit is marked by a top-to-the-northeast ductile shear zone, 

exposed on both flanks of the klippe, that separates rocks of contrasting lithological character and 

metamorphic grade. I correlate this shear zone with the South Tibetan detachment (Figure 3.10). The 

hanging wall of the South Tibetan detachment, i.e., the Thabang and Jaljala Units, is consequently 

correlated with the Tethyan sedimentary sequence (Figure 3.10). The maximum deposition age of the 

quartz arenite at the base of the Thabang Unit, constrained to the late Cambrian, as well as the age of 

dominant detrital zircon populations further support this correlation. An extensive detrital zircon data set 

from the Lesser Himalayan sequence, the Greater Himalayan sequence, and the Tethyan sedimentary 

sequence (Figure 3.9; Gehrels et al., 2011, and references therein) shows that Cambrian–Ordovician 
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detrital zircons are restricted to Tethyan sedimentary sequence strata and to upper Lesser Himalayan 

sequence strata preserved well below the Main Central thrust in southern Nepal (e.g., Robinson et al., 

2006; Robinson and Martin, 2014). No Greater Himalayan sequence metasedimentary rocks or lower 

Lesser Himalayan sequence strata in the immediate footwall of the Main Central thrust contain Paleozoic 

zircons (Gehrels et al., 2011). The ages of the older zircon populations in the Thabang Unit quartz arenite 

(2550–2400, 1900–1600, 1300–800, and 650–450 Ma; Figure 3.9) are also consistent with detrital zircon 

populations in Cambrian–Ordovician Tethyan sedimentary sequence strata. Devonian to Triassic Tethyan 

sedimentary sequence strata yield very limited zircon dates between 2400 and 1200 Ma, whereas Jurassic 

and Cretaceous Tethyan sedimentary sequence strata may yield zircon grains of that age in addition to 

well-defined peaks younger than 400 Ma (Gehrels et al., 2011). The late Cambrian to Ordovician age of 

the quartz arenite at the base of the Thabang Unit is similar to that of the basal unit of the Tethyan 

sedimentary sequence in the homoclinal slab to the north (Fuchs, 1974, 1977; Colchen et al., 1981; 

Upreti, 1999; Garzanti, 1999) and in the Dadeldhura klippe to the west (Gehrels et al., 2006), thus 

reinforcing the regional correlation.  

3.8.2 Tectonic implications 

3.8.2.1 Viability of tectonic models 

The presence of the South Tibetan detachment in the Jajarkot klippe is crucial to test tectonic 

models for the emplacement of Himalayan external nappes. In the two-thrust model, all Jajarkot klippe 

rocks belong to the Lesser Himalayan sequence, and the South Tibetan detachment is absent (Figure 

3.2A; Rai et al., 1998; Upreti and Le Fort, 1999; Upreti, 1999). The one-thrust model requires the 

presence of the South Tibetan detachment between the Greater Himalayan sequence and the Tethyan 

sedimentary sequence in the klippe (Figure 3.2B; Johnson, 2005; Antolín et al., 2013; Khanal et al., 2015; 

Soucy La Roche et al., 2016; Chapter 2). Finally, the tectonic wedging model predicts that the South 

Tibetan detachment merges with the Main Central thrust north of the Jajarkot klippe (and is thus absent in 

the klippe), and that the klippe is composed of Tethyan sedimentary sequence strata in tectonic contact 
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with the underlying Lesser Himalayan sequence units along the top-to-the-southwest Main Central thrust 

(Figure 3.2C; Webb et al., 2007, 2011; He et al., 2015). 

I interpret the metamorphic Greater Himalayan sequence rocks of the Jajarkot klippe to be in 

tectonic contact with the overlying weakly metamorphosed carbonate and siliciclastic Tethyan 

sedimentary sequence rocks along the South Tibetan detachment. This new finding contrasts with 

previous interpretations that the contact is depositional (e.g., Fuchs and Frank, 1970; Sharma et al., 1984; 

Sharma and Kizaki, 1989). This structural architecture is incompatible with the two-thrust hypothesis. 

Further, the lack of correlation between the crystalline rocks of the klippen and those of the Greater 

Himalayan sequence required by the two-thrust model was supported by the right-way-up metamorphic 

gradient in the klippe (e.g., Sharma and Kizaki, 1989), in contrast to the well-developed inverted 

metamorphic gradient of the Greater Himalayan sequence. My new data demonstrate that temperature of 

deformation increases structurally upward and only decreases abruptly across the South Tibetan 

detachment. The two-thrust tectonic model should thus be discarded for the Jajarkot klippe. 

The presence of the South Tibetan detachment on both flanks of the Jajarkot klippe is also 

incompatible with the tectonic wedging model presented in Webb et al. (2011) and He et al. (2015). 

Antolín et al. (2013) and Soucy La Roche et al. (2016; see Chapter 2) demonstrated that the South Tibetan 

detachment does not merge with the Main Central thrust on the north flank of the Dadeldhura and Karnali 

klippen west of the Jajarkot klippe, and that any putative South Tibetan detachment–Main Central thrust 

merger must be south of these klippen. In the Jajarkot klippe, I establish that the South Tibetan 

detachment is present on both the north and south flanks of the klippe, further weakening the argument 

for tectonic wedging in western Nepal. As seen in the cross sections of the Jajarkot klippe (Figure 3.3), 

the Greater Himalayan sequence on the south flank is thicker compared to the Greater Himalayan 

sequence on the north flank, which would suggest that the Main Central thrust and South Tibetan 

detachment diverge toward the south rather than converge. A thinner north flank, despite the presence of 

abundant regional-scale tight folds that would intuitively structurally thicken the units, is also observed in 



 

50 

 

the Karnali klippe (Fuchs, 1977; Soucy La Roche et al., 2016; Chapter 2) and the Dadeldhura klippe 

(Antolín et al., 2013). However, the modern-day shape and structural thickness of the Greater Himalayan 

sequence in the klippen represent a finite strain state that could have been affected by later processes such 

as duplexing in the Lesser Himalayan sequence (Robinson et al., 2006) and may not imply that the South 

Tibetan detachment and Main Central thrust were diverging when they were active. Finally, if such a 

South Tibetan detachment–Main Central thrust merger exists (above the erosion line), its position would 

be significantly farther south in western Nepal compared to central Nepal, where a debatable South 

Tibetan detachment–Main Central thrust merger is described (cf. He et al., 2015; Khanal et al., 2015). 

Alternatively, my data meet all requirements for the one-thrust model, and I prefer the simpler solution—

the Himalayan external nappes represent outliers of the Greater Himalayan sequence and Tethyan 

sedimentary sequence that are exposed to the north. 

3.8.2.2 Displacement along the South Tibetan Detachment 

The occurrence of the South Tibetan detachment in the Jajarkot klippe provides the opportunity to 

calculate the distance parallel to tectonic transport between the foreland-most and the hinterland-most 

exposures of this major structure. I interpret this distance, once the large-wavelength folds are restored, to 

represent the minimum amount of dip-slip displacement along the South Tibetan detachment, because 

there are no preserved hanging wall–footwall cutoffs. North of the Jajarkot klippe, the hinterland-most 

mapped exposure of the South Tibetan detachment is located on the south flank of the Dolpo anticline 

(Figure 3.1), where the footwall consists of the Dolpo-Mugu granite (Cannon and Murphy, 2014). The 

contact between the Greater Himalayan sequence and the Tethyan sedimentary sequence is also exposed 

on the north flank of the Dolpo anticline, ~20 km farther north in Tibet, but problematic access precludes 

its characterization (Cannon and Murphy, 2014). Nevertheless, the South Tibetan detachment is described 

at such a northern position to the west, north of the Gurla Mandhata core complex (Figure 3.1; Murphy 

and Copeland, 2005), and to the east, north of the Changgo culmination (Figure 3.1; Larson et al., 2010b). 

Based on the northernmost mapped exposure of the South Tibetan detachment (Cannon and Murphy, 
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2014), the unfolded length of the South Tibetan detachment parallel to the direction of transport without 

preserved hanging wall–footwall cutoffs implies a minimum dip slip of ~160 km. The minimum 

displacement would increase to ~185 km if the South Tibetan detachment is proven to bound the north 

flank of the Dolpo anticline (Figure 3.10). This minimum displacement is in agreement with other 

estimates from elsewhere in the Himalaya (see compilation in Antolín et al., 2013), though it is on the 

upper end of the range of slip estimates. 

3.8.2.3 Implication for Channel-Flow Models in the Jajarkot Klippe 

The mechanical properties of the rocks in the footwall of the South Tibetan detachment in the 

Jajarkot klippe raise questions about the role of this important shear zone in exhumation models of the 

Himalayan middle crust. The South Tibetan detachment is an orogen-wide (~2500 km in length; Yin, 

2006), top-to-the-northeast structure with significant dip-slip displacement (>185 km) that separates a 

hanging wall and a footwall with contrasting rheology. The presence of melt-weakened material in the 

footwall at most South Tibetan detachment localities has led, in part, to the development of the channel-

flow model (Nelson et al., 1996; Beaumont et al., 2001; Godin et al., 2006a). According to this model, the 

South Tibetan detachment is a stretching fault (in the sense of Means, 1989) that decouples the weak 

infrastructure flowing in the footwall from the strong stationary superstructure in the hanging wall. The 

South Tibetan detachment is therefore the upper boundary along which the footwall is transported 

horizontally along a flat (tunneling stage) or structurally upward along a ramp (extrusion stage) rather 

than a normal-sense shear zone that brings the hanging wall down, as in an extensional tectonic regime. 

This model explains the substantial transport-parallel extent of the South Tibetan detachment and its 

synchroneity with shortening structures such as the Main Central thrust. 

In the Jajarkot klippe, however, the Greater Himalayan sequence rocks in the footwall of the 

South Tibetan detachment reach at most the lower-amphibolite-metamorphic-facies, do not exhibit 

evidence of in situ partial melting, and do not contain in-source leucosome or leucocratic dikes 

(terminology of Sawyer, 2008). They were deformed ductilely at ~500–600 °C, based on microstructural 
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observations and CPO thermometry, but they were rheologically much stronger than rocks with even 

small amounts of partial melt (>7%; Rosenberg and Handy, 2005). This indicates that the South Tibetan 

detachment in the Jajarkot klippe is not the upper boundary of a channel of melt-weakened material, 

although the absence of a weak layer below the South Tibetan detachment does not preclude the 

decoupling of the infrastructure-superstructure and the southward transport of the infrastructure (Godin et 

al., 2011). 

A possible explanation is that melt-weakened middle crust did not flow as far south as the 

Jajarkot klippe; Greater Himalayan sequence rocks in the klippe would thus represent the unmelted 

frontal tip of the extruded channel. This hypothesis would imply that erosion at the front of the channel 

was not sufficient to completely erode the tip of the channel and may suggest that climate is only a minor 

driving force for the extrusion of a melt-weakened channel (e.g., He et al., 2015). Only the tunneling 

stage of channel flow would be viable if the tip of the channel is preserved. If this hypothesis proves to be 

true, the Jajarkot klippe offers the opportunity for future work to study rocks deformed during the earliest 

stages of midcrustal extrusion in front of the channel. 

Alternatively, the melt-weakened middle crust could have flowed obliquely or parallel to the 

orogen to the east and/or the west of the Jajarkot klippe. In the Annapurna-Dhaulagiri region to the 

northeast, Parsons et al. (2016b) demonstrated the importance of an orogen-parallel stretching component 

and suggested that melt may have migrated eastward from the Annapurna-Dhaulagiri region and pooled 

in the Manaslu pluton. Orogen-parallel melt migration could explain the relatively low abundance of 

migmatitic rocks and the lower-than-usual thickness of the Greater Himalayan sequence in the 

Annapurna-Dhaulagiri region (7 km thick; Figure 3.1) compared to other regions in the Himalaya (10–30 

km). In this scenario, the Greater Himalayan sequence would have been transported southward between 

the Main Central thrust at the base and the South Tibetan detachment at the top as a “channel plug” 

during the tunneling stage, and exhumed as a rigid wedge during the extrusion stage (Parsons et al., 

2016a, 2016b, 2016c). Therefore, Greater Himalayan sequence rocks in the Jajarkot klippe would 
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represent a more frontal part of the rigid plug, but not necessarily its tip, and melt-weakened midcrustal 

material may have flowed farther south to each side of the Jajarkot klippe. The Greater Himalayan 

sequence is eroded east of the Jajarkot klippe for over 150 km along strike, and testing this hypothesis is 

not feasible there. Nevertheless, the Greater Himalayan sequence is exposed a few tens of kilometers to 

the northwest at a similar along-strike position on the south flank of the Karnali klippe. In this region, the 

structural thickness of the Greater Himalayan sequence is greater (8–12 km in the Karnali klippe vs. 4–8 

km in the Jajarkot klippe), and migmatitic gneiss and leucocratic dikes are abundant (Frank and Fuchs, 

1970; Fuchs, 1974, 1977; Arita et al., 1984a; Hayashi et al., 1984; Soucy La Roche et al., 2016; Chapter 

2). The Karnali klippe may have served as a reservoir for melt that escaped laterally from the region to the 

north of the Jajarkot klippe.  

3.9 Conclusions 

The Jajarkot klippe consists of lower-greenschist- to lower-amphibolite-facies metasedimentary 

rocks of the Greater Himalayan sequence carried along a top-to-the-southwest shear zone regionally 

correlated with the Main Central thrust. Weakly to nonmetamorphosed Cambrian(?)–Ordovician 

siliciclastic and carbonate Tethyan sedimentary sequence rocks are preserved in the center of the klippe, 

in tectonic contact with the underlying Greater Himalayan sequence along a top-to-the-northwest shear 

zone correlated with the South Tibetan detachment. The temperature of deformation increases structurally 

upward from ~450 °C at the base of the klippe to ~600 °C in the South Tibetan detachment and decreases 

to 250–300 °C in its hanging wall. The structural architecture is only compatible with the one-thrust 

tectonic model for the emplacement of Himalayan external crystalline nappes. The presence of the South 

Tibetan detachment in the Jajarkot klippe provides the opportunity to estimate a minimum dip slip of 

160–185 km along this major Himalayan structure. Finally, the absence of migmatite in the footwall of 

the South Tibetan detachment in the Jajarkot klippe suggests that the melt-weakened middle crust did not 

flow as far south as the klippe, or that it flowed obliquely or parallel to the orogen toward the sides of the 

klippe.  
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Chapter 4 

Preservation of the early evolution of the Himalayan middle crust in foreland 

klippen: insights from the Karnali klippe, western Nepal 

4.1 Abstract 

Although the India–Asia collision has been ongoing since the Eocene, the exposed hinterland of 

the Himalayan orogen was pervasively deformed and metamorphosed at high temperature during the 

Miocene, and hence reveals little information about the Eocene–Oligocene period of collision. New 

pressure–temperature–time–deformation data from the Karnali klippe in western Nepal foreland 

demonstrate that Greater Himalayan sequence (GHS) rocks there escaped the Miocene overprint and 

consequently unveil the early tectonometamorphic evolution of the middle crust. Prograde metamorphism 

in the GHS occured at 40 Ma and peak suprasolidus conditions in the kyanite stability field (i.e. >650–

700 °C and >0.7–1.0 GPa) were attained between 35 and 30 Ma. Peak metamorphism was followed by 

cooling, decompression and melt crystallization at ca. 30 Ma during tectonic exhumation below the South 

Tibetan detachment (STD). As the middle crust was exhumed, strain propagated up-section within the 

STD high-strain zone, which remained active through ca. 16 Ma. The GHS cooled below ~450–475 °C at 

20–17 Ma on the southwest flank and 17–14 Ma on the northeast flank of the Karnali klippe. In marked 

contrast, GHS rocks now exposed in the hinterland were still buried, hot and actively deforming while the 

foreland was cooled and exhumed. Oligocene cooling of the frontal tip of the GHS is compatible with the 

southward extrusion of partially molten mid-crustal rocks followed by renewed shortening along out-of-

sequence shear zones in the hinterland.  

4.2 Introduction 

Rocks deformed and metamorphosed at mid-crustal depth are commonly exposed in the exhumed 

hinterlands of continent-continent collisional orogens. In the Himalaya, amphibolite- to granulite-

metamorphic-facies mid-crustal rocks, part of the Greater Himalayan sequence (GHS), are primarily 
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exposed in a relatively continuous orogen-parallel, north-dipping homoclinal slab (Figure 4.1). Tectonic 

processes governing the pressure–temperature–time–deformation (P–T–t–D) evolution of the GHS have 

been mainly inferred from data collected from this hinterland slab (e.g. Hodges et al., 1996; Vannay and 

Hodges, 1996; Grujic et al., 1996; Godin et al., 2001, 2006a; Larson et al., 2010a; Montomoli et al., 2013; 

Cottle et al., 2015a). However, GHS metamorphic rocks are also exposed in the foreland within multiple 

klippen that can potentially yield crucial and complementary information on the evolution of the middle 

crust (Figure 4.1; e.g. Upreti and Le Fort, 1999; Johnson, 2005; Antolín et al., 2013; Soucy La Roche et 

al., 2016, in press; Chapter 3). The klippen have been isolated by erosion and duplexing in the underlying 

Lesser Himalayan sequence (LHS), which folded the overlying GHS during the late Miocene (Robinson 

et al., 2006) (Figure 4.1B). In western Nepal, GHS rocks exposed in the klippen were extruded to their 

current position between two coeval opposite-sense shear zones, the top-to-the-SW Main Central thrust 

(MCT) at the base and the top-to-the-NE South Tibetan detachment (STD) at the top, during the 

Oligocene and Miocene (Antolín et al., 2013; Soucy La Roche et al., 2016; Braden et al., 2017; Chapter 

2). Some of the klippen preserve in the center low-metamorphic grade sedimentary rocks correlative with 

the Tethyan sedimentary sequence (TSS). Thus they expose a full structural section of the Himalayan 

metamorphic core from the MCT at the base to the immediate hanging wall of the STD at the top. 

Because of the folded geometry of the klippen, the two flanks provide the opportunity to study the GHS 

in two across-strike positions and compare the evolution of the GHS preserved in the foreland to the 

evolution of the GHS preserved in the homoclinal slab to the north (e.g. Braden et al., 2017). 

I characterize the P–T–t–D evolution of GHS rocks exposed in the Karnali klippe (Figure 4.1 and 

Figure 4.2) in western Nepal. The structure of the klippe is assessed by field and microstructural analysis. 

Metamorphic conditions are evaluated with phase equilibria modeling and conventional multi-equilibrium 

thermobarometry. Timing constrains on metamorphic and deformation events are obtained from U-Th/Pb 

petrochronology on monazite and 40Ar/39Ar geochronology on white mica. Combined, these new data 

demonstrate that the GHS exposed in the Karnali klippe attained peak P and T conditions 
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Figure 4.1 (A) Geologic map of India, Nepal and Bhutan Himalaya after Murphy and Copeland (2005), 

Yin (2006), McQuarrie et al. (2008) and Antolín et al. (2013). Black polygon in the Karnali klippe 

indicates the map area of Figure 4.2. The locations of other areas relevant to this study are indicated by 

circled numbers: 1—Dadeldhura klippe (Antolín et al., 2013); 2—Gurla Mandhata (Murphy and 

Copeland, 2005); 3—Humla Karnali (Yakymchuk, 2010; Braden et al., 2017); 4—Dolpo synclinorium 

(Cannon and Murphy, 2014); 5—Mugu Karnali (Montomoli et al., 2013; Iaccarino et al., 2017a); 6—

Lower Dolpo (Carosi et al., 2010, 2013; Gibson et al., 2016); 7—Annapurna (Brown and Nazarchuk, 

1993; Godin et al., 1999b; Hurtado et al., 2001; Godin, 2003); 8—Jajarkot klippe (Soucy La Roche et al., 

in press; Chapter 3); 9—Kathmandu klippe (Johnson et al., 2001; Larson et al., 2016); 10—Ama Drime 

(Groppo et al., 2007; Kellett et al., 2014); 11—far-eastern Nepal (Schelling and Arita, 1991); 12— 

Bhutan (Grujic et al., 2002, 2011; Kellett et al., 2009; Warren et al., 2011); 13—Arunachal Pradesh 

(Warren et al., 2014). (B) Cross section A–A’ illustrating the relationship between the GHS in the 

homoclinal slab and the GHS in the Karnali klippe (modified from Soucy La Roche et al., in press; 

Chapter 3). The MHT is projected from 79°E and 81°E south and north of the hinterland MCT, 

respectively (Caldwell et al., 2013; Gao et al., 2016). The LHS duplex is projected eastward and extended 

northward from Robinson et al. (2006); its geometry is thus speculative. MFT—Main Frontal thrust; 

MBT—Main Boundary thrust; MCT—Main Central thrust; STD—South Tibetan detachment; IYZS— 

Indus-Yarlung Zangbo suture; MHT—Main Himalayan thrust. 
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during the late Eocene and Oligocene, and were already on a cooling and decompression path in the 

Miocene while GHS rocks from the hinterland were experiencing peak T conditions. I demonstrate that 

metamorphism and deformation in the Eocene–Oligocene are equally important for mid-crustal 

thickening and extrusion as is the Miocene event commonly seen as the main Himalayan tectonic event. 

The foreland klippen thus offer the opportunity to broaden our understanding of the India–Asia collision 

by looking at the early mid-crustal evolution of the orogen.  

4.3 Geology of the central Himalaya 

The Himalayan orogen is the result of the ongoing continental collision between the Indian craton 

and Asia, which started at ca. 55 Ma (Najman et al., 2010, 2017; Hu et al., 2016). The Himalayan 

orogenic system is divided into four laterally continuous lithotectonic belts in tectonic contact along 

major north-dipping crustal-scale faults and shear zones (Figure 4.1; Gansser, 1964; Le Fort, 1975; 

Hodges, 2000; Yin and Harrison, 2000; Yin, 2006). The structurally highest belt, the TSS, is composed of 

weakly to non-metamorphosed Paleozoic to Cenozoic sedimentary rocks that record some of the earliest 

evidence of collision-related deformation and crustal thickening in the Eocene (Searle et al., 1987; 

Garzanti, 1999; Godin et al., 1999a, 2001; Godin, 2003, Aikman et al., 2008; Kellett and Godin, 2009). 

The TSS is separated from the underlying GHS by the top-to-the-NE STD (Caby et al., 1983; Burchfiel et 

al., 1992). The STD encompasses an up to few km-thick ductile shear zone active from the early 

Oligocene to the early Miocene that is commonly overprinted by middle Miocene low-angle brittle faults 

(e.g. Carosi et al., 1998; Searle et al., 2003; Searle and Godin, 2003; Cottle et al., 2007; Kellett and 

Grujic, 2012; Soucy La Roche et al., 2016; Iaccarino et al., 2017b; Chapter 2). Because the STD is 

composed of a volume of sheared rocks, as opposed to a single fault plane, greenschist- to amphibolite-

facies units from the STD high-strain zone have been variably assigned to the GHS (e.g. Gleeson and 

Godin, 2006) and the TSS (e.g. Coleman, 1996). The GHS is composed of Proterozoic to early Paleozoic 

metasedimentary rocks intruded by ca. 880–800 Ma, 510–460 Ma, and 28–14 Ma granites (Parrish and 

Hodges, 1996; Searle and Godin, 2003; Myrow et al., 2003; Searle et al., 2010; Gehrels et al., 2011; 
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Visonà et al., 2012; Martin, 2017a). The GHS was metamorphosed at greenschist- to granulite-

metamorphic-facies conditions and was extensively deformed from the Eocene to the Miocene (Pêcher, 

1989; Inger and Harris, 1992; Vannay and Hodges, 1996; Godin et al. 2001; Larson et al. 2010a; Streule 

et al. 2010; Larson and Cottle, 2015; Carosi et al., 2015; Iaccarino et al., 2015, 2017a). The GHS is 

bounded at the base by the top-to-the-SW MCT, a several km-thick proto-mylonite and mylonite zone 

(Searle et al., 2008; Martin, 2017b). In some localities, the MCT zone comprises a system of cryptic, in-

sequence thrust shear zones resulting from the progressive footwall accretion of material to the GHS 

(review in Larson et al., 2015). The structurally higher thrusts, now exposed within the GHS and referred 

to as tectonometamorphic discontinuities, were active as early as the Oligocene in western Nepal (e.g. 

Carosi et al., 2010; Montomoli et al., 2013). The structurally lowest thrust at the base of the MCT high-

strain zone was active in the middle to late Miocene (e.g. Kohn et al., 2001; Montomoli et al., 2013; 

Larson et al., 2013; Braden et al., 2017). The metamorphic field gradient increases from greenschist-

facies at the base of the MTC high-strain zone to amphibolite-facies at the top (Le Fort, 1975; Searle et 

al., 2008). In the footwall of the MCT, the LHS consists of Paleoproterozoic to early Mesoproterozoic and 

late Carboniferous to Permian sedimentary rocks, Eocene to early Miocene foreland basin sedimentary 

rocks, and 1880–1830 Ma granite (DeCelles et al., 2004; Najman et al., 2005; Gehrels et al., 2011; 

Martin, 2017a and references therein). LHS strata were deformed in an overall foreland-propagating fold-

thrust belt during the mid- to late Miocene and record metamorphism at greenschist- to sub-greenschist-

facies (DeCelles et al. 2001; Robinson et al. 2006). The structurally lowest lithotectonic belt, the Sub-

Himalaya, is composed of the syn-orogenic sedimentary units of the Siwaliks Group exposed in between 

the top-to-the-south, mid- to late Miocene Main Boundary thrust at the top and the seismically active top-

to-the-south Main Frontal thrust at the base (Mugnier et al., 1994; Meigs et al., 1995; Lavé and Avouac, 

2000; Najman, 2006). 

This chapter focuses on the tectonometamorphic evolution of the GHS above the MCT high-

strain zone, which has been divided into three principal Units in central Nepal Himalaya (Le Fort, 1975; 
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Searle and Godin, 2003). At the base, Unit I comprises lower- to middle-amphibolite-facies metapelitic to 

meta-arenitic schist and gneiss with minor quartzite. In the middle, Unit II comprises middle- to upper-

amphibolite-facies calc-gneiss. Mostly near the top of the GHS, Unit III comprises middle- to upper-

amphibolite-facies Ordovician augen gneiss intercalated with meta-sedimentary rocks. Two main phases 

of metamorphism are commonly recognized in the GHS (e.g. Vannay and Hodges, 1996; Hodges et al., 

2000). The Eocene–Oligocene Eohimalayan phase is characterized by high P and moderate T 

metamorphism (0.7 to >1.5 GPa, 500–700 °C) associated with crustal thickening and limited partial 

melting (e.g. Inger and Harris, 1992; Vannay and Hodges, 1996; Godin et al., 2001; Groppo et al., 2007; 

Kellett et al., 2014; Carosi et al., 2010, 2015; Iaccarino et al., 2015). The Miocene Neohimalayan phase is 

characterized by medium P and high T metamorphism (0.3–0.7 GPa, >650 °C), widespread partial 

melting and crystallization of leucogranites (Pêcher, 1989; Vannay and Hodges, 1996; Godin et al. 2001; 

Kohn et al., 2001; Streule et al., 2010). The Neohimalayan phase is typically associated with the 

exhumation of the GHS along the MCT and STD, although the STD may have been active prior to this 

metamorphic phase during the early Oligocene (Carosi et al., 2013; Soucy La Roche et al., 2016; Chapter 

2). In the hinterland of central Himalaya, the Eohimalayan phase has been extensively overprinted by the 

Neohimalayan phase. In contrast, the weaker Neohimalayan overprint in northwest Himalaya may have 

facilitated the preservation of the Eocene-Oligocene tectonometamorphic evolution of the Himalaya (e.g. 

Vance and Harris, 1999; Walker et al., 1999; Chambers et al., 2009; Stübner et al., 2014). The potentially 

lower metamorphic grade (i.e. absence of sillimanite-bearing gneiss; Soucy La Roche et al., 2016; 

Chapter 2) in the Karnali klippe compared to the hinterland indicates that foreland klippen could also be 

good candidates to study the early evolution of the Himalayan orogen. 

4.4 Geology and structure of the Karnali Klippe 

The Karnali klippe is the eastern termination of the Almora-Dadeldhura composite klippe in 

western Nepal (Figure 4.1 and Figure 4.2), and represents an erosional outlier of GHS and TSS rocks 
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(Frank and Fuchs, 1970; Fuchs, 1974, 1977; Arita et al., 1984a; Hayashi et al., 1984; Upreti and Le Fort, 

1999; He et al., 2016; Soucy La Roche et al., 2016; Chapter 2).  

The Karnali klippe forms a 55 km wide doubly-plunging synform underlain by the gently folded, 

top-to-the-SW MCT high-strain zone. It contains greenschist- to amphibolite-metamorphic-facies GHS 

rocks in tectonic contact with weakly to non-metamorphosed calcareous TSS rocks along the top-to-the-

NE STD (Figure 4.2; Soucy La Roche et al., 2016; Chapter 2). The main units and structures described 

below are illustrated in Figure C.1 in Appendix C. The bottom half of the GHS is composed of 

metasedimentary units including quartzite and metapelite (correlated to Unit I; Le Fort, 1975) interlayered 

with calc-gneiss (correlated to GHS Unit II; Le Fort, 1975). An inverted metamorphic field gradient 

across the MCT high-strain zone is exemplified by the metapelitic units, which range from Bt + Wm ± 

Grt schist at the base of the high-strain zone to migmatitic Ky + Grt + Bt ± Wm schist just above it 

(abbreviations after Whitney and Evans, 2010, except Wm—white mica). The top half of the GHS is 

composed of biotite-rich quartzo-feldspathic schist in diffuse contact with undated granitic augen gneiss 

and interlayered with thin units of quartzite and migmatitic kyanite-bearing metapelite (correlated to GHS 

Unit III; Le Fort, 1975). The structurally lower biotite-rich quartzo-feldspathic schist is likely a highly 

strained equivalent of the augen gneiss (e.g. Godin et al., 2006b). All GHS units above the MCT are 

commonly intruded by undated deformed leucogranitic sills and dikes, and middle Miocene undeformed 

dikes (e.g. He et al., 2016). 

The strongly developed regional schistosity to gneissic foliation in GHS rocks generally dips to 

the south-southwest on the northeast flank of the klippe and to the northeast on the southwest flank 

(Figure 4.2). Tight to isoclinal folds axial planar to the regional foliation occur at the outcrop scale and 

deform an older foliation observed in fold hinges. WNW–SSE-trending upright open folds at the map 

scale deform the regional foliation and the lithologic contacts on the northeast flank of the klippe (Figure 

4.2) GHS rocks contain a well-developed lineation defined by quartz and biotite aggregates and more 

rarely aligned kyanite crystals that plunge to the southwest on the northeast flank and to the northeast on 
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Figure 4.2 (A) Geologic map of the central part of the Karnali klippe, Nepal Himalaya with locations of 

samples and cross section B-B’ (after Soucy La Roche et al., 2016; Chapter 2). The map location is 

indicated as a black polygon on Figure 4.1. Hatching indicates the mapped extent of the South Tibetan 

detachment (STD) and the uppermost Main Central thrust (MCT) high-strain zones. Foliation 

measurements in the NW and SE flanks of the klippe (grey symbols) are from Arita et al. (1984a) and 
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Hayashi et al. (1984). (B) Cross section B–B’ through the Karnali klippe with observed index 

metamorphic and the projected locations of samples. GHS—Greater Himalayan sequence; TSS—Tethyan 

sedimentary sequence; Bt—biotite; Grt—garnet; Ky—kyanite; St—staurolite; Wm—white mica. 

 

the southwest flank. At a few localities in the middle of the GHS, the quartz and biotite aggregate 

lineation is subparallel to the strike of the foliation and trends east-west. Elsewhere in Nepal Himalaya, 

east-west trending mineral lineations have been interpreted to reflect orogen-parallel flow (e.g. Pêcher, 

1991; Parsons et al., 2016). Top-to-the-SW shear-sense indicators are abundant in the MCT high-strain 

zone and sparse above it. A top-to-the-north structure, the Tila shear zone, has been described in the 

middle of the GHS on the north flank of the Karnali klippe (Figure 2a; He et al., 2016). However, I have 

observed ambiguous evidence for top-to-the-north shear at that location (see also Soucy La Roche et al., 

2016; Chapter 2). Clear top-to-the-NE shear-sense indicators are restricted to the contact between the 

GHS and the TSS, located ~2 km structurally above the Tila shear zone. 

The contact between the GHS and the overlying TSS is a folded ~1-km-thick ductile shear zone 

with top-to-the-NE displacement as evidenced by C-S-C′ fabric, σ- and δ-porphyroclasts of quartz and 

feldspar, mica fish, mica mats, and asymmetric boudins of leucogranite. No brittle deformation was 

recognized in, or above, the shear zone. This shear zone is correlated to the STD and the duration of 

ductile deformation at the base of the shear zone is bracketed between ca. 30 Ma and ca. 19 Ma (Soucy La 

Roche et al., 2016; Chapter 2). The STD is mapped on the northeast and southwest flanks of the klippe, 

but could not be verified on the south flank of the klippe due to steep terrain. The STD is nonetheless 

inferred to be south of the 4000 m ridge upstream from Tinchānge Kholā (Figure 4.2) because the 

stratigraphy is subhorizontal along this river and all boulders deposited in the riverbed are derived from 

the TSS, implying that no GHS rocks are exposed upstream. On the map of Figure 2, I have drawn the 

STD ‘plane’, which separates the GHS from the overlying TSS, at the base of the first unit that is 

completely included in the top-to-the-NE shear zone. This boundary marks a major change from 

predominantly quartzo-feldspathic units in the GSH to (meta-)carbonate units in the TSS. I acknowledge 
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that the location of the STD ‘plane’ is arbitrary because the true tectonic contact is a km-thick volume of 

sheared rocks. 

In marked contrast to the GHS, the overlying TSS from base to top, consists of Di + Wm + Bt 

calc-schist with quartz ribbons and lenses, marble, calcareous meta-arenite, white mica-biotite crystalline 

limestone and silty laminated limestone. Tourmaline-bearing leucogranite sills and dikes are absent from 

these units, except at the very base where they are deformed within the STD high-strain zone. TSS rocks 

contain a sub-horizontal disjunctive cleavage parallel to bedding, except in the STD high-strain zone 

where the bedding-parallel schistosity dips shallowly to moderately toward the center of the klippe. 

Meter- to decameter-scale north-verging open to tight folds are occasionally developed in TSS units. A 

down-dip lineation, defined by aggregates of biotite, quartz and calcite, is restricted to the STD high-

strain zone. Above the STD high-strain zone, white mica-biotite limestone commonly contains a 

crenulation lineation trending northwest-southeast.  

4.5 Methods 

4.5.1 Microstructures and quartz crystallographic <c>-axis preferred orientations 

Recrystallization microstructures in quartz and calcite were documented from 25 thin sections cut 

perpendicular to the foliation and parallel to the mineral lineation, or parallel to the regional tectonic 

transport direction (NE–SW) in the absence of a visible lineation. Quartz crystallographic <c>-axis 

preferred orientations (CPO) were measured in six quartz-rich samples (sample locations on Figure 4.2 

and Table C.1 in Appendix C) with a G50 Automated Fabric Analyzer at the University of Saskatchewan, 

Saskatoon (Wilson et al., 2007; Peternell et al., 2010; Wilson and Peternell, 2011). Temperature of 

deformation to ± 50 °C was calculated with the linear calibration (Kruhl, 1998; Law, 2014) for opening 

angles < 90° and the pressure-dependent logarithmic calibration (Faleiros et al., 2016) for opening angles 

>90° at P = 1.0 GPa. Details on operating conditions, software and CPO thermometry can be found in the 

supporting information (Appendix C.1.1). 
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4.5.2 Petrography and mineral chemical composition 

Thin sections were scanned using a mineral liberation analyzer 650 field emission gun 

environmental scanning electron microscope (MLA 650 FEG ESEM; Fandrich et al., 2007) at Queen’s 

Facility for Isotope Research (Queen’s University) to identify matrix minerals and inclusions in 

porphyroblasts, and complement petrographic observations on mineral textures. The chemical 

composition of garnet, plagioclase, biotite and white mica was measured using wavelength dispersive 

spectrometry on a JEOL JXA-8230 electron microprobe at Queen’s Facility for Isotope Research. 

Chemical zoning in garnet was assessed with rim to rim transects across garnet, and with X-ray Fe, Mg, 

Mn and Ca maps on selected grains. Details on operating conditions, standards and corrections can be 

found in Appendix C.1.2.  

4.5.3 Phase equilibria modeling and conventional thermobarometry 

Isochemical phase diagrams were calculated in the system TiMnNCKFMASH using bulk rock 

chemical compositions measured by X-ray fluorescence (Table C.2). Thermodynamic calculations were 

conducted with the software Perple_X 6.7.3 (Connolly, 1990, 2005, 2009) and the internally consistent 

and updated thermodynamic database tc-ds55 of Holland and Powell (1998, revised 2004). Details on 

mineral solid solutions, water content and bulk-rock chemical compositions are presented in the 

supporting information (Appendix C.1.3). 

Phase equilibria modeling results were compared with conventional thermobarometry results 

obtained with the software thermocalc version 3.33 (Holland and Powell, 1998; Powell and Holland, 

1988, 1994, 2008) using the same thermodynamic database (tc-ds55; Holland and Powell, 1998, revised 

2004). I used the software TC_Comb (Dolivo-Dobrovolsky, 2013, http://www.dimadd.ru/en) that allows 

rapid P–T calculations by the thermocalc avPT method (Holland and Powell, 1994) for all possible 

permutations of a set of mineral compositions interpreted to have been in equilibrium at peak 

metamorphic conditions. The permutation method is used to test the effects of intra- and inter-crystalline 

heterogeneity on P–T estimates (e.g. Soucy La Roche et al., 2015). All necessary precautions to choose 
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mineral compositions appropriate to estimate peak P–T conditions in high-grade metapelites (e.g. Spear 

and Florence, 1992; Spear et al., 1999, Kohn and Spear, 2000; Schaubs et al., 2002; Soucy La Roche et 

al., 2015) are described in the supporting information (Appendix C.1.3). 

Phase equilibria modeling and conventional thermobarometry rely on assumptions that may be 

difficult to assess (see Powell and Holland, 1994, 2008, 2010 ; Spear and Florence, 1992; Kohn and 

Spear, 2000; Spear et al., 2016). In particular, phase equilibria modeling requires the determination of the 

appropriate equilibration volume composition, whereas conventional thermobarometry assumes that the 

analyzed minerals formed at the same time and P–T conditions (more details in Appendix C.1.3). Because 

the two methods rely on different assumptions, they are seen as complementary and equally important. 

4.5.4 U-Th/Pb monazite petrochronology 

U-Th/Pb isotopes and trace element concentrations were obtained in situ from monazite grains in 

standard polished thin sections by laser-ablation split stream multi-collector-single-collector inductively-

coupled plasma mass spectrometry at the University of California, Santa Barbara (LASS-ICPMS; Cottle 

et al., 2012, 2013; Kylander-Clark et al., 2013). Details on monazite selection, scanning electron 

microscope, electron microprobe and LASS-ICPMS conditions, data reduction, and reproducibility of 

primary and secondary reference monazites can be found in supporting information (Appendix C.1.4). All 

uncertainties in 208Pb/232Th dates used for interpretations, quoted at 2σ, include contributions from the 

external reproducibility of the primary reference monazite. I use the terms “date” and “age” to refer to 

results and their interpretation in a tectono-metamorphic context, respectively. 

4.5.5 40Ar/39Ar geochronology 

40Ar/39Ar step-heating and total fusion experiments were performed on single grains of white 

mica from all but one sample (JD-33) using a Photon Machines CO2 laser and Nu Instruments Noblesse 

multicollector mass spectrometer at the Geological Survey of Canada, Ottawa. In sample JD-33, the step-

heating experiment was performed on one multi-grain aliquot and total fusion experiments were 

performed on 8 multi-grain aliquots and 3 single-grain aliquots. Mineral separation, sample preparation, 
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irradiation, analytical conditions and data reduction procedures are described in the supporting 

information (Appendix C.1.5). Uncertainties are reported at the 2σ level. Plateau dates are defined using 

the following criteria: at least 3 consecutive steps that are within 2σ error of each other and that together 

comprise at least 50% of the total 39Ar released. 

4.6 Results 

4.6.1 Microstructures  

Quartz is pervasively recrystallized by grain boundary migration (Figure 4.3A) (terminology of 

Stipp et al., 2002a, 2002b) throughout the GHS, from the upper part of the MCT high-strain zone to the 

STD high-strain zone. Chessboard extinction is restricted to GHS rocks directly above and below the 

MCT and STD high-strain zones, respectively (Figure 4.3B). In the hanging wall of the STD, quartz 

grains are generally round or polygonal and do not show evidence of strong dynamic recrystallization. 

Round quartz grains (Figure 4.3C) are interpreted as relict detrital grains.  

Calcite exhibit type III and IV twinning (Burkhard, 1993; Ferrill et al., 2004) in marble and calc-

schist in the upper part of the STD high-strain zone (Figure 4.3D–E), whereas type I and II twinning 

dominate in limestone in the immediate hanging wall of the STD (Figure 4.3F). In the highest structural 

levels of the TSS, fine grain size precludes the observation of calcite twins. 

4.6.2 Quartz crystallographic <c>-axis preferred orientation 

Six samples were collected from both flanks of the Karnali klippe (sample locations on Figure 4.2 

and Table C.1). All samples are quartzite with trace amounts of Pl, Wm, Bt, Tur and Grt except JD-16, 

which is a Bt + Wm + Di + Pl + Tur calc-schist with 1–3 mm thick quartz ribbons. Quartz is dynamically 

recrystallized by grain boundary migration in all samples and chessboard extinction occurs in JD-58A, 

JD-06D and JD-22. All CPO fabrics are presented in Figure 4.4 and the samples are described from the 

structurally lowest in the upper part of the MCT high-strain zone to the structurally highest in the STD 

high-strain zone, regardless of the klippe flank they are coming from. 
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Figure 4.3 Photomicrographs in cross-polarized light, unless indicated otherwise, of representative quartz 

and calcite recrystallization microstructures. (A) Dynamic recrystallization of quartz grains by grain 

boundary migration (GBM) in a quartzite from the Greater Himalayan sequence (GHS). (B) Chessboard 

extinction in quartz grain from a GHS quartzite. (C) Limited recrystallization of round detrital quartz 

grains in a silty layer within a Tethyan sedimentary sequence (TSS) limestone above the South Tibetan 

detachment (STD) high-strain zone in plane-polarized light (left) and cross-polarized light (right). (D) 

Patchy calcite type IV twins in calc-schist from the STD high-strain zone. (E) Tapered and bent calcite 

type III twins in calc-schist from the STD high-strain zone. (F) Thin and thick calcite types I and II twins 

in TSS limestone above the STD high-strain zone. Also note the round quartz grains interpreted as relict 

detrital grains. Bt—biotite; Cal—calcite; Qz—quartz; Wm—white mica. 

 

Sample JD-62 is the structurally lowest sample in the upper part of the of the MCT high-strain zone on 

the southwest flank of the Karnali klippe. The CPO fabric is defined by a top-to-the-WSW asymmetric 

type I crossed girdle. Intracrystalline dislocation is interpreted to have occurred through a combination of 

prism <a>, rhomb <a> and basal <a> slip systems (Schmid and Casey, 1986). The opening angles of 70° 

and 75° suggest an average temperature of deformation of 580 °C (Low- temperature linear relationship; 

Kruhl, 1998; Law, 2014), consistent with pervasive quartz grain boundary migration and absence of 

chessboard extinction (500–630 °C; Stipp et al., 2002a, 2002b). 
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Figure 4.4 (A) Equal-area lower-hemisphere stereographic projection of quartz crystallographic <c>-axis 

preferred orientations with sense of shear and temperature of deformation at ± 50 °C (see Figure 4.2 for 

locations of samples). The relative position of the samples is shown schematically on the left. Hatching 

indicates the extent of the Main Central thrust (MCT) and South Tibetan detachment (STD) high-strain 

zones bounding the Greater Himalayan sequence (GHS) in the Karnali klippe. All fabrics are oriented 
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such that foliation (S) is represented by a vertical east-west plane and lineation (L) by a horizontal east-

west line. Stereographic projections were produced with Stereonet (v9) software package of R. 

Allmendinger. Contouring was done with the 1% area method and 0.5% contour intervals. (B) Samples 

plotted on an opening angle vs. temperature of deformation diagram for quartz crystallographic <c>-axis 

preferred orientations thermometry. Temperature of deformation is calculated using a linear calibration 

(solid grey line; Kruhl, 1998; Law, 2014) for small opening angles (< 90°) and a pressure-dependent 

logarithmic calibration (dashed grey line; Faleiros et al., 2016) for large opening angles (>90°), assuming 

a pressure of 1.0 GPa based on P–T results from this study. The grey bar illustrates the ± 50 °C 

uncertainty. 

 

GHS sample JD-58A is from the southwest flank of the Karnali klippe, approximately 2 km 

structurally above the MCT high-strain zone. The CPO fabric forms a type I crossed girdle without a 

clearly defined asymmetry. Intracrystalline dislocation is interpreted to have occurred through a 

combination of rhomb <a>, prism <a> and basal <a> slip systems (Schmid and Casey, 1986). The 96° 

opening angle of the CPO fabric suggest a temperature of deformation of 745 °C (high-temperature 

pressure-dependent logarithmic calibration for P = 1.0 GPa; Faleiros et al., 2016). High temperature of 

deformation is supported by the presence of chessboard extinction (>630 °C; Stipp et al., 2002a, 2002b). 

Sample JD-06D is from the middle of the GHS on the northeast flank of the Karnali klippe. It is 

located within the Tila shear zone (Figure 4.2; He et al., 2016). The CPO fabric forms a weakly 

asymmetric type I crossed girdle suggesting a top-to-the-SSE sense of shear, 

inconsistent with the top-to-the-north sense of shear interpretation of He et al. (2016), but consistent with 

top-to-the-SE shear bands observed in a nearby sample (JD-06B). The partial development of small 

circles parallel to the foliation in fabric JD-06D suggests a component of flattening strain (Lister and 

Hobbs, 1980). Intracrystalline slip systems forming the crossed girdle are predominantly basal <a>, 

rhomb <a> and prism <a> (Schmid and Casey, 1986). In addition, some quartz c-axes are oriented 

parallel to the lineation, compatible with the activation of the prism <c> slip system (Schmid and Casey, 

1986). Simultaneous activation of basal <a> and prism <c> slip systems is generally associated with high 
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temperature deformation (>630 °C) and is compatible with the presence of chessboard extinction in this 

sample (Blumenfeld et al., 1986; Mainprice et al., 1986; Stipp et al., 2002a, 2002b). The opening angle of 

98° suggests a temperature of deformation of 750 °C (Faleiros et al. 2016; P = 1.0 GPa). The presence of 

a flattening component means that the measured opening angle is likely greater compared to a purely 

plane strain fabric under the same conditions (e.g. Lister and Hobbs, 1980). The measured opening angle 

is thus inferred to be a maximum opening angle and therefore a maximum temperature estimate.  

Sample JD-22 is from the northeast flank of the Karnali klippe, just below the STD high-strain 

zone. The CPO fabric comprises an inclined single girdle and a point maximum close to the primitive 

great circle. The single girdle suggests the activation of basal, rhomb and prism <a> slip system (Schmid 

and Casey, 1986), compatible with top-to-the-south sense of shear. The primitive great circle point 

maximum oblique to the foliation suggests the presence of prism <c>, consistent with top-to-the-south 

sense of shear. The presence of chessboard extinction in this sample supports the simultaneous activation 

of basal <a> and prism <c> slip systems (Blumenfeld et al., 1986; Mainprice et al., 1986). The 100° 

opening angle implies a temperature of deformation of 760 °C (Faleiros et al., 2016; P = 1.0 GPa). 

Sample JD-16 is from the middle of the STD high-strain zone on the northeast flank of the 

Karnali klippe. The CPO fabric of quartz ribbons forms a moderately-defined type I crossed girdle with a 

faint top-to-the-ENE asymmetry. Poor fabric definition and asymmetry is likely due to strain partitioning 

into Wm-Bt-Cal rich zones (e.g. Song and Ree, 2007; Hunter et al. 2016). Intracrystalline dislocation is 

interpreted to have mostly occurred via the basal <a> system, with minor contributions from rhomb <a> 

and prism <a> systems (Schmid and Casey, 1986). This indicates lower temperature of deformation 

compared to structurally lower samples because basal <a> slip activates at lower critical resolved shear 

stress under low to moderate temperatures (Mainprice and Nicolas, 1989). This is further supported by the 

opening angle of 65° for the lower part of the fabric that implies a deformation temperature of 520 °C 

(Kruhl, 1998; Law, 2014). The opening angle of the upper part of the fabric is apparently larger (~75°), 

but a visual assessment of the scatter plot shows that the two upper arms of the CPO fabric are diffuse, 
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which reduces the confidence in the opening angle measurement. The 520 °C deformation temperature is 

consistent with quartz recrystallization by grain boundary migration and absence of chessboard extinction 

(500–630 °C; Stipp et al., 2002a; 2002b).  

4.6.3 Petrography and major mineral chemical composition 

Six samples from different structural levels were collected from both flanks of the Karnali klippe 

(locations on Figure 4.2 and Table C.1) to investigate the P–T history of the GHS. Samples JD-06B and 

JD-13 are from the northeast flank of the Karnali klippe, in the center of the GHS, and just below the STD 

high-strain zone at the top of the GHS, respectively. Samples JD-58B, JD-54, JD-48 and JD-46B are from 

the southwest flank of the klippe and cover a structural transect from ~2 km above the MCT high-strain 

zone (JD-58B) up to the STD high-strain zone (JD-46B). All samples are metapelites characterized by 

peak metamorphic assemblages of Grt + Bt + Qz + Pl ± Ky ± Wm ± Ilm ± Rt with accessory Tur + Ap + 

Zrn + Mnz. K-feldspar and sillimanite are absent from all samples. Up to 10% volume of in situ 

leucosome, commonly kyanite-bearing, was recognized at every outcrop sampled except for JD-46B, 

which contains no evidence for partial melting (Figure 4.5A). Although unambiguous microstructural 

evidence of former melt is preserved in some samples (e.g. lobate inclusions of quartz and large poly-

mineralic inclusions in garnet), the pervasive solid-state dynamic recrystallization of quartz by grain 

boundary migration in all samples may have obliterated delicate evidence of former melt such as cuspate 

volumes and thin films of quartz around refractory minerals, veinlets of quartz and plagioclase, or 

microgranophyric intergrowths of quartz and alkali feldspar (Holness et al., 2011; Vernon, 2011).  

The following sections describe thoroughly three samples (JD-06B, JD-48 and JD-46B) that are 

representative of the metamorphic mineral assemblages, textures and mineral compositions observed in 

GHS rocks from the Karnali klippe. The remaining three samples (JD-13, JD-58B and JD-54) are 

described in detail in the supporting information (Appendix C.2.1, Figure C.2 and Figure C.3). Chemical 

compositions of garnet, biotite, white mica and plagioclase are presented in Table C.3. 
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4.6.3.1 Northeast flank of the Karnali klippe 

The peak metamorphic assemblage for sample JD-06B is composed of Grt + Ky + Bt + Wm + Qz 

+ Pl + melt with rare, unstable, prograde Rt and Ilm, and late Chl. Garnet is 2–5 mm large and wrapped 

by the foliation, suggesting it is pre- to syn-tectonic. Garnet contains randomly oriented lobate inclusions 

of quartz, and large poly-mineralic (Qz, Pl, Bt, Wm, Aln) inclusions. Garnet is anhedral and partially 

replaced by quartz, plagioclase and biotite, suggesting garnet breakdown during retrograde 

metamorphism, possibly during melt crystallization by the reaction: 

(1) Grt + melt = Bt + Als + Pl + Qz (Vielzeuf and Holloway, 1988). 

White mica and biotite form top-to-the-SE shear bands. Rare late chlorite partially replaces garnet and 

biotite. Plagioclase occurs as rare grains in the matrix and inclusions in garnet. 

In sample JD-06B, garnet chemical composition is generally homogenous throughout, although 

larger garnets preserve a subtle relict growth zoning indicated by a decrease in Xsps and Xgrs from core to 

rim (Figure 4.6). Garnet rims invariably show a positive spike in Xalm and Xsps, and negative spikes in Xprp 

and Xgrs, consistent with partial resorption of garnet during retrograde metamorphism (Spear and 

Florence, 1992). XMg increases and Ti decreases from core (XMg = 0.47–0.48; Ti = 0.13–0.15 atoms per 

formula unit (a.p.f.u.)) to rim (XMg = 0.50–0.51; Ti = 0.11–0.13 a.p.f.u.) in biotite grains isolated from 

garnet by quartz and feldspar. Biotite in contact with garnet has higher XMg (0.50–0.52) and lower Ti 

(0.5–0.10 a.p.f.u.) content that decrease toward the contact with garnet. White mica composition is 

homogeneous, K-rich and Na-poor (K = 0.86–0.89 a.p.f.u., Na = 0.10–0.11 a.p.f.u.), and with no 

systematic variation associated with textural setting. Plagioclase composition is homogenous (An26–29) 

except for two inclusions in garnet that are more Na-rich (An12 and An23). 

4.6.3.2 Southwest flank of the Karnali klippe 

The peak metamorphic assemblage for sample JD-48 is Grt + Ky + Bt + Qz + Pl + melt. 

Cordierite, staurolite and chlorite are interpreted retrograde minerals, and rutile is interpreted as prograde 

and retrograde. Garnet is 6 mm large, contains abundant elongate inclusions of quartz and rutile defining  
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Figure 4.5 Photographs and photomicrographs of metamorphic minerals and reactions. Additional 

photomicrographs are available in Figure C.2. (A) Kyanite-bearing leucosome within a migmatitic Ky-

Grt-Bt-Wm schist (JD-06B). (B) Resorbed garnet in JD-48. Note that sample JD-48 is not oriented. 

Dashed line indicates the probable size of the original garnet based on the aligned quartz grains 

interpreted as former inclusions (dotted lines) and the outer edge of unoriented biotite grains. Location of 

Figure 4.5C shown with black box. (C) Rim of biotite, chlorite and cordierite around garnet in JD-48. (D) 

Partially resorbed kyanite porphyroblasts with straight inclusions (Si) and aligned at an angle to the matrix 

foliation (S) in JD-48. (E) Staurolite porphyroblasts with abundant rutile inclusions and sigmoidal 

inclusion trails in JD-48 (F) Staurolite crystals next to a partially resorbed garnet porphyroblast in JD-

46B. Bt—biotite; Chl—chlorite; Crd—cordierite; Grt—garnet; Ilm—ilmenite; Ky—kyanite; Qz—quartz; 

Rt—rutile; St—staurolite; Wm—white mica. 

 

a foliation at high angle to the matrix foliation, suggesting the garnet is pre-tectonic with respect to the 

matrix fabric. Garnet is partially replaced by large biotite flakes, minor chlorite and a thin (<1 mm) film 

of cordierite (Figure 4.5B–C). The original garnet crystal was likely larger than 10 mm based on the size 

of the biotite reaction rim that contains elongate quartz grains parallel to the internal foliation in the 

preserved garnet. Kyanite has irregular edges possibly related to partial resorption and contains inclusions 

of quartz (abundant) and rutile (rare) that are randomly oriented or aligned at an angle to the matrix  
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Figure 4.6 Qualitative garnet X-ray maps of Fe, Mg, Mn and Ca content (JD-54 and JD-46B) and rim to 

rim quantitative chemical composition profiles (JD-54, JD-46B, JD-06B and JD-48). The trace of the 

profile is indicated on the Ca map for samples with available X-ray maps. X-ray maps of garnet in sample 

JD-54 illustrate the homogeneous chemical composition of garnet in most GHS samples except JD-46B, 

in which garnet contains relict prograde zoning especially visible on the Mn and Ca X-ray maps. 

 

foliation (Figure 4.5D). Staurolite shows resorbed boundaries and contains sigmoidal inclusions trails of 

quartz, biotite and rutile, which suggest that these porphyroblasts grew in a different structural context, 

and likely at a different time, than garnet and kyanite (Figure 4.5E). The sense of shear is unknown 

because the sample is not oriented. Limited contacts between staurolite and garnet or kyanite impedes 

evaluation of the relative timing of crystallization based on textural relationships alone. Quartz, biotite 

and plagioclase strain shadows around staurolite are asymmetric and indicate the same sense of shear as 

the inclusion trails. Rutile is significantly more abundant in staurolite, garnet and in the matrix than in 
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kyanite. I therefore argue that rutile was likely not stable at peak conditions and was only preserved as 

prograde inclusions and was produced during retrograde metamorphism. Biotite (except where replacing 

garnet and in staurolite pressure shadows), quartz and minor plagioclase define the foliation in the matrix. 

Microstructural evidence of former melt is lacking, although foliation-parallel leucosome was observed in 

the field. 

In sample JD-48, garnet chemical zoning profiles are flat except at the rim, which exhibits a 

positive increase in Xalm and Xsps and a decrease in Xprp (Figure 4.6). In the core of garnet, positive and 

negative spikes in Xalm and Xprp, respectively, are interpreted to represent localized Fe-Mg exchange with 

biotite inclusions during retrograde metamorphism (e.g. Spear and Florence, 1992). Matrix biotite isolated 

from garnet has higher XMg (0.61–0.62) and Ti (0.08–0.09 a.p.f.u.) content compared to biotite replacing 

garnet (XMg = 0.57–0.60; Ti = 0.06–0.07 a.p.f.u.). Plagioclase (An10) is homogenous.  

Sample JD-46B contains the peak metamorphic assemblage Grt + Wm + Bt + Qz + Pl + Ilm(?) + 

Rt(?) with accessory St interpreted as a retrograde phase. Garnet is 0.5–1 mm large, subhedral, wrapped 

by the foliation and flattened and/or resorbed, resulting in foliation-parallel, slightly elongated grain 

shapes. Inclusions of quartz and ilmenite in garnet are randomly oriented, and more rarely aligned 

perpendicular to the foliation, suggesting garnet is pre-tectonic with respect to the matrix fabric. Rare 

rutile is present in the matrix and one rutile inclusion was observed in the outermost rim of a garnet 

crystal. White mica and biotite forms top-to-the-NE shear bands and mica fish. Plagioclase is abundant in 

the matrix. Submillimetre anhedral crystals of staurolite are dispersed in trace amounts in the matrix and 

some are observed next to partially resorbed garnet (Figure 4.5F) , indicating that garnet may have 

partially broken down to form staurolite by the reaction: 

(2) Grt + Ms + H20 = St + Bt + Qz (García-Casco and Torres-Roldán, 1996). 

In sample JD-46B, garnet preserves relict growth zoning characterized by slightly increasing Xalm 

and Xprp, and decreasing in Xsps and Xgrs from core to rim (Figure 4.6). An increase in Xgrs compensated 

by a decrease in Xalm close to the rim is truncated by the resorbed margin and thus attributed to growth 
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zoning. At the outermost rim of garnet, a positive spike in Xsps is compensated by a negative spike in Xprp. 

White mica (K = 0.64–0.67 a.p.f.u., Na = 0.28–0.33 a.p.f.u.), biotite (XMg = 0.53–0.55; Ti = 0.08–0.10 

a.p.f.u.) and plagioclase (An12–14) composition do not vary based on textural setting. 

4.6.4 Phase equilibria modeling and conventional thermobarometry 

Isochemical phase diagrams of all samples have a relatively similar topology for the P–T window 

modeled (Figure 4.7 and Figure C.4; 550–800 °C, 0.3–1.3 GPa). The stability fields of minerals in my 

isochemical phase diagrams are reasonable and in general agreement with other published isochemical 

phase diagrams (Figures 8 and S5; e.g. White et al., 2014 using THERMOCALC; Iaccarino et al., 2017a 

using Perple_X). Here, I present results from samples JD-06B, JD-48 and JD-46B, whereas additional 

samples, which corroborate the results presented, are described in the supporting information (Appendix 

C.2.1 and Figure C.4). 

4.6.4.1 Northeast flank of the Karnali klippe 

Garnet compositional isopleths (Xprp, Xsps, Xgrs) for sample JD-06D are widely spaced and 

broadly intersect at 750–775 °C and 1.0–1.1 GPa in the stability field of Grt + Ky + Bt + Ms + Qz + Kfs 

+ melt (Figure 4.7A–B). This assemblage does not correspond to my petrographic observations, because 

K-feldspar is not present in the thin section and plagioclase occurs as a minor phase. The observed Grt + 

Ky + Bt + Ms + Qz + Pl + melt assemblage is stable in the adjacent field at lower temperature. Garnet 

composition, in particular Xsps and Xgrs, is predicted to vary only slightly over large variations in T or P, 

as evidenced by the wide spacing in compositional isopleths. A small variation in the composition of 

garnet would thus profoundly affect the intersection of isopleths and may explain the discrepancy 

between its P–T position and the stability field of the peak mineral assemblage. TC_Comb results form a 

tight cluster at 690–740 °C and 0.9–1.1 GPa, within the stability field of the observed assemblage. 
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Figure 4.7 (A), (C) and (E) Isochemical phase diagrams for samples JD-06B, JD-48 and JD-46B. 

Additional phase diagrams are available in Figure C.4. Thick black line represents the solidus. (B), (D) 
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and (F) Isochemical phase diagrams for samples JD-06B, JD-48 and JD-46B (pale background) with 

garnet compositional isopleths and their field of intersection, field of stability of the observed peak 

metamorphic mineral assemblage, conventional thermobarometry (avPT) results calculated with 

TC_Comb, garnet volume isopleths for JD-46B, and postulated retrograde path for JD-48 and JD-46B. 

Ab—albite; And—andalusite; Bt—biotite; Chl—chlorite; Crd—cordierite; Grt—garnet; Ilm—ilmenite; 

Kfs—K-feldspar; Ky—kyanite; Mrg—margarite; Ms—muscovite; Qz—quartz; Pl—plagioclase; Pg—

paragonite; Rt—rutile; Sil—sillimanite; St—staurolite. 

 

4.6.4.2 Southwest flank of the Karnali klippe 

Sample JD-48 yields garnet compositional isopleths (Xprp, Xsps, Xgrs) intersecting at 600–625 °C 

and 0.9–1.0 GPa, although Xprp and Xsps are subparallel and only overlap in a very small area (Figure 

4.7C–D). This intersection lies in two stability fields that contains Grt + Bt + Ms + Pg + Chl + Qz + Rt 

with or without St. These fields do not represent the peak assemblage because they lack kyanite, 

plagioclase and melt, and contain chlorite and white mica. Trace amounts (<2%) of kyanite are stable in 

the adjacent higher T field, whereas abundant kyanite (9–16%, comparable to petrographic observations) 

is predicted to be stable with melt and without staurolite above 660 °C. Rutile is only stable at low 

temperature with white mica and chlorite. Staurolite is stable between 575 and 660 °C at 0.4–1.1 GPa 

with up to 8% chlorite. Cordierite is only stable along with sillimanite below 0.7 GPa and is nowhere 

stable with chlorite. The assemblage Grt + Ky + Bt + Qz + Pl + melt, interpreted as best representing peak 

conditions, is stable at 660–780 °C and 0.7–1.3 GPa. TC_Comb results plot at 650–720 °C and 1.1–1.3 

GPa and the higher T results fall within the stability field of the peak mineral assemblage. 

Garnet compositional isopleths (Xprp, Xsps, Xgrs) from sample JD-46B are widely spaced, intersect 

at 595–615 °C and 0.9–1.1 GPa and overlap with three stability fields all containing Grt + Bt + Ms + Pg + 

Qz + Rt and chlorite at low T or staurolite at low P. TC_Comb results cluster at 625–670 °C and 0.8–0.9 

GPa (Figure 4.7E–F). The low-T field is not considered further because chlorite is not present in the 

sample. The isopleths intersection plots above the ilmenite-to-rutile transition, despite ilmenite being 

abundant in the matrix and as inclusions in garnet. Rutile is only present as rare grains in the matrix and 
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one inclusion near the edge of a garnet. Only the rim of the garnet (used for P–T calculations) may have 

grown in the rutile stability field or alternatively, a small shift in the ilmenite-rutile transition toward 

higher pressure would place the garnet compositional isopleth intersection in the ilmenite or ilmenite + 

rutile stability field. Two white mica compositions (muscovite and paragonite) are predicted in the phase 

diagram, but only one white mica composition was measured (K = 0.66 and Na = 0.30 a.p.f.u.), possibly 

indicating intergrowth at the sub-micron scale (e.g. Feenstra, 1996). Plagioclase is predicted to be stable 

at significantly higher T or lower P, which may indicate that it grew during heating or decompression. 

Alternatively, it is possible that the chemical composition chosen for the modeling does not perfectly 

represent the equilibration volume, or that the solid solution models are not entirely adequate for this 

sample. The latter explanation is preferred because TC_Comb calculations (using Grt, Bt, Wm and Pl 

compositions) yield a peak P–T point equivalent, within uncertainty, to peak P–T conditions determined 

with garnet isopleths. Trace amounts of submillimetre anhedral staurolite crystals dispersed in the matrix 

matrix and next to partially resorbed garnet could indicate that peak T conditions are on the low P side of 

the garnet compositional isopleths intersection (<0.9 GPa). Alternatively, staurolite crystallization could 

result from garnet breakdown during decompression on the retrograde path (reaction (2)), which is my 

preferred interpretation given the spatial association of staurolite with partially resorbed garnet (Figure 

4.5F). 

4.6.5 U-Th/Pb petrochronology 

In all samples, monazite is generally elongate (aspect ratio of 2:1 to 5:1), 20 to 200 µm long and 

oriented parallel to the foliation or to shear bands defined by white mica and biotite. Inclusions of 

monazite are also preserved in garnet, kyanite and staurolite. Monazite analyses generally form distinct 

trends identified based on 208Pb/232Th date, morphology, and quantitative trace element content acquired 

with LASS (Figure 4.8; see Table C.4 for complete results). Here I describe results from representative 

samples JD-06B and JD-48. Monazite petrochronology data from sample JD-46B has already been 

published in Soucy La Roche et al. (2016; see Chapter 2). Similar results from five additional samples are 
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described in the supporting information (Appendix C.2.3 and Figure C.5). The locations of monazite 

grains in thin section and Y compositional X-ray maps are available in Figure C.6 and Figure C.7, 

respectively. 

 

Figure 4.8 (A) Yttrium and Gd/Yb versus 208Pb/232Th date for analyzed monazite in samples JD-06B and 

JD-48. Additional results are presented in Figure C.5. Monazite grains in the matrix or included in garnet 

(Grt), kyanite (Ky) or staurolite (St) are shown with different symbols. Orange crosses represent the 

maximum uncertainty (2σ) for all points. (B) X-ray maps of relative Y concentration of representative 

monazite grains with 208Pb/232Th date spots in Ma for samples JD-06B and JD-48. Numbers inside each 

circle refer to analysis number in Table S4. Red date spots were discarded for age interpretations because 

they overlap with matrix material, inclusions, or more than one chemical domain. 
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4.6.5.1 Northeast flank of the Karnali klippe 

Eighty-four spots on 14 monazite grains in sample JD-06B yield dates between 41.4 ± 1.1 Ma to 

19.4 ± 0.5 Ma with a gap between 38 and 34 Ma (Figure 4.8). Older dates (41–38 Ma) are from Y-rich 

monazite cores in the matrix. Yttrium-rich monazite cores are overgrown by Y-poor monazite that 

become progressively younger (34 to 18 Ma) and richer in Y toward the rim. Monazite inclusions in the 

rim of garnet and in kyanite are Y-poor and range from 34 to 32 Ma and from 32 to 30 Ma, respectively. 

Gd/Yb is negatively correlated to the Y content of monazite.  

4.6.5.2 Southwest flank of the Karnali klippe 

Fifty-eight spots on seven monazite grains in sample JD-48 yield dates ranging from 37.2 ± 1.0 

Ma to 31.7 ± 0.9 Ma (Figure 4.8). Most dates range from 37 to 33 Ma and have a moderate Y content and 

high Gd/Yb. Few dates from thin rims of Y-rich monazite range from 33 to 32 Ma and have a low Gd/Yb. 

Monazite inclusions in staurolite yield dates from 36 to 34 Ma. All monazite grains included in staurolite 

display thin rims (<4 µm) of Y-rich monazite that could not be analyzed and that are likely of the same 

generation as the Y-rich rims analyzed from matrix monazite (Figure C.7).  

4.6.6 40Ar/39Ar geochronology  

Six samples were analyzed for white mica 40Ar/39Ar geochronology (sample locations on Figure 

4.2 and Table C.1). White mica defines the foliation in all samples and defines C-S-C’ planes in samples 

JD-06B (top-to-the-SE) and JD-33 (top-to-the-NE), which suggest pre- to syn-kinematic growth in all 

samples (Figure C.8). White mica is generally straight with uniform extinction, although rare flakes are 

occasionally slightly bent and display undulose extinction. Samples from the northeast flank of the 

Karnali klippe are described first, followed by samples from the southwest flank. Within each flank, 

samples are described from the structurally lowest to the structurally highest. All results from step-heating 

experiments are reported here along with the range of total fusion dates, but only one date spectrum per 

sample is presented in Figure 4.9. The complete data set is presented in Table C.5, whereas 
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photomicrographs of white mica grains, individual total fusion dates, additional step-heating date spectra, 

and inverse isochrons are presented in Figure C.8.  

4.6.6.1 Northeast flank of the Karnali klippe 

Sample JD-03 is a Qz + Pl + Kfs + Wm + Bt + Grt + Tur schist collected just above the MCT 

high-strain zone. Nine total fusion 40Ar/39Ar dates on white mica range from 14.6 ± 0.1 Ma to 13.7 ± 0.1 

Ma, with a weighted average of 14.2 ± 0.2 Ma. Step-heating of aliquot 3405-03 yields a 14.2 ± 0.1 Ma 

plateau date (100% 39Ar released), equivalent to the 14.2 ± 0.2 Ma inverse isochron date. Step heating of 

aliquot 3405-02 yields a 13.8 ± 0.1 Ma plateau date (84.3% 39Ar released), equivalent to the 13.8 ± 0.2  

 

 

Figure 4.9 White mica 40Ar/39Ar step-heating date spectra for one aliquot per sample. Date spectrum of 

sample JD-33 recalculated using the plateau-isochron method (Ludwig, 2012; details in Appendix C.3). 

Results from other aliquots are available in Figure C.8. Error bars for individual steps are 2σ. MSWD–

mean squared weighted deviation, n–number of steps in the plateau date, Int. date–integrated date. 
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Ma inverse isochron date. Step heating of aliquot 3405-04 yields a 14.1 ± 0.1 Ma plateau date (79.0% 

39Ar released), equivalent to the 14.2 ± 0.2 Ma inverse isochron date. 

Sample JD-06B is from the middle of the GHS (see full description in section 4.6.3.1). Ten total 

fusion 40Ar/39Ar dates on white mica range from 15.2 ± 0.1 Ma to 14.3 ± 0.1 Ma, with a weighted average 

of 14.8 ± 0.2 Ma. Step heating of aliquot 3406-05 yields a 15.3 ± 0.1 Ma plateau date (81.8% 39Ar 

released), equivalent to the 15.2 ± 0.2 Ma inverse isochron date. 

Sample JD-22 is a Wm-bearing quartzite from the GHS just below the STD. Nine total fusion 

40Ar/39Ar dates on white mica range from 16.9 ± 0.1 Ma to 15.1 ± 0.1 Ma, with a weighted average of 

16.0 ± 0.5 Ma. Step heating of aliquot 3407-10 yields a 17.3 ± 0.1 Ma plateau date (97% 39Ar released), 

equivalent to the 17.4 ± 0.5 Ma inverse isochron date. Step heating results of aliquot 3407-08 do not form 

a plateau but 13 evenly distributed steps vary between 15.8 and 17.2 Ma and yield a 16.3 ± 0.3 Ma 

inverse isochron date.  

4.6.6.2 Southwest flank of the Karnali klippe 

Sample JD-62 is a Wm + Bt + Grt quartzite from the upper part of the MCT high-strain zone. 

Eight total fusion 40Ar/39Ar dates on white mica range from 17.6 ± 0.1 Ma to 16.5 ± 0.1 Ma, with a 

weighted average of 17.1 ± 0.3 Ma. Step heating of aliquot 3411-09 yields a 17.4 ± 0.1 Ma plateau date 

(88.2% 39Ar released), equivalent to the 17.4 ± 0.2 Ma inverse isochron date. 

Sample JD-47 is a Qz + Kfs + Pl + Bt + Wm augen gneiss from the GHS ~750 m structurally 

below the base of the STD. Ten total fusion 40Ar/39Ar dates on white mica range from 22.61 ± 0.1 Ma to 

19.6 ± 0.1 Ma, with a weighted average of 20.8 ± 0.7 Ma. Step heating of aliquot 3410-05 yields a 21.2 ± 

0.1 Ma plateau date (81.8% 39Ar released) equivalent to the 21.5 ± 0.5 Ma inverse isochron date. Step 

heating of aliquot 3479-04 did not yield a plateau date, but yields a 23.1 ± 0.6 Ma inverse isochron date. 

Sample JD-33 is a Wm + Bt calcareous schist located at the top of the STD high-strain zone. 

White mica occurs as relatively small (125-250 µm) flakes in C-, S- and C’ planes (Figure C.8). Eleven 

total fusion 40Ar/39Ar dates on white mica range from 1287 ± 16 Ma to 20.7 ± 0.1 Ma. Step heating of 
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aliquot 3408-06 yields a saddle shaped date spectrum with a plateau-isochron date of 16 ± 2 Ma (see 

details in Appendix C.3).  

4.7 Discussion 

4.7.1 Temperature of deformation profile 

A deformation temperature profile across the GHS and the STD high-strain zone in the Karnali 

klippe was constructed using CPO fabrics, complemented with the observation of quartz and calcite 

recrystallization microstructures (Figure 4.10). The upper part of the MCT high-strain zone is 

characterized by deformation temperature of ~580 °C. Temperature increases up to ~745 °C just above 

the MCT high-strain zone and ~760 °C just below the STD high-strain zone. CPO fabrics suggest ductile 

deformation at the base of the STD high-strain zone occurred at ~600 °C (fabric reported in Soucy La 

Roche et al., 2016; Chapter 2), at ~520 °C in the middle (fabric of sample JD-16) and the presence of 

calcite twin types III and IV implies a minimum of 250 °C in the upper portion. In the hanging wall of the 

STD, calcite twin types I and II dominate, indicating temperatures of deformation around 150–250 °C, 

consistent with the preservation of round detrital grains of quartz. My data thus indicate that the 

temperature of deformation increases gradually by 150–200 °C over 5–6 km of structural thickness from 

the upper part of the MCT high-strain zone to the STD. A sharp decrease in temperature of deformation 

of approximately 400–500 °C over 1–2 km of structural thickness occurs from the footwall to the hanging 

wall of the STD. 

4.7.2 Interpretation of 40Ar/39Ar dates 

In all samples, white mica is parallel to the foliation or to C-S-C’ planes, suggesting a pre- to syn-

kinematic origin (Figure C.8). Microstructural observations and CPO fabrics indicate that GHS rocks (all 

samples except JD-33) were deformed at temperatures ranging from 580 °C to >750 °C. No low-

temperature deformation microstructures such as quartz bulging or subgrain rotation, brittle fractures or 

kinked mica flakes were observed. These observations suggest that deformation occurred in GHS samples  
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Figure 4.10 Schematic structural column showing temperature constraints for deformation and peak 

metamorphism. The extent of the Main Central thrust (MCT) and South Tibetan detachment (STD) high-

strain zones are indicated by the hatched pattern. Black rectangles indicate temperatures calculated with 

quartz crystallographic <c>-axis preferred orientations thermometry at ± 50 °C (Samples in bold font; 

Kruhl, 1998; Law, 2014; Faleiros et al., 2016). Sample JD-46A is from Soucy La Roche et al. (2016; see 

Chapter 2). Grey rectangles indicate the range of temperature at which observed quartz dynamic 

recrystallization microstructures and calcite twin types are active (Burkhard, 1993; Stipp et al., 2002a, 

2002b; Ferrill et al., 2004). Green rectangles indicate the peak metamorphic temperatures based on phase 

equilibria modeling and TC_Comb conventional thermobarometry (samples in normal font). The position 

of samples used for geochronology is shown on the left side of the structural column (italic font). The 

temperature of deformation is equivalent to available peak metamorphic temperatures, increases 

structurally upward across the upper boundary of the MCT high-strain zone, peaks within the Greater 

Himalayan sequence (GHS), and decreases abruptly across the STD high-strain zone. 
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above the closure temperature for argon diffusion in white mica (450-475 °C for a 350 µm radius grain at 

-25 to -100 °C Ma-1 cooling rate and 0.5 GPa (cooling rate from Imayama et al., 2012; Sorcar et al., 2014; 

Wang et al., 2015; closure temperature calculation from Harrison et al., 2009)), and that these 

samples did not experience significant post-cooling deformation that could have induced 40Ar loss via 

intragrain deformation or recrystallization (e.g. Cosca et al., 2011; Kellett et al., 2016). In addition, 

monazite petrochronology data presented herein demonstrate that GHS rocks remained at high 

temperature long enough for the white mica to be completely reset isotopically (i.e. >5 m.y., Mottram et 

al., 2015; details in section 4.7.5 P–T–t–D evolution). 40Ar/39Ar dates of these GHS samples are therefore 

interpreted as cooling ages. In contrast, sample JD-33 from the TSS at the top of the STD high-strain zone 

was deformed at a lower temperature (250–520 °C), consistent with a lower peak metamorphic T (i.e. 

greenschist-facies based on the Bt + Wm + Qz + Cal peak metamorphic assemblage). Although the 

precise temperature of deformation is not well constrained, these lower temperatures are consistent with 

partial retention of argon in prograde white mica, as well as deformation-induced loss of 40Ar below the 

ideal closure T for white mica. Results from sample JD-33 are therefore not interpreted as a cooling age, 

but rather a composite of inherited and (re-)crystallization ages. Here, I summarize my interpretations of 

the 40Ar/39Ar results while a full discussion of argon systematics is presented in Appendix C.3, supported 

by the total fusion, step-heating spectra and inverse isochron plots of all aliquots presented in Figure C.8. 

Total fusion and plateau dates from samples JD-03, JD-06 and JD-62 are homogenous with a 

maximum variation of ~1 m.y. within each sample. Because there is no evidence for significant 

extraneous 40Ar or 40Ar loss, I interpret the cooling ages of samples JD-03, JD-06 and JD-62 to be ca. 14 

Ma, ca. 15 Ma and ca. 17 Ma, respectively.  

Samples JD-22 and JD-47 yield heterogeneous total fusion and step heating dates spanning 3 and 

4 m.y., respectively. In sample JD-22, the inverse isochrons are not defined precisely enough to 

undoubtedly indicate the presence of an extraneous 40Ar component or to suggest 40Ar loss, thus I 

interpret the dominant date population (17–16 Ma) to best represent the cooling age of this sample. 



 

87 

 

Sample JD-47 yields younger and older first steps in step-heating spectra that could indicate 40Ar loss and 

a component of extraneous 40Ar, respectively, and the inverse isochrons are poorly defined and could 

reflect mixing lines between more than two components. Sample JD-47 tentatively cooled between 23 

and 20 Ma, but the poorly understood heterogeneity in white mica dates impedes a conclusive 

interpretation for the significance of this age. 

The saddle-shaped date spectrum of sample JD-33 and the strong heterogeneity of total fusion 

dates suggest the presence of extraneous 40Ar, interpreted as a mix of parentless 40Ar incorporated into the 

grain via interaction with a fluid (excess 40Ar in the low-T heating steps) and inherited 40Ar from relict 

detrital grains (high-T heating steps). To correct for the strong excess 40Ar component in the low heating 

steps, dates were re-calculated using the plateau-isochron method (Ludwig, 2012) that yields a pseudo-

plateau date of 16 ± 2 Ma (Figure 4.9; MSWD = 0.30, p = 0.74, n = 4) with 36.5% of the released 39Ar. 

This date is tentatively interpreted as the (re-)crystallization age of white mica in C-, S- and C’-planes 

during top-to-the-NE deformation. The older high-T steps indicate that pre-Himalayan white mica is 

preserved in sample JD-33, which is consistent with the relatively low temperature of deformation 

(between 250 and 520 °C) indicated by microstructural observations in this sample and other nearby 

samples. 

4.7.3 Cooling age variations in the GHS 

4.7.3.1 Cooling ages young with increasing structural depth 

Three cooling ages from the northeast flank of the Karnali klippe decrease from ca. 17–16 Ma in 

the immediate footwall of the STD (JD-22) to ca. 15 Ma in the middle of the GHS (JD-06B), and to ca. 

14 Ma in the immediate hanging wall of the MCT high-strain zone (Figure 4.11). On the southwest flank 

of the klippe, this trend is supported by the younger ca. 17 Ma cooling age at the top of the MCT high-

strain zone (JD-62) compared to the ca. 23–20 Ma cooling age in the immediate footwall of the STD (JD-

47). As stated previously, the cooling age of JD-47 is not well constrained and could be misleading, but a 

ca. 19 Ma white mica cooling age reported from the base of the STD high-strain zone (Soucy La Roche et  
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Figure 4.11 Simplified regional cross section A–A’ across western Nepal (located on Figure 4.1A) with a 

schematic P–T-t diagram for the GHS exposed in the Karnali Klippe (this study) and in the hinterland 

(based on Carosi et al., 2010; Montomoli et al., 2013; Gibson et al., 2016; Iaccarino et al., 2017a). The 

south to north younging of 40Ar/39Ar ages on white mica is interpreted to record the progressive cooling of 

the GHS from the foreland to the hinterland. Ages denoted with an asterisk are from Soucy La Roche et 

al. (2016; see Chapter 2; 19 Ma), Gibson et al. (2016; 14 Ma) and Yakymchuk (2010; 6 Ma). The 

unfolded length of the STD between its foreland-most and hinterland-most exposures implies a structural 

overlap of ~145 km between mid-crustal GHS rocks and upper crustal TSS rocks, considered as a 

minimum because out-of-sequence thrusting within the MCT high-strain zone in the hinterland (Braden et 

al., 2017) may have reduced this distance. The MHT is projected from 79°E and 81°E south and north of 

the hinterland MCT, respectively (Caldwell et al., 2013; Gao et al., 2016). The LHS duplex is projected 

eastward and extended northward from Robinson et al. (2006); its geometry is thus speculative. MFT—

Main Frontal thrust; MBT—Main Boundary thrust; MCT—Main Central thrust; STD—South Tibetan 

detachment; MHT—Main Himalayan thrust; OOST—Out-of-sequence thrust. 

 

al., 2016; Chapter 2) is also in agreement with this trend of decreasing cooling ages with increasing depth. 

Decreasing cooling ages with increasing structural depth is compatible with the sub-horizontal geometry 

of the GHS prior to duplexing in the underlying LHS that folded the GHS at ca. 12–10 Ma (Robinson et 

al., 2003, 2006). 
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4.7.3.2 Cooling ages young from foreland to hinterland 

Cooling ages in the Karnali klippe decrease from the southwest flank (ca. 23–17 Ma) to the 

northeast flank (ca. 17–14 Ma). Although I observe a variation of cooling ages with structural depth and 

samples from both flanks are not exactly at the same structural position, the across-strike younging trend 

is significant because the youngest age from the MCT high-strain zone on the southwest flank is older 

than the oldest age from the immediate footwall of the STD on the northeast flank (Figure 4.11).  

In the lower Dolpo area to the northeast of the Karnali klippe, Ky-Grt migmatitic gneiss from the 

hanging wall of the MCT high-strain zone klippe, at structural levels equivalent to samples JD-03 and/or 

JD-06B, yielded white mica 40Ar/39Ar cooling ages of 14.2 ± 0.1 Ma and 13.9 ± 0.2 Ma (Gibson et al., 

2016). These cooling ages are equivalent to, or slightly younger than, cooling ages from the northeast 

flank of the Karnali klippe, and the relatively short distance along transport direction (~10–20 km) 

between the two areas may explain the absence of a clear age variation. Six white mica dates from the 

GHS exposed along the Humla Karnali (Figure 4.1A) north of the Karnali klippe provided 40Ar/39Ar 

cooling ages of ca. 6 Ma, suggesting that muscovite cooling ages continue to decrease toward the 

hinterland (Yakymchuk, 2010). However, this variation may be exaggerated by out-of-sequence thrusting 

in the Humla Karnali valley, where very young U-Th/Pb monazite ages (<18–8 Ma) are associated with 

prograde metamorphism and melt crystallization in the hinterland (Braden et al., 2017). A similar 

younging trend in white mica 40Ar/39Ar cooling ages is observed from the south flank to the north flank of 

the Dadeldhura klippe and to the homoclinal slab to the north in far-western Nepal (Figure 4.1A; 

Robinson et al., 2006; Antolín et al., 2013). The south to north younging is interpreted to record the 

progressive cooling of the GHS from the foreland to the hinterland and is compatible with the southward 

extrusion of partially molten middle crust (e.g. Searle et al., 2006; Antolín et al., 2013). Young white 

mica cooling ages on the north flank of the Karnali klippe and in the hinterland may also reflect the 

geometry of the MHT and enhanced erosion above the underlying LHS duplex during basal accretion 

(e.g. Herman et al., 2010; van der Beek et al., 2016; Larson et al., 2017). However, this second hypothesis 

is less likely because duplexing in the LHS is interpreted to have occurred in the late Miocene (Robinson 
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et al., 2006), i.e. after the GHS cooled below the isotopic closure temperature of white mica. These two 

hypotheses are not mutually exclusive and a denser data set including low-temperature thermochronology 

is needed to resolve the exact cause(s) of the cooling trend. 

4.7.4 New age constraint on STD ductile deformation 

In sample JD-33, white mica occurs in C-, S- and C’-planes and is interpreted to have (re-) 

crystallized during deformation a low temperature (250–520 °C; equivalent to or lower than the isotopic 

closure temperature for argon in white mica). The 16 ± 2 Ma 40Ar/39Ar plateau-isochron date in sample 

JD-33 is thus interpreted as the best estimate of the age of white mica (re-)crystallization, indicating that 

the upper part of the STD was still active at that time. A post-deformation white mica 40Ar/39Ar cooling 

age approximately 1 km structurally lower than sample JD-33 constrains the absolute minimum age of 

high temperature (~600 °C) ductile shearing at the base of the STD to 18.8 ± 0.3 Ma (Soucy La Roche et 

al., 2016; Chapter 2). The larger white mica grain size (350 µm radius in Soucy La Roche et al., 2016; 

Chapter 2) results in a closure temperature ~30 °C higher (Harrison et al., 2009) than for sample JD-33, 

which increases the apparent time gap between the two isotopic dates. White mica in the structurally 

lower sample JD-46B would have closed earlier to Ar diffusion because of its higher closure temperature, 

and thus appear older compared to white mica in the structurally higher sample JD-33. The 40Ar/39Ar 

recrystallization age of sample JD-33 nevertheless implies that top-to-the-NE shearing was on-going at 16 

± 2 Ma in the upper part of the shear zone while the base of the shear zone was inactive. Deformation 

therefore propagated up-section in the STD high-strain zone at progressively lower temperature, as 

observed in northwest India (Iaccarino et al., 2017b), central Nepal (Cottle et al., 2009; Leloup et al., 

2015) and eastern Nepal (Cottle et al., 2011). Whether the STD was continuously deformed between 30–

29 Ma (Soucy La Roche et al., 2016; Chapter 2) and 16 ± 2 Ma or was deformed episodically cannot be 

resolved with the current dataset.  

Deformation along the STD at 16 ± 2 Ma in the Karnali klippe conflicts with results from the 

Lower Dolpo ~75 km to the northeast (Figure 4.1A), where the STD is interpreted to be >25–23 Ma based 
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on the age of the Bura Buri granite that crosscuts the STD (Carosi et al., 2013). Ductile deformation along 

the STD at 16 ± 2 Ma in the Karnali klippe is, however, consistent with activity along the STD until <20–

15 Ma in northwest India to the west (Sorkhabi et al., 1996; Searle et al., 1999; Vannay et al., 2004; Sen 

et al., 2015; Iaccarino et al., 2017a), until 17 Ma in the adjacent Dadeldhura klippe (Antolín et al., 2013), 

until <22–19 Ma in the Dhaulagiri-Annapurna-Manaslu areas to the east (Godin et al., 2001, 2006b; 

Searle and Godin, 2003), and until 16 Ma near Everest in eastern Nepal (Cottle et al., 2009, 2015b). Local 

cessation of shearing along the STD at 25–23 Ma in the Lower Dolpo appears to be an anomaly that 

cannot be explained with my new dataset. 

4.7.5 P–T–t–D evolution 

 Monazite petrochronology enables the correlation between monazite dates, P–T growth 

conditions and structural context (e.g., Hermann and Rubatto, 2003; Gibson et al., 2004; Kohn et al., 

2005; Martin et al., 2007; Cottle et al., 2009; Larson et al., 2011, 2013; Mottram et al., 2014; Stübner et 

al., 2014; Regis et al., 2016; Soucy La Roche et al., 2016; Braden et al., 2017; Chapter 2). Garnet and 

xenotime are the primary sinks for Y and HREE in metapelitic rocks. Monazite growing during or after 

garnet or xenotime growth should yield high Gd/Yb – a proxy for HREE abundance – and low Y content, 

whereas monazite growing during or after garnet or xenotime breakdown should have a low Gd/Yb and 

high Y content (Bea et al., 1994; Zhu and O’Nions, 1999; Spear and Pyle, 2002). Garnet occurs in all 

samples (1–15% area %), whereas xenotime is absent in samples JD-06B and JD-48, and occurs in trace 

amounts (<0.001 area %) in samples JD-13, JD-50, JD-54, JD-57 and JD-58. Where present, xenotime 

occurs as minute inclusions (<20 µm) in garnet cores or more rarely in the matrix, suggesting it was 

stable during the crystallization of garnet cores, but not during peak metamorphism. In general, garnet 

grows with increasing temperature along the prograde path, except above ~650 °C where growth will 

occur with increasing pressure only (based on my phase equilibria modeling). Garnet is consumed during 

staurolite crystallization (isobaric heating or decompression and heating), decompression and melt 

crystallization. Xenotime reacts out during garnet crystallization and may be produced following garnet 
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breakdown (Spear and Pyle, 2002). The presence of xenotime inclusions in the cores of garnet (and not in 

the rims), is consistent with the consumption of xenotime during garnet crystallization. Xenotime 

breakdown liberates Y and HREE in the system, which can be taken up by either garnet or monazite. The 

low Y and high Gd/Yb of monazite inclusions found in the rims of garnet, which crystallized after 

xenotime breakdown, suggest that Y and HREE liberated by xenotime were partitioned into garnet. 

Therefore, I argue that garnet exerts the primary control on monazite trace element composition and 

discuss the trace element composition of monazite in terms of garnet crystallization and breakdown. The 

P–T–t–D evolution of samples JD-06B, JD-48 and JD-46B is reconstructed here and a complete 

discussion on additional samples, supporting similar interpretations, is available in Appendix C.4. 

4.7.5.1 Northeast flank of the Karnali klippe 

In sample JD-06B, TC_Comb results plot in a tight cluster at 690–740 °C and 0.9–1.1 GPa within 

the stability field of the observed metamorphic mineral assemblage (Grt + Ky + Bt + Ms + Qz + Pl + 

melt) and are thus considered as the best estimate of peak P–T conditions. Monazite cores with high Y 

and low Gd/Yb are interpreted to have grown prior to garnet between 41 and 38 Ma during the onset of 

metamorphism. The rim of garnet contains Y-poor inclusions that constrain its growth to <32 Ma, 

although the monazite-free core could have grown as early as 38 Ma, the age of the youngest monazite 

interpreted as ‘pre-garnet’. Kyanite crystallization is constrained to <30 Ma based on the age of monazite 

inclusions, consistent with a post-garnet growth at higher P–T conditions. Peak conditions of 690–740 °C 

and 0.9–1.1 GPa were thus probably attained at ca. 30 Ma, whereas the increase in Y and decrease in 

Gd/Yb in younger monazite points to garnet breakdown, possibly during cooling and melt crystallization, 

between ca. 28 Ma and ca. 19 Ma. The temperature of deformation in a nearby quartzite (750 °C, possibly 

overestimated because of a flattening component in the CPO fabric) suggests that top-to-the-SSE shearing 

occurred at peak T conditions at ca. 30 Ma. The rock passed through the isotopic closure of white mica 

(450–475 °C) at ca. 15 Ma.  
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4.7.5.2 Southwest flank of the Karnali klippe 

The abundant disequilibrium textures in sample JD-48 hinders the determination of mineral 

compositions in equilibrium at peak P–T conditions, therefore reducing the confidence in the TC_Comb 

results. Furthermore, it is likely that the chemical composition chosen to calculate the phase diagram does 

not perfectly represent the effective equilibration volume composition, which can have a significant 

impact on mineral compositional isopleths (Evans, 2004; Palin et al., 2016). However, I argue that general 

interpretations can be made on the basis of stability fields of major phases (e.g. kyanite, staurolite, 

cordierite, melt) because they are realistic and much less sensitive to variations in bulk rock chemical 

composition (Evans, 2004; Palin et al., 2016). The assemblage Grt + Ky + Bt + Qz + Pl + melt, 

interpreted as best representing peak conditions, is modeled to be stable at 660–780 °C and 0.7–1.3 GPa. 

Low to moderate Y and high Gd/Yb monazite cores dated at 37–33 Ma are interpreted as syn-garnet 

growth at peak or near peak P–T conditions. Y-rich monazite rims with low Gd/Yb, consistent with 

crystallization of monazite during garnet breakdown, are dated at 33–32 Ma. Similar Y-rich rims are also 

detected on X-ray maps of monazite inclusions in staurolite (Figure C.7). These rims, too thin to be 

analyzed, are younger than the 36–34 Ma monazite cores and suggest that staurolite crystallization 

occurred during or after garnet breakdown (i.e. ≤32 Ma). Garnet is replaced by a 4 mm rim of biotite with 

minor chlorite, and a <1 mm thick partial rim of cordierite. This texture suggests that garnet broke down 

to biotite and chlorite at first, which could be associated with staurolite + rutile crystallization during 

cooling and decompression (Figure 4.7D). Staurolite contains sigmoidal inclusions with a sense of shear 

consistent with asymmetric strain shadows next to the porphyroblasts, suggesting that the rock was 

sheared during this retrograde reaction. The sample is not oriented, so the direction of tectonic transport 

during this metamorphic event cannot be constrained. Staurolite and rutile crystallization during garnet 

breakdown to chlorite and biotite was followed by the crystallization of cordierite at the expense of garnet 

during decompression below ~0.6 GPa (Figure 4.7D). The absence of sillimanite (predicted to be stable 

with cordierite) could be explained by the absence of muscovite, a phase necessary for the kyanite-to-
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sillimanite transition (Carmichael, 1969). The exact timing of cooling and decompression cannot be 

precisely assessed, but likely started at ca. 32 Ma or later. 

The peak P–T conditions of sample JD-46B are interpreted to be above the chlorite-out and 

staurolite-out reactions and below the solidus, where garnet compositional isopleths intersect together 

with TC_Comb results (600–650 °C and ~0.9 GPa). The lower peak temperature compared to other GHS 

samples is consistent with the lack of evidence for partial melting and the presence of relict, partially 

homogenized, growth zoning in relatively small (<1 mm) garnet. This sample is located at the base of the 

STD. Previously-published petrochronology results suggest pre-kinematic garnet growth along a prograde 

P–T path from 36 to 30 Ma, and partial resorption because of decompression starting at ca. 30 Ma (Soucy 

La Roche et al., 2016; Chapter 2). Garnet volume isopleths demonstrate that around 600 °C (the 

temperature of deformation of the shear zone; Soucy La Roche et al., 2016; Chapter 2) garnet resorption 

during decompression leads to staurolite crystallization, consistent with petrographic observations (Figure 

4.5F and Figure 4.7F). Alternatively, cooling could consume garnet and produce chlorite. However, the 

absence of chlorite precludes this interpretation. I therefore interpret the trace crystals of staurolite as the 

product of garnet resorption during decompression associated with onset of normal-sense movement on 

the STD at ca. 30 Ma (Soucy La Roche et al., 2016; Chapter 2).  

4.7.6 Across-strike variations in P–T–t–D paths 

P–T–t–D paths were evaluated in GHS rocks along a ~5 km thick section above the MCT high-

strain zone in the Karnali klippe. With the exception of sample JD-46B, located in the STD high-strain 

zone, all other analyzed samples record a broadly similar P–T–t–D evolution (Figure 4.12). Prograde 

metamorphism is constrained to 40–35 Ma and, for at least sample JD-54 (see details in Appendix C.4), 

passed through the staurolite stability field at 630–660 °C and 0.6–0.7 GPa based on staurolite inclusions 

in the core of garnet. Rocks attained peak suprasolidus conditions in the kyanite stability field (i.e. >650–

700 °C and >0.7 GPa) between 35 and 30 Ma, with the crystallization of kyanite post-dating the 

crystallization of garnet by a few m.y.. Cooling, decompression and melt crystallization started around 30  
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Figure 4.12 Summary of results interpreted to best represent prograde (JD-54 only) and peak P–T 

conditions along with a generalized P–T–t path for GHS rocks in the Karnali klippe. Solidus from sample 

JD-54 and Al2SiO5 triple-point from Pattison (1992). Note that samples JD-13, JD-54, JD-58B are 

described and interpreted in the supporting information. 

 

Ma, likely associated with the onset of the STD (Soucy La Roche et al., 2016; Chapter 2). No 

tectonometamorphic discontinuity (e.g. Carosi et al., 2010; Montomoli et al., 2013; Iaccarino et al., 

2017b) was detected in the Karnali klippe. If such a discontinuity exists in the Karnali klippe, it must lie 

within the MCT high-strain zone below the structural levels investigated in this study. Furthermore, there 

is no evidence of high T and medium P metamorphism (i.e. sillimanite-grade) along a broad clockwise P–

T path in any GHS rock from the Karnali klippe (Figure 4.11). 

In the homoclinal slab to the north of the Karnali klippe, the GHS is exposed along a quasi-

continuous section in the Mugu Karnali valley (Figure 4.1A) and displays an inverted metamorphic 

sequence ranging from garnet-grade below the MCT high-strain zone to sillimanite + K-feldspar-grade 

close to the STD, where the metasedimentary units are intruded by the Miocene Mugu granite (Harrison 

et al., 1999; Hurtado, 2002; Montomoli et al., 2013; Iaccarino et al., 2017a). Above the MCT high-strain 
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zone, i.e. at structural levels comparable to those in my study, GHS rocks record an early high P event 

(620–750 °C at 1.1–1.2 GPa) that is largely overprinted by a medium P event (650–720 °C at 0.7 GPa) 

(Figure 4.11; Iaccarino et al., 2017a). Prograde and retrograde monazite grains were dated at 25–20 Ma 

and 18–17 Ma, respectively (Montomoli et al., 2013), but it is not clear whether the metamorphic peak at 

ca. 20 Ma represents the first high P event or the subsequent medium P event.  

In the Lower Dolpo area (Figure 4.1A) to the southwest of the Mugu Karnali valley, kyanite-

grade migmatitic gneiss in the immediate hanging wall of the MCT high-strain zone record a prograde 

history between ca. 40 Ma and 25 Ma, peak P–T conditions at ca. 25–23 Ma, and retrograde conditions 

(cooling and melt crystallization) at 23–16 Ma (Gibson et al., 2016). Sillimanite-grade metamorphism 

younger than 26 Ma is interpreted to overprint the early ca. 43–33 Ma kyanite-grade metamorphic event 

in structurally higher rocks (Carosi et al., 2010).  

The GHS in the Karnali klippe appears to record a different, or “incomplete” P–T–t–D evolution 

compared to the GHS exposed in the homoclinal slab to the north. There is no evidence for a high T and 

medium P metamorphic event that overprints the initial high P event (i.e. decompression and heating to 

the sillimanite field), but rocks rather cooled and decompressed after peak metamorphism at high P 

(Figure 4.11). The timing of peak metamorphism is older in the Karnali klippe (35–30 Ma) compared to 

the homoclinal slab (ca. 25–20 Ma), although the younger peak in the slab is likely related to the high T 

and medium P metamorphic overprint (e.g. Carosi et al., 2010). Furthermore, large plutons such as the 

Mugu granite (Mugu Karnali valley; Fuchs, 1977) or the Bura Buri granite (Lower Dolpo; Carosi et al., 

2013) exposed at the top of the GHS are not present in the Karnali klippe, where only meter-scale dikes 

and sills attest to melt migration and accumulation. These plutons, and others at similar structural position 

along-strike, are interpreted to be related to extensive anatexis at high-temperature in the GHS during the 

early Miocene when GHS rocks in the Karnali klippe were already cooling (e.g. Harrison et al., 1999; 

Searle et al., 2010). The Karnali klippe therefore lacks the youngest part of the GHS P–T–t–D evolution, 

but consequently has a better preservation potential for the early tectonometamorphic evolution of the 

GHS. 
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4.7.7 Structural overlap along the STD 

The distance parallel to tectonic transport between the foreland-most and the hinterland-most 

exposures of the STD, after the large-wavelength folds are restored, provides insights on the length and 

geometry of the GHS. For this calculation, the mapped exposure of the STD on the southwest flank of the 

Karnali klippe is taken as the foreland-most exposure, whereas the position and nature of the contact 

between the GHS and the TSS in the hinterland, northeast of the Karnali klippe, is not well constrained, 

perhaps because logistical complexities in Southern Tibet hinder field mapping (e.g. Cannon and Murphy, 

2014). The STD has nonetheless been mapped on the north flank of the Gurla Mandhata core complex to 

the northwest (Figure 4.1A; Murphy and Copeland, 2005), and on the north flank of the Dolpo 

synclinorium to the east-northeast (Figure 4.1A; Cannon and Murphy, 2014). Assuming that the STD is 

continuous in between these two study areas, the unfolded length of the STD parallel to the direction of 

transport implies a structural overlap of ~145 km between mid-crustal GHS rocks and upper crustal TSS 

rocks (Figure 4.11). Furthermore, out-of-sequence deformation at the structural level of the MCT in the 

hinterland (e.g. Humla Karnali valley, Braden et al., 2017) may have translated the hinterland exposure of 

the STD further south, such that the true distance between the foreland-most and hinterland-most 

exposures may have initially been even greater. The structural overlap calculated herein is comparable 

with other overlaps from elsewhere in the Himalaya (see compilation in Antolín et al., 2013), especially 

in western Nepal where it has been calculated to >190 km and >160–185 km in the Dadeldhura and 

Jajarkot klippen, respectively (Figure 4.1A; Antolín et al., 2013, Soucy La Roche et al., in press; Chapter 

3). Because the coeval peak pressures recorded by GHS rocks on the south flank of the Karnali klippe and 

in the hinterland are broadly equivalent in western Nepal (Carosi et al., 2010; Montomoli et al., 2013; 

Iaccarino et al., 2017b; this study), a structural overlap of 150–200 km along the STD implies that the 

GHS and its bounding shear zones were, on average, horizontal to shallowly north-dipping for an 

extensive length. Steeply dipping sections are not excluded, but would be localized (i.e. a ramp). This 

geometry is in agreement with previous studies suggesting that the present-day attitude of the MCT 

reflects the post-kinematic tilting of the GHS by duplexing in the LHS during the late Miocene (Robinson 
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et al., 2003). Tectonic models depicting the evolution of the GHS during the Eocene and the Oligocene 

must take into account this geometry (c.f. Montomoli et al., 2013; Carosi et al., 2015, 2016). 

4.7.8 Implications for tectonic models 

Because of the absence of a high T metamorphic overprint during the early Miocene, the GHS 

exposed in the Karnali klippe enables characterization of the early evolution of the Himalayan middle 

crust. My new data demonstrate that prograde metamorphism was occurring during the middle Eocene 

and that the GHS was metamorphosed at high P conditions (~1.0 GPa) by the late Eocene (Figure 4.12 

and Figure 4.13). These data imply that within 20 m.y. of the initial collision, GHS rocks were already 

deformed at a depth of ~37 km. These results are consistent with findings from the Ama Drime Massif, 

south Tibet, which suggest that the Himalayan crust was at least 60 km thick by the late Eocene (Figure 

4.1A; Groppo et al., 2007; Kellett et al., 2014). Furthermore, T conditions (>650–700 °C) were sufficient 

to induce partial melting throughout the GHS during the late Eocene and early Oligocene. Although 

partial melting was relatively limited in volume compared to the Miocene anatectic event, a proportion of 

melt as small as 7% may be enough to reduce the strength of the middle crust significantly and allow for 

mid-crustal flow (Rosenberg and Handy, 2005). My results contrast with those of northwest Himalaya, 

where the Eocene-Oligocene mid-crustal evolution is also well preserved (Vance and Harris, 1999; 

Walker et al., 1999; Chambers et al., 2009; Stübner et al., 2014). In northwest Himalaya, the absence of 

significant crustal weakening by partial melting and magmatism resulted in stacking of recumbent fold 

anticlines during the Eocene and early Oligocene, and their exhumation between basal thrusts and normal 

shear zones at the top during the late Oligocene. This style of deformation has been suggested to represent 

the entire GHS before the Miocene overprint (Stübner et al., 2014). However, evidence for supra-solidus 

P–T conditions and southward extrusion between coeval opposite-sense shear zones in the Karnali klippe 

throughout the Oligocene suggest that the GHS has evolved differently in central and northwest 

Himalaya. 
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Figure 4.13 Schematic illustration of the tectonic evolution of western Nepal Himalaya from ca. 40 Ma to 

<12 Ma. Shear zones and faults in black are active structures whereas structures in grey are inactive. The 

southward propagation of a ramp in the MHT (Harvey et al., 2015; Mercier et al., 2017) is illustrated in 

(D) and (E), although the timing of the down-stepping of the ramp could be different. The geometry of the 

MHT in (E) is projected from 79°E and 81°E south and north of the hinterland MCT, respectively 
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(Caldwell et al., 2013; Gao et al., 2016). The LHS duplex in (E) is modified from Robinson et al. (2006). 

(A) 40–30 Ma: The crust thickens and kyanite-grade metamorphism (>0.7–1.0 GPa; >700 °C) with 

limited partial melting occurs in the GHS, as recorded in the rocks exposed in the Karnali klippe. (B) 30–

25 Ma: Tectonic exhumation along the STD begins, coeval with southward translation of the GHS along 

the MCT/MHT. The tip of the GHS records cooling and decompression while the hinterland is still hot 

and deeply buried. (C) 25–16 Ma: The tip of the GHS continues to be exhumed. The STD propagates up-

section and at lower temperature in the frontal part of the GHS. In the hinterland, decompression and 

heating results in high-temperature and low- to moderate-pressure (sillimanite-grade) with extensive 

partial melting and subsequent crystallization of leucogranitic plutons. (D) 16–12 Ma: The MCT and the 

STD in the foreland are abandoned and the GHS progressively cools from south to north. Out-of-

sequence thrusting occurs in the hinterland, structurally below the previously active southward thrust (e.g. 

Montomoli et al., 2013; Braden et al., 2017). Brittle top-down-to-the-NE faulting occurs above the ductile 

STD in the hinterland only, although evidence for STD-related brittle faulting in western Nepal is limited. 

Top-to-the-south thrusting propagates southwards on the MBT. (E) <12 Ma: Duplexing in the LHS folds 

the GHS and its bounding shear zones and isolate the Karnali klippe from the hinterland (e.g. Robinson et 

al., 2006). LHS—Lesser Himalayan sequence; GHS—Greater Himalayan sequence; TSS—Tethyan 

sedimentary sequence; MHT—Main Himalayan thrust; MFT—Main Frontal thrust; MBT—Main 

Boundary thrust; MCT—Main Central thrust; STD—South Tibetan detachment; TD—

Tectonometamorphic discontinuity. 

 

Following peak T metamorphism, the foreland GHS, exposed in the Karnali klippe, underwent 

cooling, decompression and southward extrusion below the STD from the early Oligocene to the early 

Miocene (Figure 4.13B–C; this chapter and Soucy La Roche et al., 2016; Chapter 2). During this time, in 

contrast, the hinterland GHS underwent heating combined with decompression (Figure 4.13C). The 

prolonged heating in the hinterland caused extensive anatexis, evidenced by the abundant Miocene 

granitic plutons (Figure 4.1A; e.g. Harrison et al., 1999; Searle et al., 2010; Carosi et al., 2013), which are 

absent in the foreland klippen (Karnali klippe, this study; Dadeldhura klippe, Antolín et al., 2013; Jajarkot 

klippe, Soucy La Roche et al., in press; Kathmandu klippe, Johnson et al., 2001; Chapter 3). The GHS 

preserved in the klippen therefore represents a snapshot of the frontal portion of the middle crust that was 

exhumed first while the GHS in the hinterland was still buried and actively deforming.  
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The contrast in tectonometamorphic histories between the GHS exposed in the foreland and the 

hinterland may have been enhanced by out-of-sequence thrusting during the Miocene (Montomoli et al., 

2013; Braden et al., 2017). U-Th/Pb monazite petrochronology highlights renewed southward directed 

thrusting in the hinterland MCT zone (Humla Karnali valley) at <18–8 Ma while the MCT zone in the 

Karnali klippe was inactive (Figure 4.13D, Braden et al., 2017). Southward thrusting at the base of the 

GHS was also active at 17–13 Ma in the Mugu Karnali valley, while a former thrust along which the 

GHS was emplaced is preserved as a tectononometamorphic discontinuity (Montomoli et al., 2013). In 

this scenario, out-of-sequence deformation brought northern and structurally deeper GHS rocks to their 

current position, such that the two regions represent significantly different across-strike positions in the 

middle crust, despite their geographical proximity. Out-of-sequence thrusting isolating foreland 

metamorphic rocks has also been suggested north of the Kathmandu klippe in central Nepal (Figure 4.1A; 

Johnson et al., 2001; Larson et al., 2016) , in far-eastern Nepal (Figure 1a; Schelling and Arita, 1991), in 

Bhutan (Figure 1a; Grujic et al., 2002, 2011; Kellett et al., 2009; Warren et al., 2011), and in Arunachal 

Pradesh (Figure 1a; Warren et al., 2014). Out-of-sequence thrusting of hinterland GHS on top of foreland 

GHS is also predicted by thermal-mechanical numerical models containing an embedded weak upper 

layer in the upper crust (e.g. model HT-111; Jamieson et al., 2006). In these models, the weak upper crust 

is destabilized when GHS material flows over a ramp of cooler underthrust material, forming mid-crustal 

domes that are subsequently overthrust on top of previously exhumed GHS.  

In Bhutan, it has been proposed that a mid-crustal dome similar to those formed in numerical 

model HT-111 (Jamieson et al., 2006) was translated southward and cut through the STD, consequently 

isolating a foreland segment of the STD while this structure remained active in the hinterland (Kellett et 

al., 2009, 2010). The hinterland STD subsequently evolved into a structurally higher system of brittle 

faults that did not develop in the foreland STD. In the Karnali klippe, the base of the STD is a high-

temperature (~600 °C) ductile shear zone that was active relatively early (30–19 Ma; Soucy La Roche et 

al., 2016; Chapter 2). Strain propagated structurally up-section and at lower temperature (250–520 °C) 
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until ca. 16 Ma (Figure 4.13C; this study). There is no evidence of top-to-the-north brittle faulting in the 

Karnali klippe, consistent with the STD strand in the foreland having been effectively abandoned prior to 

STD-related brittle deformation. In the hinterland north of the Karnali klippe, brittle faulting related to the 

STD has not been recognized in the Lower Dolpo area (Carosi et al., 2013), or north of the Dolpo 

synclinorium (likely due to access issues because of high elevations and location in Tibet; Cannon and 

Murphy, 2014). However, top-to-the-NE brittle faults are well characterized in the Annapurna area to the 

northeast (Figure 4.1A; e.g. Brown and Nazarchuk, 1993; Godin et al., 1999b; Hurtado et al., 2001; 

Godin, 2003). Finally, the GHS was folded by duplexing in the underlying LHS and the Karnali klippe 

was structurally isolated from the hinterland in the late Miocene (Figure 4.13E). The current data set in 

western Nepal therefore points to a very similar evolution of the GHS compared to Bhutan, although the 

absolute timing of each step appears older in western Nepal (e.g. Guillot et al., 1999; Yin, 2006; Guillot et 

al., 2008; Warren et al., 2014). 

4.8 Conclusions 

GHS rocks from different structural locations on both flanks of the Karnali klippe record a 

broadly similar P–T–t–D evolution. Prograde metamorphism occurred between 40 and 35 Ma and P–T 

conditions peaked at >0.7–1.0 GPa and >650–700 °C between 35 and 30 Ma. After 30 Ma, GHS rocks 

underwent cooling, decompression and melt crystallization, likely associated with the onset of the top-to-

the-NE normal-sense STD. The base of the STD high-strain zone was active from ca. 30 to ca. 19 Ma 

(Soucy La Roche et al., 2016; Chapter 2) and strain propagated up-section at progressively lower 

temperature within the high-strain zone as the upper part of the shear zone was still active at 16 ± 2 Ma. 

The structural overlap of upper crustal TSS rocks on top of mid-crustal GHS rocks along the STD is 

constrained to ~145 km based on the distance between its hinterland-most and foreland-most exposure. 

40Ar/39Ar geochronology on white mica point to the foreland-to-hinterland progressive cooling of the 

GHS below ~450–475 °C from 20–17 Ma on the southwest flank of the Karnali klippe to 17–14 Ma on 

the northeast flank.  
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The tectonometamorphic history of GHS rocks of the Karnali klippe does not record the high 

temperature and moderate pressure metamorphic event associated with extensive anatexis and pluton 

crystallization during the late Oligocene and early Miocene that has been well-characterized in the 

hinterland of the orogen. This early cooling of the leading edge of the middle crust is compatible with 

renewed shortening along out-of-sequence shear zones in the hinterland that effectively isolated the 

frontal section of the exhumed middle crust. These rocks, now exposed in the Karnali klippe, therefore 

represent a well-preserved snapshot of the early evolution of the Himalayan metamorphic core. Further 

research on the foreland klippen is needed to thoroughly characterize the state of the middle crust during 

the Eocene–Oligocene, a time frame that is yet poorly characterized. 
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Chapter 5 

Lateral segmentation of the Main Himalayan thrust beneath the foreland 

klippen: Insights from phase equilibria modeling and geochronologic data, 

western Nepal  

5.1 Abstract 

Spatiotemporal models of mid-crustal evolution in continent-continent collisional orogens must 

accommodate tectonometamorphic constraints from different locations across and along the strike of the 

orogen. New phase equilibria modeling and geochronologic data from the Jajarkot klippe, western Nepal 

Himalaya, highlight significant variations in pressure–temperature–time–deformation (P–T–t–D) paths 

compared to equivalent rocks exposed in the Karnali klippe and in the hinterland, located along- and 

across-strike, respectively. Greater Himalayan sequence rocks in the Jajarkot klippe were metamorphosed 

at sub-garnet grade from ca. 45 to 30 Ma, likely south of the Himalayan high grade metamorphic core. 

Peak P–T conditions of 550–600 °C and 750–1200 MPa were reached at 25 Ma and were rapidly 

followed by cooling and decompression. Peak metamorphic temperatures in the Jajarkot klippe are >100 

°C colder and were reached 5–10 m.y. later than in the Karnali klippe, and are coeval with >100 °C 

higher peak temperatures in the hinterland. These along- and across-strike tectonometamorphic variations 

are tentatively explained by variations in the geometry of the basal detachment of the orogenic system. I 

suggest that a vertical or east-dipping lateral ramp in the Main Himalayan thrust, possibly linked to the 

inherited Lucknow basement fault in the Indian lithosphere, segmented the Greater Himalayan sequence 

between the Karnali and the Jajarkot klippen during the Oligocene and the Miocene. Rock uplift occurred 

above frontal ramps that migrated northward at different times below the Jajarkot and Karnali klippen. 

My new results demonstrate that the Himalayan middle crust did not evolve homogeneously in either the 

direction of tectonic transport or parallel to the orogenic front. 
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5.2 Introduction 

The tectonometamorphic evolution of the middle crust in continent-continent collisional orogens 

varies significantly depending on across- and along-strike position of the studied section (e.g. Guillot et 

al., 1999; Ratschbacher et al., 1991; Bousquet et al., 2008; Kellett et al., 2009; Gibson et al., 2016; 

Braden et al., 2017; Soucy La Roche et al., in press, in review; Chapters 3–4). Contrasting results from 

one area to another can lead to significantly different – and incomplete – tectonic models (e.g. the 

‘channel flow debate’ in the Himalaya, Searle et al. (2006) vs. Kohn (2008), and in the southern Canadian 

Cordillera, Kuiper et al. (2006) vs. Carr and Simony (2006)). It is thus crucial to reconstruct the pressure–

temperature–time–deformation (P–T–t–D) evolution of the exposed middle crust in several across- and 

along-strike structural positions to reconcile all tectonometamorphic constraints in a four-dimensional 

spatiotemporal (4D) model. 

The high-grade metamorphic core of the Himalayan orogen, the Greater Himalayan sequence 

(GHS), is exposed continuously for ~2500 km along-strike and, in some areas, continuously or 

discontinuously over up to ~250 km across-strike. The main exposure of the GHS consists of a well-

characterized orogen-parallel, north-dipping homoclinal slab that is bounded at the base by the top-to-the-

SW Main Central thrust (MCT) and at the top by the top-to-the-NE South Tibetan detachment (STD) 

(Figure 5.1A; see reviews in Hodges, 2000; Yin and Harrison, 2000; Yin, 2006). To the south of the main 

Himalayan range, medium to high-grade metamorphic rocks are exposed in a series of less well-studied 

external klippen of controversial affinity (Figure 5.1A; e.g. Rai et al., 1998; Upreti and Le Fort, 1999; 

Johnson et al., 2001; Johnson, 2005). However, structural and tectonostratigraphic data in western Nepal 

and northwest India demonstrate that these metamorphic rocks have a GHS isotopic and protolith affinity 

and have been translated southward between opposite-sense shear zones correlative to the MCT and the 

STD (Figure 5.1B; Robinson et al., 2001; Gehrels et al., 2006; Antolín et al., 2013; Mandal et al., 2015; 

Soucy La Roche et al., 2016, in press; Chapters 2–3). These metamorphic rocks are therefore interpreted 

as the southward continuation of the GHS thrust sheet exposed in the hinterland.  
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Figure 5.1 (A) Geologic map of India, Nepal and Bhutan Himalaya with the locations of the Almora, 

Dadeldhura, Karnali, Jajarkot and Kathmandu klippen. After Murphy and Copeland (2005), Yin (2006), 

McQuarrie et al. (2008) and Antolín et al. (2013). Black rectangle in the Jajarkot klippe indicates the map 

area of Figure 5.2. The thick dashed grey line indicates the trace of the Lucknow basement fault (Godin 

and Harris, 2014; Godin et al., in press). The locations of other areas relevant to this study are indicated 

by circled numbers: 1—Almora klippe (Joshi and Tiwari, 2009; Mandal et al., 2015); 2—Dadeldhura 

klippe (Naera et al., 2007; Antolín et al., 2013); 3—Karnali klippe (Soucy La Roche et al., 2016, in 

review; Chapters 2, 4); 4—Jajarkot klippe (Soucy La Roche et al., in press; Chapters 3); 5—West Dang 

transfer zone (Mugnier et al., 1999a, 1999b); 6—Humla Karnali (Fuchs, 1977; Braden et al., 2017); 7—

Mugu Karnali (Fuchs, 1977; Iaccarino et al., 2017a); 8—Lower Dolpo (Carosi et al., 2010; Bertoldi et al. 

2011; Gibson et al., 2016); 9—Dhaulagiri (Iaccarino et al., 2015; Parsons et al., 2016c, 2016b); 10—

Kathmandu klippe (Johnson et al., 2001; Khanal et al., 2015; Larson et al., 2016). (B) Cross section A–A’ 

illustrating the relationship between the GHS in the homoclinal slab and the GHS in the Jajarkot klippe 

(from Soucy La Roche et al., in press; Chapter 3). The Lesser Himalayan sequence duplex and the 

position of the Main Himalayan thrust are based on cross sections of Robinson and Martin (2014). KFS—

Karakoram fault system; MFT—Main Frontal thrust; MBT—Main Boundary thrust; MCT—Main Central 

thrust; STD—South Tibetan detachment; IYZS—Indus-Yarlung Zangbo suture; MHT—Main Himalayan 

thrust. 



 

107 

 

Even though the klippen and the homoclinal slab have identical first-order structural architecture, 

the peak metamorphic temperature conditions of GHS rocks are significantly lower in the klippen than in 

the homoclinal slab, and vary significantly among the klippen (e.g. Johnson et al., 2001; Naera et al., 

2007; Joshi and Tiwari, 2009; Soucy La Roche et al., in press, in review; Chapters 3–4). These variations 

may be due, at least in part, to exposure of different across-strike structural levels (Antolín et al., 2013; 

Soucy La Roche et al., in review; Chapter 4). In addition, along-strike variations in metamorphic grade 

between the Karnali and Jajarkot klippen have been spatially associated with the underlying Lucknow 

basement fault (Figure 5.1; Godin et al., in press).  

This chapter presents new P–T–t–D data from the Jajarkot klippe in western Nepal. Metamorphic 

conditions are evaluated with phase equilibria modeling and the timing of metamorphic and deformation 

events is constrained with U-Th/Pb petrochronology on monazite and xenotime and 40Ar/39Ar 

geochronology on white mica. I compare these new data with published data from the Karnali klippe 

immediately along-strike to the northwest and from the hinterland GHS across-strike to the north. Finally, 

I propose a 4D tectonic evolution model for the middle crust now exposed in western Nepal. 

5.3 Geology of the Himalaya 

The Himalayan orogen is the result of the on-going continental collision between the Indian 

craton and Asia, which started at ca. 55 Ma (Najman et al., 2010, 2017; Hu et al., 2016). The 

metamorphic core of the orogen, the GHS, is composed of Proterozoic to early Paleozoic 

metasedimentary rocks intruded by ca. 880–800 Ma, 510–460 Ma, and 28–14 Ma granites (Parrish and 

Hodges, 1996; Searle and Godin, 2003; Myrow et al., 2003; Searle et al., 2010; Gehrels et al., 2011; 

Martin, 2017a). The GHS was metamorphosed at high P and moderate T (0.7 to >1.5 GPa, 500–700 °C) 

associated with limited partial melting during Eocene–Oligocene crustal thickening (Inger and Harris, 

1992; Vannay and Hodges, 1996; Godin et al., 2001; Groppo et al., 2007; Kellett et al., 2014; Stübner et 

al., 2014; Iaccarino et al., 2015). A second phase of metamorphism occurred during the Miocene, 

characterized by medium P and high T (0.3–0.7 GPa, >650 °C), widespread partial melting and 
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crystallization of large leucogranite bodies (Figure 5.1A; Pêcher, 1989; Vannay and Hodges, 1996; Godin 

et al. 2001; Kohn et al., 2001; Streule et al., 2010). The GHS is bounded at the top by the top-down-to-

the-NE STD, an up-to-few-km-thick shear zone that separates it from a cover of weakly to non-

metamorphosed Paleozoic to Cenozoic sedimentary rocks of the Tethyan sedimentary sequence (TSS; 

Caby et al., 1983; Burchfiel et al., 1992; Garzanti, 1999; Godin, 2003). The base of the GHS is marked by 

the top-up-to-the-SW MCT, a several kilometer-thick shear zone that coincides with an inverted 

metamorphic sequence (Gansser, 1964; Searle et al., 2008; Martin, 2017b). In the footwall of the MCT, 

the Lesser Himalayan sequence (LHS) comprises Paleoproterozoic to early Mesoproterozoic and late 

Carboniferous to Permian sedimentary rocks, Eocene to early Miocene early foreland basin sedimentary 

rocks and 1880–1830 Ma granite. The LHS was metamorphosed at greenschist- to subgreenschist-facies 

and deformed in an overall foreland-propagating fold-thrust belt during the mid- to late Miocene 

(DeCelles et al., 2001; 2004; Najman et al., 2005; Robinson et al. 2006; Gehrels et al., 2011, Martin, 

2017a and references therein). The LHS overthrusts the Sub-Himalaya, composed of syn-orogenic 

sedimentary units of the Siwaliks Group, along the top-to-the-south, mid- to late Miocene Main Boundary 

thrust (Mugnier et al., 1994; Meigs et al., 1995; Najman, 2006). The seismically active top-to-the-south 

Main Frontal thrust underlies the Sub-Himalaya and marks the southern extent of Himalayan-related 

deformation (Lavé and Avouac, 2000). The Main Central, Main Boundary and Main Frontal thrusts all 

root into a single detachment underlying the Himalayan orogenic system, the Main Himalayan thrust 

(MHT; Nelson et al. 1996; Hauck et al. 1998). 

This chapter investigates the tectonometamorphic history of the foreland-most section of the GHS 

exposed in klippen, also referred to as Lesser Himalayan crystalline nappes or external crystalline nappes 

(e.g. Rai et al., 1998; Upreti and Le Fort, 1999; Johnson et al., 2001; Johnson, 2005; Antolín et al., 2013; 

Soucy La Roche et al., 2016, in press, in review; Chapters 2–4). In the central Himalaya, the largest 

klippen are, from west to east, the Almora, Dadeldhura, Karnali, Jajarkot and Kathmandu klippen (Figure 

5.1A). The metamorphic grade of the GHS in the klippen is lower compared to that of the homoclinal 
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slab, and varies among the klippen. Metamorphic grade is lowest in the Dadeldhura and Jajarkot klippen 

(subsolidus garnet grade; Naera et al., 2007; Antolín et al., 2013; Soucy La Roche et al., in press; Chapter 

3), intermediate in the Karnali klippe (suprasolidus kyanite grade; Soucy La Roche et al., 2016, in review; 

Chapters 2, 4), and highest in the Almora and Kathmandu klippen (suprasolidus kyanite + sillimanite 

grade; Johnson et al., 2001; Joshi and Tiwari, 2009; Khanal et al., 2015). The timing of peak 

metamorphism in the klippen is still poorly constrained, but appears to be older than in the homoclinal 

slab, at least for the Karnali and Kathmandu klippen (Late Eocene to early Oligocene vs. Miocene, Soucy 

La Roche et al., 2016, in review; Larson et al., 2016; Chapters 2, 4). Because of the close proximity and 

high contrast in metamorphic grade between the Jajarkot and Karnali klippe, and because the 

tectonometamorphic evolution of the latter is well constrained by phase equilibria modeling, multi-

equilibrium conventional thermobarometry and monazite petrochronology (Soucy La Roche et al., in 

review; Chapter 4), the Jajarkot klippe is a key location to reconcile lateral variations in the 

tectonometamorphic evolution of the GHS as exposed in the foreland klippen. 

5.4 Geology and structure of the Jajarkot Klippe 

The Jajarkot klippe in western Nepal, also referred to as the Jaljala synclinorium, forms a 125 km 

by 30 km WNW–ESE trending non-cylindrical synform to the southeast of the Karnali klippe (Figure 5.1 

and Figure 5.2; Fuchs and Frank, 1970; Arita et al., 1984b; Hayashi et al., 1984; Sharma et al., 1984; 

Sharma and Kizaki, 1989; Soucy La Roche et al., in press; Chapter 3). Detailed mapping, microstructural 

analysis, and geochronology of detrital zircon demonstrate a correlation between the rock units exposed 

in Jajarkot klippe and the GHS and TSS exposed in the hinterland (Figure 5.1B, Soucy La Roche et al., in 

press; Chapter 3).  

 A 1–4-km-thick, high-strain, ductile shear zone at the base of the Jajarkot klippe coincides with 

the base of an inverted metamorphic sequence that places Tertiary GHS metamorphic rocks over weakly 

to unmetamorphosed LHS rocks (Figure 5.2). The base of this shear zone is correlated to the MCT, 

according to the definition of Searle et al. (2008). In the hanging wall of the MCT, the GHS is composed  
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Figure 5.2 Map of dominant lithological units in the Jajarkot klippe with locations of samples and cross 

sections A–A’, B–B’, C–C’–C’’ and D–D’ (after Soucy La Roche et al., in press; Chapter 3). The map 
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location is indicated as a black polygon on Figure 5.1. Hatching indicates the extent of the MCT and STD 

high-strain zones. The occurrence of index metamorphic minerals based on field and thin section 

observations is indicated below the cross section. A solid line indicates the occurrence of the mineral in 

all metapelitic samples collected, whereas a dashed line indicates that the mineral may or may not be 

present in a metapelite from that structural position. GHS—Greater Himalayan sequence; LHS—Lesser 

Himalayan sequence; TSS—Tethyan sedimentary sequence; Bt—biotite; Chl—chlorite; Grt—garnet; 

Wm—white mica. 

 

of interlayered quartzite, rare granitic augen gneiss (tentatively correlative to the Ulleri gneiss), pelitic to 

psammitic schist and calc-schist, all of which display sparse evidence for top-to-the-SW shear. A ~1-km-

thick top-to-the-NE shear zone correlative to the STD is exposed at the top of the GHS. The TSS in the 

hanging wall of the STD is composed of arenite interlayered with marble and biotite-white mica-chlorite 

schist that grades progressively upward into limestone interlayered with arenite containing sedimentary 

structures. The maximum depositional age of a quartz arenite at the base of the TSS is constrained to the 

late Cambrian (Soucy La Roche et al., in press; Chapter 3). 

The main schistosity in the GHS dips moderately to steeply to the NNE on the south flank of the 

klippe, and to the SSW on the north flank, whereas the biotite and quartz aggregate lineation generally 

plunges down-dip. The regional synform is open and upright at the west end of the klippe, whereas the 

north flank is steep to overturned in the central part of the klippe (Figure 5.2; Soucy La Roche et al., in 

press; Chapter 3). The metamorphic field gradient increases up-section from greenschist-facies at the 

MCT to lower-amphibolite-facies in the middle and top of the GHS and decreases to greenschist- and 

subgreenschist-facies in the TSS. The metamorphic field gradient is compatible with the temperatures of 

deformation (derived from quartz crystallographic <c>-axis preferred orientation fabrics, and quartz and 

calcite recrystallization microstructures) that increase up-section from ~450 °C at the MCT to ~600 °C at 

the STD and decrease to 250–300 °C in the TSS (Soucy La Roche et al., in press; Chapter 3). 



 

112 

 

5.5 Samples 

In total, 10 samples were investigated in this study for phase equilibria modeling, monazite and 

xenotime petrochronology, and/or 40Ar/39Ar geochronology and are described in that order. Samples are 

located on Figure 5.2, and the geographical coordinates, structural positions, and type(s) of analysis 

performed on each sample are summarized in Table D.1 in Appendix D. 

Samples JK-16, JK-22, JK-29, JK-45 and JK-48 used for phase equilibria modeling were 

collected along the easternmost transect; the first three are from the south flank of the klippe and the latter 

two from the north flank. JK-16 is from the upper part of the MCT high-strain zone, JK-22 and JK-48 

from the middle of the GHS, and JK-29 and JK-45 from the STD high-strain zone. These five samples are 

garnet-grade schists that do not contain staurolite, kyanite or sillimanite, or any evidence for former melt.  

Only samples JK-45, JK-48 and JK-99 contain monazite suitable for petrochronology. Other 

metapelitic samples have higher CaO content and contain allanite, consistent with the expanded stability 

field of allanite (vs. monazite) toward higher temperature and pressure for calcium-rich bulk rock 

compositions (Janots et al., 2007; Spear, 2010). JK-99 is from the STD high-strain zone exposed on the 

south flank of the klippe along the Mādī Kholā transect. 

40Ar/39Ar data were collected from white mica from samples JK-16, JK-29, JK-45, JK-48, JK-11, 

JK-98, JK-167B and JK-184. JK-11 was collected at the base of the MCT high-strain zone in the Lungrī 

Kholā on the south flank of the Jajarkot klippe. JK-98 is the only sample that is not assigned to the GHS; 

it is a quartz arenite from the base of the TSS in the immediate hanging wall of the STD (i.e. ~50 m 

structurally above the upper boundary of the STD high-strain zone) exposed along the Mādī Kholā 

transect on the south flank of the klippe. JK-167B is from the immediate footwall of the STD exposed on 

the north flank of the Muglu Kholā transect, and JK-184 was collected in the upper part of the MCT high-

strain zone along the westernmost Bherī Nadī transect. 
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5.5.1 Descriptions 

Sample JK-16 contains the peak metamorphic assemblage Grt + Wm + Bt + Chl + Qz + Pl with 

accessory Ilm + Ep + Aln + Tur + Ap + Zrn (mineral abbreviations after Whitney and Evans, 2010, 

except Wm—white mica). Garnet is 1–4 mm large and wrapped by the foliation, suggesting it is pre- to 

syn-tectonic with respect to the foliation (Figure 5.3A). Garnet contains abundant inclusions of 

plagioclase, quartz and ilmenite that are randomly oriented or oriented at an angle to the matrix foliation 

(Figure 5.3A). Garnet is generally euhedral although some edges are partially replaced by chlorite. 

Chlorite also occurs as small foliation-parallel flakes dispersed in the matrix. White mica (250–500 µm 

diameter) and biotite form top-to-the-NE shear bands, which were not observed at the outcrop scale or in 

adjacent outcrops and appear to be a local microstructure only (Figure 5.3A).  

Sample JK-22 contains the peak metamorphic assemblage Grt + Bt + Wm + Chl + Qz + Pl with 

accessory Ilm + Tur + Ap + Ep + Aln + Zrn. Garnet is 0.7–2 mm large, euhedral, wrapped by the foliation 

and contains sigmoidal inclusion trails of quartz and ilmenite, indicating a top-to-the-SW syn-kinematic 

crystallization (Figure 5.4). Phyllosilicates and elongate grains of quartz and plagioclase define the 

foliation.  

Sample JK-29 contains the peak metamorphic assemblage Grt + Wm + Bt + Chl + Qz + Pl with 

accessory Ilm + Tur + Ap + Ep + Aln + Zrn. Garnet is 0.5–2 mm large, subhedral, wrapped by the 

foliation and contains sigmoidal inclusion trails of quartz and ilmenite suggesting a top-to-the-NE sense 

of shear (Figure 5.3B). This sense of shear is consistent with abundant top-to-the-NE shear bands defined 

by fine-grained white mica (250–350 µm diameter) and biotite in the matrix (Figure 5.3C). Chlorite 

occurs as small flakes parallel to the foliation and as large porphyroblasts wrapped by the foliation.  

Sample JK-45 contains the peak metamorphic assemblage Grt + Wm + Bt + Chl + Qz + Pl with 

accessory Ilm + Tur + Ap + Zrn + Rt + Mnz + Xtm. Garnet is 1.5–4.5 mm large, anhedral, wrapped by 

the foliation and contains sigmoidal inclusion trails of quartz, ilmenite and monazite suggesting a top-to- 

the-NE sense of shear (Figure 5.3D). The foliation, defined by white mica, biotite, chlorite and elongate 

grains of plagioclase is folded and irregular. Two generations of white mica are recognized. The first 
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Figure 5.3 Photomicrographs of samples in plane-polarized (PPL), cross-polarized light (XPL), and back-

scattered electron (BSE). Note that the polarizer and analyzer are not oriented horizontally and vertically 

such that white mica parallel to the foliation is not at extinction in XPL. (A) Euhedral garnet wrapped by 

the foliation, and shear bands indicating a top-to-the-NE sense of shear, opposite to the dominant sense of 

shear observed throughout the MCT high-strain zone. (Stitched PPL photomicrographs). (B) Sigmoidal 

inclusion trails in garnet suggesting a top-to-the-NE sense of shear during garnet growth in the STD high-

strain zone (PPL). (C) Shear bands defined by white mica and biotite imply mica growth prior to and/or 

during shearing along the STD (XPL). (D) Sigmoidal inclusion trails (ilmenite, quartz and monazite) in 
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garnet indicating a top-to-the-NE sense of shear during garnet growth in the STD high-strain zone. Garnet 

is partially replaced by chlorite and xenotime (BSE). (E) In JK-45, a first generation of white mica 

(Wm1) is paragonite-rich and forms thin flakes parallel to the foliation (dark grey), while a second 

generation (Wm2) is muscovite-rich and forms coarse flakes parallel to and cross-cutting the foliation 

(pale grey) (BSE). (F) Garnet with folded inclusion trails (ilmenite, quartz, allanite) in the GHS. A partial 

corona rich in chlorite also contains minute crystals of xenotime (PPL). (G) The dominant white mica 

population (Wm1) in JK-48 is paragonite-rich and lies parallel to the foliation (dark grey) whereas a 

second muscovite-rich population (Wm2) is larger and clearly cross-cuts the foliation (pale grey) (BSE). 

(H) Crenulated inclusion trails (ilmenite, quartz and allanite) in garnet from the STD high-strain zone 

(axial planes outlined with grey dashed lines labelled a.p.). Top-to-the-SW shear bands in the matrix 

suggest a sense of shear opposite to the top-to-the-NE sense of shear observed in rocks immediately 

above and below in the outcrop (BSE). (I) White mica at the base of the MCT high-strain zone is 

deformed by top-to-the-SW shear bands. Note the small chloritoid porphyroblast (XPL). (J) White mica 

disseminated in a quartz arenite at the base of the TSS. Note that quartz was dynamically recrystallized by 

grain boundary migration, a microstructure common in quartz-rich rocks from the upper part of the MCT 

high-strain zone up to the base of the TSS (XPL). (K) Coarse, thick flakes of white mica define the main 

foliation and smaller flakes outline a previous foliation rarely preserved in microlithons (m). Note the 

well-developed grain boundary migration microstructure in quartz-rich pods (PPL). (L) Sigmoidal 

inclusion trails and asymmetric pressure shadows indicate garnet growth contemporaneous with top-to-

the-SW sense of shear in the MCT high-strain zone. White mica forms thick aggregates parallel to the 

foliation (XPL). Ap—apatite; Aln—allanite; Bt—biotite; Chl—chlorite; Cld—chloritoid; Grt—garnet; 

Ilm—ilmenite; Mnz—monazite; Qz—quartz; Pl—plagioclase; Rt—rutile; Wm—white mica; Xtm—

Xenotime; Zrn—Zircon. 

 

generation is composed of fine-grained (100–200 µm large, 10–30 µm thick) mica parallel to the 

foliation, whereas the second is coarser (200–400 µm large, 40–60 µm thick), parallel to or randomly 

oriented and cross-cutting the foliation (Figure 5.3E). Chlorite occurs as rare foliation-parallel small 

flakes and coronas around partially resorbed garnet grains (Figure 5.3D). Ilmenite is present as inclusions 

in garnet (core and rim) and is the most abundant iron oxide in the matrix. Rutile forms rare individual 

grains in the matrix only and sparsely replaces ilmenite. 
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Sample JK-48 contains the peak metamorphic assemblage Grt + Wm + Bt + Chl + Qz + Pl with 

accessory Ilm + Tur + Ap + Ep + Aln + Zrn + Mnz + Xtm. Garnet is 4–7.5 mm large, anhedral and 

contains inclusions of quartz, ilmenite and allanite that form a folded internal foliation (Figure 5.3F). The 

foliation, defined by white mica and biotite, is irregularly crenulated. White mica is dominated by a first 

generation of small thin grains (100–300 µm large, ~10 µm thick) oriented parallel to the foliation, 

whereas large grains (200–600 µm large, 50–300 µm thick) of a second generation crosscut the foliation 

(Figure 5.3G). In addition to forming rare small flakes in the matrix, chlorite also occurs as partial 

coronas next to resorbed garnet edges (Figure 5.3F). Ilmenite is abundant in garnet (core and rim) and in 

the matrix.  

Sample JK-99 contains the peak metamorphic assemblage Grt + Bt + Chl + Wm + Qz + Pl with 

accessory Ilm + Tur + Ap + Zrn + Mnz + Aln + Xtm. Garnet is subhedral and contains inclusion trails of 

quartz, ilmenite, tourmaline and allanite that are at an angle to the external foliation. Some inclusions 

trails are straight whereas others are S-shaped with an apparent top-to-the-SW sense of shear. However, 

rare garnets contain inclusion trails with several inflexions points, indicating that garnet more likely 

overgrew a crenulation fabric (Figure 5.3H). Garnet is wrapped by the matrix foliation defined by biotite, 

chlorite, white mica and elongate quartz and plagioclase grains. The matrix is deformed by top-to-the-SW 

shear bands in areas particularly rich in mica (Figure 5.3H), which suggest a sense of shear opposite to the 

top-to-the-NE sense of shear observed in rocks immediately above and below in the outcrop, and 

indicated by quartz crystallographic <c>-axis preferred orientations in a quartzite ~175 m structurally 

lower (Soucy La Roche et al., in press; Chapter 3). 

Sample JK-11 contains the peak metamorphic assemblage Cld + Wm + Chl + Qz + Pl with 

accessory Ilm + Tur + Zrn. Chloritoid porphyroblasts are generally parallel to or at a slight angle to the 

foliation and occurs in quartz rich pods that frequently display a top-to-the-SW asymmetry. White mica is 

large (~1000 µm diameter), abundant, and defines a strong foliation offset by top-to-the-SW shear bands, 

suggesting pre- to syn-kinematic growth (Figure 5.3I).  
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Sample JK-98 is dominated by Qz with minor Wm and accessory Pl, Tur, Zrn, and Opq. White 

mica is fine-grained (200–300 µm diameter), disseminated parallel to the foliation in the matrix or 

concentrated along foliation-parallel bands (Figure 5.3J). Quartz is deformed dynamically by grain 

boundary migration and statically by grain boundary area reduction, but yields randomly oriented quartz 

crystallographic <c>-axis orientations (Soucy La Roche et al., in press; Chapter 3). 

Sample JK-167B contains the peak metamorphic assemblage Grt + Wm + Bt + Qz + Pl with 

accessory Ilm + Ep + Aln + Tur + Ap + Zrn. Garnet is subhedral and contains cracks filled with chlorite. 

It is wrapped by the foliation and contains randomly oriented inclusions of quartz, ilmenite, tourmaline 

and allanite. White mica is coarse (500–600 µm diameter) and defines the main foliation along with 

biotite (Figure 5.3K). In rare areas, smaller flakes of white mica and biotite outline a previous foliation 

preserved in microlithons (Figure 5.3K). 

Sample JK-184 contains the peak metamorphic assemblage Grt + Wm + Bt + Qz + Pl with 

accessory Chl + Ilm + Ep + Aln + Tur + Ap + Zrn. Garnet is anhedral and poikilitic. Inclusions of quartz, 

ilmenite and plagioclase form sigmoidal trails pointing to a top-to-the-SW sense of shear, consistent with 

the asymmetry of the pressure shadows next to the garnet porphyroblasts (Figure 5.3L). White mica (250–

400 µm diameter) and biotite define the foliation (Figure 5.3L). 

5.6 Phase equilibria modeling 

5.6.1 Methods 

Thin sections were scanned using a mineral liberation analyzer 650 field emission gun 

environmental scanning electron microscope (MLA 650 FEG ESEM; Fandrich et al., 2007) at Queen’s 

Facility for Isotope Research (Queen’s University) to identify matrix minerals and inclusions in 

porphyroblasts, and complement textural observations. The chemical composition of garnet, plagioclase, 

biotite and white mica was measured using wavelength dispersive spectrometry on a JEOL JXA-8230 

electron microprobe at Queen’s Facility for Isotope Research. Chemical zoning in garnet was assessed 
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with rim to rim transects across garnet, and with X-ray Fe, Mg, Mn and Ca maps on selected grains. 

Details on operating conditions, standards and corrections can be found in Appendix D.1. 

Isochemical phase diagrams were calculated in the system MnNCKFMASH (TiO2 added for 

samples JK-45 and JK-48) with bulk rock chemical compositions modified from X-ray fluorescence 

analyses (Table D.1). Thermodynamic calculations were conducted with the software Perple_X 6.7.3 

(Connolly, 1990, 2005, 2009) and the internally consistent and updated thermodynamic database tc-ds55 

of Holland and Powell (1998, revised 2004). Details on mineral solid solutions, water content and bulk 

rock chemical compositions are presented in Appendix D.2. 

5.6.2 Major mineral chemical composition  

The chemical compositions of garnet, biotite, white mica and plagioclase were characterized for 

JK-16, JK-22, JK-29, Jk-45 and JK-48 before phase equilibria modeling. The zoning and trends in 

composition for most minerals are similar between samples and are therefore described together. The 

complete data set with chemical compositions from individual analyses is presented in Table D.3. 

In all samples, garnet yields a normal growth zoning profile characterized by an increase in Xalm 

and Xprp and a decrease in Xsps from core to rim. Xgrs is homogeneous throughout the core and decreases at 

the rim (Figure 5.4). In JK-48, one garnet grain displays a slight decrease in Xprp compensated by an 

increase in Xsps at the rim, possibly indicating a local Fe-Mg exchange with biotite during retrograde 

metamorphism.  

Biotite chemical composition is homogenous within each sample. White mica is muscovite-rich 

in JK-16 (K+ = 0.77–0.87 a.p.f.u.), JK-22 (K+ = 0.75–0.80), and JK-29 (K+ = 0.82–0.86). In these three 

samples, white mica generally displays increasing Fe, Mg and K and decreasing Al and Na content from 

core to rim. In JK-45 and JK-48, two generations of white mica were recognized (Figure 5.3E and G). 

The first foliation-parallel generation of white mica is dominated by paragonite (K+ = 0.11–0.15 and Na+ 

= 0.82–0.87 in JK-45; K+ = 0.11–0.15 and Na+ = 0.82–0.89 in JK-48), whereas the second, larger 

generation that commonly cross-cuts the foliation is dominated by muscovite (K+ = 0.71–0.75 and  
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Figure 5.4 Qualitative garnet X-ray maps of Fe, Mg, Mn and Ca content (JK-22 and JK-45) and rim to 

rim quantitative chemical composition profiles (all samples). The trace of the profile is indicated on the 

Ca map for samples with available X-ray maps. Garnet maps for JK-22 have been rotated 90° 

counterclockwise; the foliation is vertical. Garnet maps from both samples are viewed to the NW. Note 

the sigmoidal inclusions in garnet from JK-22 and JK-45 indicating a top-to-the-SW and top-to-the-NE 

sense of shear, respectively. 

 

Na+ = 0.20–0.25 in JK-45; K+ = 0.74–0.78 and Na+ = 0.20–0.24 in JK-48). Plagioclase composition varies 

between samples, but is typically albite-rich (<An20) and displays an increase in Na content from core to 

rim (JK-16, JK-22 and JK-29). In samples JK-45 and JK-48, plagioclase is homogenous and almost pure 

albite (~An1–3). 

5.6.3 Results 

Isochemical phase diagrams calculated with unmodified chemical compositions representing the 

effective bulk rock composition during prograde metamorphism have a relatively similar topology for the 
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different samples in the P–T window modeled (Figure 5.5A and Figure D.1 in Appendix D; 450–700 °C, 

400–1200 MPa). Garnet is typically stable above 400 MPa except at low T (<500 °C) in a few samples. 

Biotite is stable throughout except at high pressure and low temperature (>1000 MPa; <525 °C). White 

mica reacts out toward high temperature and low pressure. Chlorite reacts out above 500–600 °C. 

Plagioclase is unstable at low temperature and high pressure but the plagioclase-out line varies from 

sample to sample. K-feldspar is restricted to high temperature and low pressure. Rutile is stable at 

moderate to high pressure below 550 °C, at high pressure only between 550 and 600 °C, and at moderate 

to high pressure above 600 °C (modeled only in samples JK-45 and JK-48). Ilmenite is stable on the low 

pressure side of the ilmenite–rutile transition. Kyanite is stable above 650 °C and 600 MPa. Staurolite is 

stable in a small subsolidus P–T window from 575 to 650 °C and 400 to 800 MPa. Cordierite is restricted 

to low pressure (<600 MPa). The solidus is located between 650 and 700 °C. 

The isochemical phase diagrams calculated with the chemical composition adapted for garnet 

fractionation (effective bulk rock composition during peak metamorphism) have a very similar topology 

compared to those calculated with the unmodified prograde composition (Figure 5.5C, E and G; Figure 

5.6A and C). The most noticeable difference is a shift of the garnet-in reaction toward higher P–T 

conditions. The stability fields of minerals in my isochemical phase diagrams are reasonable and in 

general agreement with other published isochemical phase diagrams (Figures 5, 6 and S1; e.g. White et 

al., 2014 using THERMOCALC; Iaccarino et al., 2017a using Perple_X). 

P–T conditions were determined using all four garnet compositional isopleths (Xalm, Xprp, Xsps and 

Xgrs). The composition of the core of the largest garnet (with the highest MnO content) and a range of 

multiple garnet rim compositions were used to calculate prograde and peak P–T points, respectively.  

In sample JK-16, compositional isopleths from the core and rim of garnet intersect at 545 °C and 

730 MPa, and 580 °C and 960 MPa, respectively (Figure 5.5A–D). In sample JK-22, compositional 

isopleths from the core and rim of garnet intersect at 525°C and 720 MPa, and 570–580 °C and 900–920 

MPa, respectively (Figure 5.5E–F, Figure D.1A–B). In sample JK-29, compositional isopleths from the  
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Figure 5.5 (A), (C), (E) and (G) Isochemical phase diagrams calculated with prograde (JK-16 only) and 

peak bulk rock chemical compositions for samples JK-16, JK-22 and JK-29 from the south flank of the 

Jajarkot klippe. (B), (D), (F) and (H) Isochemical phase diagrams (pale background) with garnet 
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compositional isopleths from garnet cores (prograde P–T conditions; cropped dashed lines) and rims 

(peak P–T conditions; full lines) and their field of intersection. Isochemical phase diagrams and complete 

core composition isopleths with values calculated with prograde bulk rock chemical compositions for 

samples JK-22 and JK-29 are presented in Figure D.1. Ab—albite; Act—actinolite; Bt—biotite; Chl—

chlorite; Grt—garnet; Ky—kyanite; Ms—muscovite; Qz—quartz; Pl—plagioclase; Pg—paragonite; Sil—

sillimanite; St—staurolite; Zo—zoisite. 

 

 

 

Figure 5.6 (A), (C) Isochemical phase diagrams calculated with peak bulk rock chemical compositions in 

samples JK-45 and JK-48 from the north flank of the Jajarkot klippe. (B), (D) Isochemical phase 

diagrams (pale background) with garnet compositional isopleths from garnet cores (prograde P–T 

conditions; cropped dashed lines) and rims (peak P–T conditions; full lines) and their field of intersection. 

The grey arrow illustrate the postulated P-T path. Isochemical phase diagrams and complete core 

composition isopleths with values calculated with prograde bulk rock chemical compositions for samples 

JK-45 and JK-48 are presented in Figure D.1. Ab—albite; Bt—biotite; Chl—chlorite; Crd—cordierite; 

Grt—garnet; Ilm—ilmenite; Kfs—K-feldspar; Ms—muscovite; Qz—quartz; Pl—plagioclase; Pg—

paragonite; Rt—rutile; Sil—sillimanite; St—staurolite; Ttn—titanite. 
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core and rim of garnet intersect at 520–530 °C and 590–610 MPa, and 555–560 °C and 750–780 MPa, 

respectively (Figure 5.5G–H, Figure D.1C–D). Garnet core and rim compositional isopleths intersections 

for samples JK-16, JK-22 and JK-29 all fall within the stability field of Grt + Bt + Ms + Chl + Qz + Pl. 

In sample JK-45, compositional isopleths from the core and rim of garnet intersect at 560–575 °C 

and 800–880 MPa, and 590 °C and 900 MPa, respectively. Both isopleths intersection fall in the stability 

field of Grt + Bt + Pg + Chl + Qz + Pl + Ab + Ilm (Figure 5.6A–6B, Figure D.1E–F). In sample JK-48, 

compositional isopleths from the core of garnet intersect at 560–580 °C and 650–750 MPa in the stability  

field of Grt + Bt + Pg + Chl + Qz + Pl + Ilm (Figure 5.6D, Figure D.1G–H). Compositional isopleths 

from the rim of garnet in sample JK-48 intersect tightly at 600 °C and but are subvertical and almost 

parallel, only constraining the pressure loosely to 950–1200 MPa (Figure 5.6C–D). They intersect in the 

stability field of Grt + Bt + Pg + Chl + Qz + Ab + Ilm.  

5.6.4 Interpretation 

Prograde conditions calculated with compositional isopleths from the core of garnet intersect at 

0–50 °C and 0–250 MPa above the garnet-in reaction (Figure 5.5B, Figure D.1), which suggests that they 

represent the composition of garnet during or shortly after initial crystallization. Intersection of garnet 

core isopleths above the garnet-in reaction is likely the result of an off-center cut through garnet, such that 

the core compositions used here are from the outer core of the garnet instead of the true core.  

Peak P–T points yield systematically higher pressure and temperature compared to the prograde 

P–T points (Figure 5.5, Figure 5.6), implying a burial and heating prograde path in all samples. In 

addition, this prograde path is roughly parallel to Xgrs isopleths, consistent with the limited zoning in Xgrs 

from core to rim (Figure 5.4). 

Samples JK-16 and JK-22 from the upper part of the MCT high-strain zone and the middle of the 

GHS on the south flank of the klippe, respectively, yield equivalent peak P–T conditions of 900–950 MPa 

and 570–580 °C. Sample JK-29, collected within the STD high-strain zone along the same transect yields 

the lowest peak P–T conditions of 750–780 MPa and 555–560 °C. The two samples from the middle of 
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the GHS and the STD high-strain zone on the north flank of the Jajarkot klippe, JK-48 and JK-45, yield 

the highest temperatures (600 °C and 590 °C, respectively). The peak pressure in JK-48 might be higher 

than in other samples, but it is not precisely constrained due to the small angle between the four types of 

compositional isopleths (950–1200 MPa). Peak pressure in sample JK-45 is similar to that of other 

samples (900 MPa). Peak P–T conditions on both flanks of the klippe appear to be slightly lower in the 

STD high-strain zone compared to the middle of the GHS, although the difference is subtle (~150–200 

MPa, 10–25 °C; compare JK-29 to JK-22 and JK-45 to JK-48). 

The retrograde path did not involve isothermal decompression because staurolite is predicted to 

be stable at peak temperature and lower pressure, and no evidence for staurolite crystallization is observed 

in any sample. Samples JK-45 and JK-48 yield additional constraints on the shape of the retrograde P–T 

path because they exhibit evidence for retrograde metamorphism such as late flakes of muscovite cross-

cutting the foliation, chlorite coronas around garnet and ilmenite that is partially replaced by rutile. 

In sample JK-45, the modeled chemical composition of the stable mica at the peak P–T 

conditions indicated by garnet isopleths is paragonite-rich, inconsistent with the muscovite-rich measured 

composition of the dominant white mica population. Paragonite is nonetheless preserved as foliation-

parallel flakes disseminated in the matrix. It is possible that paragonite was the stable white mica during 

peak metamorphism and that it was partially replaced by randomly oriented muscovite during retrograde 

metamorphism. The muscovite grains parallel to the foliation could be relicts of a prograde generation, or 

could also be part of the retrograde assemblage. Muscovite is indeed predicted to be stable at lower 

temperature (below 550–500 °C), where chlorite is more abundant (13–17 % vs. 3–6 % at peak P–T 

conditions) and rutile replaces ilmenite. Muscovite grains cross-cutting the foliation, chlorite-rich coronas 

around garnet, and rutile grains in the matrix locally replacing ilmenite (and no rutile inclusions in garnet) 

support a cooling path interpretation (Figure 5.3D–E, Figure 5.6B). Decompression is not necessary to 

explain the observed retrograde textures, but may have facilitated the reactions because they occur at 

higher temperature at lower pressure. 
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In sample JK-48, the composition of the dominant foliation-parallel white mica population is 

consistent with the predicted paragonite-rich composition of the modeled white mica at peak P–T 

conditions. Muscovite is predicted to be stable at lower temperature (below 550–500 °C) and could grow 

on the retrograde path during cooling, consistent with the lack of orientation of the muscovite flakes and 

their clear cross-cutting relationship with foliation-parallel paragonite (Figure 5.3G). Furthermore, 

cooling toward the muscovite stability field would increase the proportion of chlorite from ~5 % to 15–20 

%, which is supported by the partial chlorite-rich coronas around garnet (Figure 5.3F) that formed on the 

retrograde path. The absence of rutile in the matrix or replacing ilmenite suggests that the retrograde path 

did not cross the rutile stability field, implying a component of decompression (Figure 5.6D). 

5.7 U-Th/Pb monazite petrochronology 

5.7.1 Methods 

U-Th/Pb isotopes and trace element concentrations were obtained in-situ from monazite and 

xenotime in standard polished thin sections by laser-ablation split stream multi-collector-single-collector 

inductively-coupled plasma mass spectrometry at the University of California, Santa Barbara (LASS-

ICPMS; Cottle et al., 2012, 2013; Kylander-Clark et al., 2013). Details on monazite and xenotime 

selection, scanning electron microscope, electron microprobe and LASS-ICPMS conditions, data 

reduction, and reproducibility of primary and secondary reference monazites can be found in Appendix 

D.3. All uncertainties in 208Pb/232Th dates (monazite) and 206Pb/238U dates (xenotime), quoted at 2σ below, 

include contributions from the external reproducibility of the primary reference monazite. I use the terms 

“date” and “age” to refer to results and their interpretation in a tectono-metamorphic context, respectively. 

5.7.2 Results 

In all three samples (JK-45, JK-48 and JK-99), monazite is generally elongate (aspect ratio of 2:1 

to 5:1 except for a few round grains) and 15 to 200 µm long. Monazite occurs mostly in the matrix, where 

it is oriented parallel to the foliation, and as rare inclusions in garnet. Xenotime is rare, typically very 



 

126 

 

small (<10 µm) and situated in the matrix of all three samples. Few grains sufficiently large for analysis 

(15–40 µm) were identified in JK-45 and JK-48. In sample JK-45, xenotime occurs as subhedral round to 

elongate grains included in quartz. In both JK-45 and JK-48, xenotime also occurs as anhedral grains with 

jagged edges in chlorite-rich coronas around garnet (Figure 5.3D and F). Dates and trace element 

compositions are presented in Figure 5.7. Complete results are presented in Table D.4, locations of 

monazite and xenotime grains in thin section in Figure D.2, and compositional X-ray maps in Figure D.3.  

In sample JK-45, 48 spots on 14 monazite grains yield dates between 44.2 ± 1.0 Ma and 22.1 ± 

0.5 Ma. The majority of monazite dates fall between 28 and 25 Ma. Monazite inclusions in garnet yield 

dates between 44 and 26 Ma. Y content displays a minor increase between 44 and 25 Ma, whereas <25 

Ma dates have variable Y content. Gd/Yb is systematically higher in <28 Ma monazite compared to >33  

 

 

Figure 5.7 Yttrium and Gd/Yb versus 208Pb/232Th date (monazite) and 206Pb/282U date (xenotime) in 

samples JK-45, JK-48 and JK-99. Monazite and xenotime are displayed with different symbols based on 

metamorphic context. Orange crosses represent the maximum uncertainty (2σ) for all points. 
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Ma monazite. Inclusions in garnet dated at 28–25 Ma have a lower Y and higher Gd/Yb compared to 

contemporaneous monazite in the matrix. Five spots on two xenotime grains included in quartz grains in 

the matrix yield dates between 41.9 ± 1.0 Ma and 38.0 ± 0.8 Ma. A single xenotime grain located in a 

chlorite-rich corona around garnet yields a 17.9 ± 0.4 Ma date. Xenotime displays a faint increase in Y 

with decreasing date and has homogenous Gd/Yb. 

In sample JK-48, 64 spots on seven monazite grains yield dates between 26.7 ± 0.7 Ma and 19.3 

± 0.5 Ma. The majority of monazite dates fall between 27 and 24 Ma. Only five spots yield dates <24 Ma; 

three spots are 23 Ma and 2 spots are 19 Ma. A monazite inclusion in the rim of garnet yield dates 

between 26 and 25 Ma. Few monazite grains in the matrix contain cores with distinctively high Y and low 

Gd/Yb that, however, do not yield significantly older dates. Two spots on a single xenotime grain located 

in a chlorite-rich corona around garnet yield equivalent dates of 18.1 ± 0.4 Ma and 17.6 ± 0.4 Ma. The 

xenotime grain has homogenous Y and Gd/Yb. 

In sample JK-99, 52 spots on eight monazite grains yield dates between 25.9 ± 0.6 Ma and 22.5 ± 

0.5 Ma. One monazite grain yield dates between 24.5 and 23 Ma and occurs in direct contact with a 

groove in garnet, indicating that it is partially included in garnet or that it grew following minor garnet 

resorption. In general, Y and Gd/Yb increases and decreases, respectively, with decreasing dates.  

5.7.3 Interpretation 

Acquisition of trace element data and U-Th/Pb isotope ratios combined with petrographic 

observations and structural context interpretation (petrochronology) enables direct correlation between 

dates, chemical composition, and growth conditions (e.g., Hermann and Rubatto, 2003; Gibson et al., 

2004; Cottle et al., 2009; Larson et al., 2013; Mottram et al., 2014; Regis et al., 2016; Soucy La Roche et 

al., 2016; Chapter 2). Garnet and xenotime are the primary sinks for Y and HREE in metapelite, and both 

these minerals occur in the three samples dated. In general, monazite growing during or after garnet or 

xenotime growth should yield high Gd/Yb – a proxy for HREE abundance – and low Y content, whereas 

monazite growing during or after garnet or xenotime breakdown should have a low Gd/Yb and high Y 
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content (Bea et al., 1994; Zhu and O’Nions, 1999; Spear and Pyle, 2002). Because garnet and xenotime 

may not grow and break down at the same time and under the same P–T conditions, trace element 

patterns in monazite must be carefully evaluated along with microtextures – such as inclusions in garnet – 

to attribute trace element content variations to the appropriate metamorphic reactions. In general, 

xenotime will react out during garnet crystallization and may be produced following garnet breakdown 

(Spear and Pyle, 2002). 

The oldest monazite in JK-45 (44–33 Ma) grew concurrently with 42–38 Ma xenotime preserved 

in a non-reactant phase (quartz), suggesting that prograde metamorphism in the Jajarkot klippe was 

occurring at that time. Because xenotime is neither apparently stable in the matrix nor included in garnet, 

it is interpreted to have reacted out before or during garnet crystallization. Monazite and xenotime thus 

likely began to crystallize prior to garnet, which was crystallizing during 27 and 26 Ma based on the 

youngest dates from monazite inclusions in the core and rim of garnet, respectively. The ages of these 

inclusions also imply that STD-related top-to-the-NE shearing was ongoing at 27–26 Ma because they are 

part of sigmoidal inclusion trails. Shearing may have started earlier than 27 Ma, and ended later than 26 

Ma. The minor increase in Y in 28–25 Ma monazite compared to >33 Ma monazite in the matrix is 

explained by the release of Y during xenotime breakdown, whereas the increase in Gd/Yb in 28–25 Ma 

monazite is explained by the sequestration of HREE in garnet. The local partitioning of Y and HREE in 

garnet is well illustrated by the lower Y and higher Gd/Yb of monazite included in garnet compared to 

coeval monazite in the matrix. The lower Y and higher Gd/Yb in <25 Ma monazite is consistent with 

post-garnet crystallization. Finally, the 18 Ma date yielded by a xenotime grain in a chlorite-rich corona 

around garnet indicates that retrograde metamorphism occurred at that time.  

In sample JK-48, a single monazite inclusion dated at 26–25 Ma provides a maximum age 

constraint for the crystallization of the rim of garnet. The garnet core, however, may have crystallized 

before the oldest monazite (27 Ma) because it contains abundant inclusions of allanite, suggesting that it 

grew in allanite-stable conditions (e.g. Spear, 2010, Goswami‐Banerjee and Robyr, 2015). If monazite 
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crystallized after garnet started to grow, then high Y and low Gd/Yb domains in the core of a few 

monazite grains must be the result of Y and HREE release during the break down of another phase such 

as xenotime. The two 18 Ma dates from xenotime in a chlorite-rich corona around garnet indicate that 

retrograde metamorphism occurred synchronously in JK-48 and JK-45. 

Monazite dates in JK-99 span a small range (26–23 Ma), but show a distinct increase in Y and 

decrease in Gd/Yb with decreasing date. A single monazite grain that yields dates ranging from 24.5 to 23 

Ma appears to be partially included in garnet and may indicate that the garnet rim is younger than 23 Ma. 

Alternatively, this monazite grain may have crystallized next to garnet after minor garnet resorption. I 

prefer the latter interpretation because it explains the increase in Y and decrease in Gd/Yb in this grain 

compared to older grains. In addition, inclusions of allanite are common in the core and outer mantle of 

garnet, suggesting that garnet grew mostly below the allanite-to-monazite transition (e.g. Spear, 2010; 

Goswami‐Banerjee and Robyr, 2015), and thus before the crystallization of the oldest monazite at 26 Ma. 

Garnet in sample JK-99 is likely equivalent in age to garnet in samples JK-45 and JK-48, suggesting that 

peak P–T conditions were attained at ca. 25 Ma in all three samples investigated.  

5.8 40Ar/39Ar geochronology 

5.8.1 Methods 

40Ar/39Ar step-heating experiments were performed on white mica using a Photon Machines CO2 

laser and Nu Instruments Noblesse multicollector mass spectrometer at the Geological Survey of Canada, 

Ottawa. Mineral separation, sample preparation, irradiation, analytical conditions and data reduction 

procedures are described in Appendix D.4. Uncertainties are reported at the 2σ level. Plateau dates are 

defined using the following criteria: at least 3 consecutive steps that are within 2σ error of each other and 

that together comprise at least 50% of the total 39Ar released. 
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5.8.2 Results 

40Ar/39Ar systematics of metamorphic white mica, especially in sheared rocks, can be complex 

and challenging to interpret because of the potential for inheritance, partial thermal resetting, 

deformation-induced 40Ar loss, interaction with fluids, excess 40Ar (e.g. Mottram et al., 2015). Since this 

study is not focused on understanding 40Ar/39Ar systematics, I have concentrated on samples that yielded 

results that are relatively straightforward to interpret.  

Because the two white mica populations in samples JK-45 and JK-48 (muscovite and paragonite) 

may have formed booklets of comparable size, it was not possible to achieve a pure muscovite mineral 

separate and step-heating experiments showed low Ar yields with inconclusive and unreproducible 

results, likely due to analysis of paragonite (details in Appendix D.2 and D.3). Step-heating analysis of 

white mica separates from samples JK-16 and JK-29 yielded highly heterogeneous step-heat spectra for 

which it was not possible to interpret ages, and which are not considered further (details in Appendix D.2 

and D.3). Consequently, only results for samples JK-11, JK-98, JK-167B and JK-184 are reported here 

(Figure 5.8). The complete data set is presented in Table D.5, and additional step-heating date spectra 

with Cl/K and Ca/K and inverse isochrons are presented in Figure D.4.  

In sample JK-11, the step-heating spectra of single-grain aliquots 1 and 2 are staircase-shaped 

with minima at 25 ± 2 Ma and 22 ± 1 Ma for the low-power steps and maxima at 54 ± 1 Ma and 41 ± 2 

Ma for the high power steps, respectively. In sample JK-98, the step-heating spectrum of multi-grain 

aliquot 1 steps upward from 19 ± 2 Ma at the lowest power step to 28.3 ± 0.4 at the highest power step. 

The bulk of the released 39Ar (steps D–H; 82.4 %) yields a weighted average date of 27.5 ± 0.7 Ma. In 

sample JK-167B, step-heating of single-grain aliquot 1 yielded a 26.1 ± 0.4 Ma plateau date (85.9% 39Ar 

released), equivalent to the 26.1 ± 0.4 Ma inverse isochron date. Step-heating results of single-grain 

aliquot 2 do not form a plateau, but 6 evenly distributed steps comprising 100% of the released 39Ar vary 

between 24.7 and 27.0 Ma and yield a 26.4 ± 0.4 Ma inverse isochron date and a 26.4 ± 0.3 Ma integrated 

date. In sample JK-184, step-heating of multi-grain aliquot 1 yielded a 21.4 ± 0.4 Ma plateau date (100% 

39Ar released), equivalent to the 21.2 ± 0.5 Ma inverse isochron date.  
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Figure 5.8 White mica 40Ar/39Ar step-heating date spectra. Error bars for individual steps are 2σ. 

MSWD─mean square of weighted deviates, n─number of steps in the plateau date; Int. date─integrated 

date. 

 

5.8.3 Interpretation 

5.8.3.1 Timing constraint on the Main Central thrust 

In sample JK-11, located at the base of the MCT high-strain zone, white mica defines a strong 

foliation offset by top-to-the-SW shear bands, implying a pre- to syn-kinematic growth (Figure 5.3I). The 

temperature of deformation during top-to-the-SW shearing is estimated to be 475 °C based on a quartz 
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crystallographic <c>-axis preferred orientation fabric in an adjacent sample (Soucy La Roche et al., in 

press; Chapter 3). This temperature of deformation is consistent with partial retention of argon in 

prograde white mica, as well as deformation-induced loss of 40Ar below the ideal closure T for white mica 

(470–490 °C for a 500 µm radius grain at -25 to -100 °C Ma-1 cooling rate and 0.5 GPa (cooling rate from 

Imayama et al., 2012; Sorcar et al., 2014; Wang et al., 2015; closure temperature calculation from 

Harrison et al., 2009)). 

The older dates in the step-heating spectra could reflect partially reset inherited crystallization 

ages, but because dates are progressively older at high power, they can only tentatively indicate that initial 

crystallization started at >40–50 Ma. The minimum at 22 ± 1 Ma on the date spectrum of aliquot 2 

suggests that deformation-induced 40Ar loss occurred at, or after, 22 ± 1 Ma. It is possible, however, that 

MCT-related deformation started before that time, such that the minimum at 22 ± 1 Ma represents a date 

during which deformation occurred, but does not necessarily provide a minimum or maximum bracket on 

the age of deformation (e.g. Kellett et al., 2016).  

5.8.3.2 Timing constraint on the South Tibetan detachment 

White mica in sample JK-98 is fine-grained (200–300 µm diameter), straight, parallel to the 

foliation and display uniform extinction, attesting to growth prior to or synchronous with fabric 

development. Quartz was recrystallized dynamically by grain boundary migration at >500 °C and 

statically by grain boundary area reduction (not indicative of a specific temperature). This quartz arenite 

unit has been interpreted to belong to the TSS in the hanging wall of the STD high-strain zone because it 

lacks shear-sense indicators and yields randomly oriented quartz crystallographic <c>-axis orientations 

(Soucy La Roche et al., in press; Chapter 3). No low-temperature deformation textures such as quartz 

bulging or subgrain rotation, brittle fractures or kinked mica flakes were observed. Even though the 

temperature of quartz recrystallization (>500 °C) is higher than the closure temperature for argon 

diffusion in white mica (420–450 °C for a 100–150 µm radius grain at -25 to -100 °C Ma-1 cooling rate 
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and 0.5 GPa), the staircase-shaped step-heating date spectrum is not typical of volume diffusion under a 

relatively fast cooling rate, but rather shows evidence for 40Ar loss. 

The 27.5 ± 0.7 Ma weighted average of the five high-power steps that comprise 82.4 % of the 

released 39Ar could represent the cooling age of the sample. This tentative cooling age is older than the 

age of activity of the STD indicated by syn-kinematic inclusions of monazite in garnet (27–26 Ma in 

sample JK-45). White mica is thus interpreted to have grown during crustal thickening and 

metamorphism in the TSS, and cooled prior to tectonic juxtaposition with the GHS exposed structurally 

under the TSS at present day. In this scenario, sample JK-98 would have been in front (i.e. southwest) of 

the tip of the GHS at ca. 28 Ma.  

The younger dates from low-power steps point to 40Ar loss that occurred at or after 19 ± 2 Ma. 

40Ar loss could be the result of syn-deformation recrystallization (e.g. Dunlap, 1997), diffusional argon 

loss from variably deformed domains in white mica grains (e.g. Cosca et al., 2011), interaction with a 

fluid phase (e.g. Villa, 2010), partial thermal resetting at or above the isotopic closure of white mica (e.g. 

Wijbrans and McDougall, 1986; de Jong et al., 1992), or a combination of these factors. Given the 

proximity of the sample to a major shear zone, all these possibilities are plausible and must be evaluated. 

Sample JK-98 does not contain evidence for high- or low-temperature top-to-the-NE shearing based on 

quartz crystallographic <c>-axis orientations and microstructures (Soucy La Roche et al., in press; 

Chapter 3). White mica is straight, displays uniform extinction, and no kinked mica flakes are present, 

which suggest negligible low-temperature deformation of white mica. The chemical composition of the 

gas released during the low-power and the high-power steps are similar, as evidenced by the Ca/K and 

Cl/K plots (Figure D.4). Although I cannot rule out the possibility that white mica interacted with a fluid 

that did not alter its Ca and Cl content, the homogeneous chemical composition does not support this 

interpretation. My preferred interpretation is that white mica was partially reset when the base of the TSS, 

which was cooler than the isotopic closure of muscovite at ca. 28 Ma, was juxtaposed against the warmer 

GHS along the STD. If this interpretation is correct, it implies that the STD was still active at 19 ± 2 Ma. 
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5.8.3.3 Post-kinematic cooling of the Greater Himalayan sequence 

In samples JK-167B and JK-184, white mica is oriented parallel to the foliation suggesting a pre- 

to syn-kinematic origin (Figure 5.3K–L). The temperature of deformation is estimated to be greater than 

500 °C based on quartz dynamic recrystallization by grain boundary migration (Soucy La Roche et al., in 

press; Chapter 3), consistent with the peak metamorphic assemblage comprising Grt + Wm + Bt + Qz + 

Pl. No low-temperature deformation microstructures such as quartz bulging or subgrain rotation, brittle 

fractures or kinked mica flakes were observed. These observations all suggest that deformation occurred 

above the closure temperature for argon diffusion in white mica (425–470 °C for a 125–300 µm radius 

grain at -25 to -100 °C Ma-1 cooling rate and 0.5 GPa), and that these samples did not experience 

significant post-cooling deformation that could have induced 40Ar loss via intragrain deformation or 

recrystallization (e.g. Cosca et al., 2011; Kellett et al., 2016). 40Ar/39Ar plateau dates from samples JK-

167B and JK-184 are therefore interpreted as post-kinematic cooling ages at 26.1 ± 0.4 Ma and 21.4 ± 0.4 

Ma. 

5.9 Discussion 

5.9.1 P–T–t–D evolution 

Peak P–T conditions in the GHS reached 750–950 MPa and 555–580 °C on the south flank of the 

klippe and slightly higher P–T conditions of 900–1200 MPa and 590–600°C on the north flank (Figure 

5.9 and Figure 5.10). The density of quantitative data is currently insufficient to characterize any 

significant variations in peak P–T conditions within the GHS, but peak P–T conditions appear to decrease 

slightly from the middle of the GHS to the STD high-strain zone. The absence of garnet in metapelitic 

schist toward the base of the MCT high-strain zone marks a quantitatively unconstrained decrease in 

metamorphic conditions on both flanks of the klippe. My newly obtained peak metamorphic temperatures 

are significantly higher than those calculated by Sharma and Kizaki (1989) for GHS samples using 

garnet–biotite Fe–Mg exchange thermometry (400 to 475 °C; Figure 5.10). In contrast, peak temperatures  
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Figure 5.9 Summary of prograde and peak P–T conditions constrained with garnet compositional 

isopleths intersections for all samples from the Jajarkot klippe. Arrows indicate the interpreted P–T-t 

paths of the samples based on garnet core and rim composition isopleths intersections (prograde path, all 

samples) and on metamorphic reactions (retrograde path, JK-45 and JK-48). Solidus from sample JK-16 

and Al2SiO5 triple-point from Pattison (1992). 

 

of 550–600 °C presented here are consistent with pervasive dynamic recrystallization of quartz by grain 

boundary migration (>500 °C; Stipp et al., 2002a, 2002b) and quartz crystallographic <c>-axis preferred 

orientation thermometry, which yields deformation temperatures of 550–650 °C in quartzite layers 

adjacent to or at structural levels equivalent to samples used for phase equilibria modeling (Figure 5.10; 

Soucy La Roche et al., in press; Chapter 3).  

The available data indicate that garnet-bearing schists from the upper part of the MCT high-strain 

zone up to the STD yield a burial and heating prograde path followed by a hairpin retrograde path  
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Figure 5.10 (A) Schematic structural column of the Jajarkot klippe with relative positions of samples and 

extent of the South Tibetan detachment (STD) and Main Central thrust (MCT) high-strain zones indicated 

by hatched pattern. (B) Field occurrences of index metamorphic minerals. (C) Newly acquired peak 

metamorphic temperatures are significantly higher than those calculated by Sharma and Kizaki (1989) 

using garnet–biotite Fe–Mg exchange thermometry, but are consistent with deformation temperatures 

using quartz crystallographic <c>-axis preferred orientation thermometry (CPO; Soucy La Roche et al., in 

press; Chapter 3). (D) Pressure vs. structural depth. (E) Timing of metamorphic and deformation events. 

GHS—Greater Himalayan sequence; LHS—Lesser Himalayan sequence; TSS—Tethyan sedimentary 

sequence; Bt—biotite; Chl—chlorite; Grt—garnet; Wm—white mica. 
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Figure 5.9). Top-to-the-SW sigmoidal inclusion trails in garnet from the GHS (e.g. JK-22, JK-184) are 

consistent with burial during southward thrusting and crustal thickening. Garnet from samples collected 

in the STD high-strain zone (e.g. JK-29 and JK-45) contains sigmoidal inclusion trails with a top-to-the-

NE sense of shear. This microstructure implies that garnet grew synchronously with shearing along the 

STD while P increased by 50–165 MPa, roughly equivalent to 2–6 km of overburden.  

Timing constraints on prograde, peak and retrograde metamorphism are available directly for the 

north flank (samples JK-45 and JK-48). Monazite and xenotime grains in the matrix indicate pre-garnet 

crystallization beginning as early as 44 Ma, whereas garnet crystallization occurred from <27 to 25 Ma 

(Figure 5.9 and Figure 5.10). Retrograde metamorphism (cooling and decompression) that produced 

chlorite + xenotime coronas around garnet occurred at 18 Ma. Although no quantitative P–T constraints 

are available for sample JK-99 in the STD zone of the south flank of the Jajarkot klippe, the garnet-in 

reaction was likely crossed prior to 26 Ma and peak conditions were probably attained around 25 Ma, 

consistent with timing of metamorphism on the north flank of the klippe. 

The STD is interpreted to have been active at 27–26 Ma based on monazite in syn-kinematic 

inclusion trails in garnet from sample JK-45 (Figure 5.10). In addition, the white mica 40Ar/39Ar post-

kinematic cooling age from sample JK-167B indicates that deformation in the immediate footwall of the 

STD had ceased by 26.1 ± 0.4 Ma. In contrast, the white mica 40Ar/39Ar step-heating spectrum of sample 

JK-98 may indicate that deformation at the top of the STD high-strain zone was still ongoing at 19 ± 2 

Ma. Upward strain propagation within the STD high-strain zone has been described in the adjacent 

Karnali klippe (Soucy La Roche et al., in review; Chapter 4) and elsewhere in the Himalaya (e.g. 

Burchfiel et al., 1992; Cottle et al., 2009; Cottle et al., 2011; Leloup et al., 2015; Iaccarino et al., 2017b). 

The timing of deformation along the MCT is constrained by white mica 40Ar/39Ar geochronology 

results from JK-184 and JK-11, which were collected at the top and the base of the MCT high-strain zone, 

respectively (Figure 5.10). The post-kinematic cooling age from sample JK-184 implies that deformation 

at the top of the MCT high-strain zone had ceased by 21.4 ± 0.4 Ma. The base of the shear zone might 
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have still been active at or after 22 ± 1 Ma, as indicated by the date spectrum of sample JK-11. The onset 

of deformation along the MCT is poorly constrained. It is possible that deformation started as early as 27 

Ma, assuming that syn-kinematic garnet in the MCT zone grew synchronously with garnet in the 

overlying GHS (e.g. JK-48). However, this assumption is speculative and should be tested because 

metamorphism (and deformation) has been shown to propagate downward within the MCT high-strain 

zone (e.g. Kohn et al., 2001; Larson et al., 2013; Mottram et al., 2014). 

5.9.2 Across-strike tectonometamorphic variations in the Greater Himalayan sequence 

Across-strike variations in the tectonometamorphic evolution of the GHS in western Nepal have 

been discussed by comparison of data from the Karnali klippe with the homoclinal slab exposed in the 

Humla Karnali, Mugu Karnali and Lower Dolpo areas of the hinterland (Figure 5.1A; Soucy La Roche et 

al., in review; Chapter 4). GHS rocks exposed in the Karnali klippe were metamorphosed at high P and 

medium T conditions (>650–700 °C at >0.7–1.0 GPa; Soucy La Roche et al., in review; Chapter 4) 

between 35 and 30 Ma, coeval with the peak P metamorphism in the hinterland (Figure 5.11). At 30–20 

Ma, GHS rocks in the Karnali klippe were on a cooling and decompression path while GHS rocks in the 

hinterland were undergoing heating and decompression (Figure 5.11). Timing of cessation of the MCT 

appears older in the Karnali klippe because it was not affected by out-of-sequence reactivation as in the 

hinterland (Braden et al., 2017). Finally, 40Ar/39Ar cooling ages on white mica young from the foreland 

toward the hinterland. Lower GHS metamorphic temperatures and earlier cooling compared to the 

homoclinal slab have also been described in the Dadeldhura klippe (Figure 5.1A; Antolín et al., 2013). 

Many characteristics of the GHS exposed in the Jajarkot klippe are consistent with these across-

strike variations. GHS rocks are characterized by lower peak metamorphic temperatures (550–600 °C), 

but similar peak pressures (750–1200 MPa) compared to the hinterland (>700 °C, 900–1200 MPa; Figure 

5.11; Vannay and Hodges, 1996; Carosi et al., 2010; Iaccarino et al., 2015, 2017a; Parsons et al., 2016c). 

The hairpin-shaped P–T loop in the Jajarkot klippe contrasts with the isothermal decompression that is 

characteristic of the hinterland GHS. The minimum age of the MCT in the Jajarkot klippe (>21.4 ± 0.4  
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Figure 5.11 Comparative P─T, T─t and P─t diagrams of the Greater Himalayan sequence (GHS) with 

timing of deformation along the Main Central thrust (MCT) and the South Tibetan detachment (STD) in 

the Jajarkot klippe (this chapter), the Karnali klippe (Soucy La Roche et al., in review; Braden et al., 

2017; Chapter 4) and the hinterland (Vannay and Hodges, 1996; Godin et al., 1999b; Godin et al., 2006a; 

Carosi et al., 2010; Iaccarino et al., 2015, 2017a; Parsons et al., 2016c; Gibson et al., 2016; Braden et al., 

2017).  
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Ma at the top and <22 ± 1 Ma at the base of the high-strain zone, respectively) appears to be older than in 

the hinterland (19–7 Ma; Gibson et al., 2016; Braden et al., 2017). Finally, two available white mica 

cooling ages in the Jajarkot klippe (26.1 ± 0.4 Ma and 21.4 ± 0.4 Ma) are compatible with younging of 

cooling ages toward the hinterland (16–12 Ma in the Lower Dolpo and Dhaulagiri Himalaya; Figure 

5.1A; Godin et al., 1999b; Gibson et al., 2016). In contrast to the Karnali klippe, peak P conditions in the 

Jajarkot klippe (25 Ma) are younger than peak P conditions in the hinterland (36–28 Ma), yet are coeval 

with peak T metamorphism in the hinterland (Figure 5.11; Iaccarino et al., 2015).  

5.9.3 Along-strike tectonometamorphic variations in the foreland Greater Himalayan sequence 

Even though the Jajarkot klippe lies further in the foreland compared to the Karnali klippe, the 

north flank of the former and the south flank of the latter are at the same along-strike position and are 

only separated by few tens of km (Figure 5.1A). Several variations in the nature and tectonometamorphic 

evolution of the GHS exposed in these two klippen thus cannot be explained solely by differences in the 

across-strike level of exposure. 

The GHS is 4–8 km thick in the Jajarkot klippe and comprises mostly metasedimentary units, 

whereas the GHS in the Karnali klippe is 8–12 km thick and comprises a 1–5 km thick granitic augen 

gneiss unit overlying metasedimentary units (Soucy La Roche et al., 2016; Chapter 2). Temperatures of 

metamorphism are significantly lower in the Jajarkot klippe (550–600 °C) compared to the Karnali klippe 

(>650–700 °C; Figure 5.11; Soucy La Roche et al., in review; Chapter 4), which resulted in the absence 

of in-situ partial melting in the former. Peak pressures are broadly equivalent in the two klippen. Prograde 

metamorphism started approximately at the same time in both klippen (<45 Ma in the Jajarkot klippe, <40 

Ma in the Karnali klippe; Figure 5.11; Soucy La Roche et al., in review; Chapter 4), although available 

data suggest that garnet crystallization started later in the Jajarkot klippe. Peak metamorphism at 25 Ma in 

the Jajarkot klippe is younger than in the Karnali klippe (35–30 Ma; Figure 5.11; Soucy La Roche et al., 

2016, in review; Chapters 2, 4). The difference in timing of peak metamorphism at the same pressure 

implies that the GHS in the two klippen was not at the same depth at the same time. 
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Deformation along the STD appears to be similar in age in the Jajarkot klippe (>27 ma to <19 

Ma) compared to the Karnali klippe (30 Ma to 16 Ma; Figure 5.11; Soucy La Roche et al., 2016; in 

review; Chapters 2, 4). However, the early activity of the STD at 27–26 Ma is interpreted to be syn-burial 

in the Jajarkot klippe, based on syn-kinematic garnet growth at increasing P. This suggests that the TSS in 

the Jajarkot klippe was not completely decoupled from the GHS and was contributing to GHS burial by 

folding when the STD was active. The absence of melt-weakened material in the Jajarkot klippe may 

have limited the degree of decoupling between the TSS and the GHS, even if the GHS was transported 

southward with respect to the TSS (see analog modeling experiments with and without a weak layer 

below the STD in Godin et al., 2011). Subsequent deformation (25 to <19 Ma) along the STD in the 

Jajarkot klippe is associated with decompression and cooling of the GHS. In contrast, shearing along the 

STD in the Karnali klippe from 30 Ma to 16 Ma is associated with decompression and cooling (Soucy La 

Roche et al., 2016; in review; Chapters 2, 4). The minimum age of the MCT in the Jajarkot klippe is 

constrained to >21.4 ± 0.4 Ma at the top of the high-strain zone and <22 ± 1 Ma at the base. The 

maximum age is still unconstrained. These ages are comparable to MCT ages from the Karnali klippe 

(30─17 Ma; Braden et al., 2017; Soucy La Roche et al., in review; Chapter 4). The two available white 

mica cooling ages in the Jajarkot klippe (26.1 ± 0.4 Ma and 21.4 ± 0.4 Ma) indicate that cooling from 

peak metamorphic conditions to the isotopic closure temperature of muscovite was faster and earlier in 

the Jajarkot klippe compared to the Karnali klippe (20–15 Ma; Soucy La Roche et al., 2016, in review; 

Chapters 2, 4). 

In summary, the GHS in the Jajarkot klippe is relatively thin, cold and devoid of former melt and 

it cooled early, consistent with its foreland-most position within a southward-extruded mid-crustal 

channel. However, the young age of peak metamorphism and rapid cooling compared to the adjacent 

Karnali klippe imply that the GHS evolution varied significantly along-strike. In particular, lateral 

variations in the depth of the GHS for the same time period imply that the depth of the underlying 

detachment also changed along strike. 
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5.9.4 Additional evidence for along-strike tectonometamorphic variations in western Nepal 

Several along-strike variations in the hinterland GHS coincide with the boundary between the 

area north of the Karnali klippe (Humla Karnali and Mugu Karnali, Figure 5.1A) and the area north of the 

Jajarkot klippe (Lower Dolpo and Dhaulagiri Himalaya, Figure 5.1A). First, the structural strike of the 

GHS changes from WNW-striking in the Dhaulagiri Himalaya and Lower Dolpo area to NNE- and N-

striking in the Mugu-Karnali area (Figure 5.1A; Montomoli et al. 2013; Carosi et al., 2007, 2010, Cannon 

and Murphy 2014). The structural strike rotates back to W- and WNW-striking in the Humla Karnali 

(Yakymchuk and Godin, 2012). The thickness of the GHS also increases significantly from the Dhaulagiri 

Himalaya and Lower Dolpo (5–7 km; Carosi et al., 2007; 2010; Parsons et al., 2016c) to the Mugu 

Karnali valley (~20 km; Iaccarino et al., 2017a) (Figure 5.1A). Field-based structural analyses and 

anisotropy of magnetic susceptibility analyses provided evidence for orogen-parallel stretching in the 

Dhaulagiri Himalaya, which reduced the thickness of the GHS (Parsons et al., 2016b). Furthermore, 

orogen-parallel stretching may have been accommodated by the eastward migration of melt toward the 

Manaslu pluton (Parsons et al., 2016b). The presence of two large plutons, the Bura Buri granite in the 

western lower Dolpo (Figure 5.1A; Bertoldi et al. 2011) and the Mugu granite in the Mugu and Humla 

Karnali (Figure 5.1A; Fuchs 1977) could indicate that melt has also migrated westward, although 

microstructural evidence has yet to be produced to support this hypothesis 

The Sub-Himalaya to the south of the klippen comprises several offset thrust sheets linked by the 

NNE-striking West Dang transfer zone, which lines up with the boundary between the Karnali and 

Jajarkot klippen (Figure 5.1A; Mugnier et al., 1999a, 1999b). This structure is associated with an 

eastward increase of the Sub-Himalayan belt thickness, and a corresponding increase in depth of the 

MHT. Along-strike variations in the geometry of the MHT between central and western Nepal have also 

been suggested on the basis of interseismic deformation numerical modeling (Berger et al. 2004), 

geomorphological analysis (Harvey et al. 2015; Van der Beek et al. 2016), and low-temperature 

exhumation patterns (Van der Beek et al. 2016). The exact longitude of the transition is not precisely 

constrained, but likely occurs at ~82.5°E, i.e. between the Karnali and Jajarkot klippen (Harvey et al., 
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2015). This area also corresponds to a significant eastward decrease in present-day seismic activity 

(Pandey et al., 1999).  

All these along-strike variations coincide spatially with the Lucknow basement fault (Figure 

5.1A), a steep crustal-scale cross-strike structure that bounds the western edge of the inherited Indian 

basement Faizabad ridge (Godin and Harris, 2014). The Lucknow basement fault, and other similar cross-

strike structures, line up with zones of slab tear in the underthrusting Indian lithosphere and with graben 

and rifts in the over-riding Asian upper crust (Lunggar rift on Figure 5.1A; Chen et al., 2015). These 

inherited cross-strike structures are interpreted to have caused along-strike variations in the 

tectonometamorphic evolution of the Himalaya throughout all orogenic stages (see review in Godin et al., 

in press). For example, the Pokhara basement fault, which bounds the eastern edge of the Faizabad ridge 

between the Dhaulagiri and Annapurna areas, has been spatially associated with variations in timing of 

metamorphism, deformation and cooling, which were interpreted to reflect the occurrence of a lateral 

ramp in the MHT (Gibson et al., 2016). 

5.9.5 Geometry of the Main Himalayan thrust and 4D evolution of the Greater Himalayan sequence 

in western Nepal 

The difference in the depth of the GHS in the Jajarkot klippe and the Karnali klippe at different 

time intervals (Figure 5.11) implies variations in the geometry of the MHT. At the time of deformation 

and metamorphism within the GHS, deformation had not yet propagated along the Main Boundary and 

Main Frontal thrusts to the south, such that the MCT was effectively the basal detachment of the 

Himalayan system (i.e. the MHT). I hypothesize that a cross-strike structure related to the Lucknow 

basement fault segmented the MHT at ~82.5°E between the Karnali and Jajarkot klippen during the 

Oligocene and the Miocene, and may have also affected the structural history of the Himalayan orogen 

post-Miocene. During reactivation of this basement fault, strain could have propagated across the MHT, 

thus creating a tear fault in the MHT. Alternatively, deformation along the basement fault could have 

been restricted to the down-going plate, but may have displaced the footwall of the MHT such that a  
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Figure 5.12 (On two pages) 4D evolution of the Greater Himalayan sequence (GHS) in western Nepal 

through a combination of across- and along-strike cross sections and 3D block diagrams. Block diagrams 

in Figure 5.12B and D illustrate the 3D geometry of the Main Himalayan thrust (MHT) with frontal 
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ramps in dark grey, lateral ramps in pale grey and flats in medium grey, and show the locations of the 

across- and along- strike cross sections (blue dashed lines). The vertical scale is exaggerated by a factor of 

~3 except in (E). The temperature of the GHS is displayed qualitatively by the tint of purple; paler tints 

indicate lower temperatures. (A) 45–30 Ma: Jajarkot klippe GHS rocks are metamorphosed at sub-garnet 

grade in the foreland of the orogen while Karnali klippe GHS rocks reach suprasolidus kyanite grade peak 

P–T conditions deep in the hinterland, implying a diachronous development of the Himalayan orogenic 

core. (B) 30–25 Ma: Jajarkot klippe GHS rocks undergo burial prograde metamorphism due to crustal 

thickening in the overlying Tethyan sedimentary sequence (TSS) and footwall accretion in the GHS. The 

GHS is translated southward between the MCT/MHT and the STD. In contrast, Karnali klippe GHS rocks 

are decompressed, cooled and exhumed as they overthrust a MHT frontal ramp. A vertical or east-dipping 

lateral ramp in the MHT is interpreted to separate the Karnali klippe from the Jajarkot klippe. (C) 25 Ma: 

GHS rocks in the Jajarkot klippe reach peak P–T conditions, while GHS rocks in the hinterland are 

decompressed, possibly because of intra-GHS duplexing. (D) 25–15 Ma: Rapid cooling and retrograde 

metamorphism in the Jajarkot klippe results from uplift above a MHT frontal ramp that was migrating 

northestward (e.g. Mercier et al., 2017). The thickness of the GHS in the hinterland is reduced by orogen-

parallel flow and lateral melt migration, which may have pooled north of the Karnali klippe (e.g. Parsons 

et al., 2016b). (E) 15–0 Ma: The Jajarkot klippe is isolated from the hinterland by duplexing in the 

underlying Lesser Himalayan sequence (LHS) combined with erosion. 

 

lateral ramp was formed above the basement fault. I cannot discriminate between these two scenarios, but 

both could result in along-strike variations in the depth of the MHT. 

At 45–30 Ma, sub-garnet grade metamorphism was occurring in GHS rocks now exposed in the 

Jajarkot klippe (Figure 5.11, Figure 5.12A). The protoliths were likely in front (i.e. south) of the high- 

grade metamorphic core of the orogen and were progressively incorporated into it during the later stages 

of this time period. In contrast, suprasolidus kyanite grade conditions are recorded between 35 and 30 Ma 

by GHS rocks now exposed in the adjacent Karnali klippe (Figure 5.11, Figure 5.12A). This metamorphic 

contrast implies a diachronous development of the Himalayan orogenic core. GHS rocks now exposed in 

the Karnali klippe were deeper toward the hinterland compared to GHS rocks now exposed in the Jajarkot 

klippe, which were sitting foreland-ward of a colder and lesser-developed section of the metamorphic 

core (Figure 5.12A). 
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At 30–25 Ma, significant burial metamorphism was on-going in the Jajarkot klippe and the GHS 

was translated southward between the MCT/MHT and the STD (Figure 5.12B). Syn-kinematic garnet 

growth in the STD high-strain zone indicates that the overlying TSS was also shortened and thickened. 

New material was accreted from the footwall of the MHT, which contributed to crustal thickening and 

metamorphism. In contrast, the GHS in the Karnali klippe started to cool and decompress to shallower 

depths during this period (Figure 5.11). There is no evidence for crustal thickening above the Karnali 

klippe GHS, which was likely decoupled completely from the TSS. I suggest that the GHS in the Karnali 

klippe was translated over a MHT frontal ramp that did not affect the Jajarkot klippe GHS. This geometry 

implies that a vertical or east-dipping lateral ramp separates the klippen (Figure 5.12B). A ‘relict’ frontal 

ramp in the GHS north of the Karnali klippe – and absent north of the Jajarkot klippe – has been 

hypothesized by Harvey et al. (2015). 

At ca. 25 Ma, peak P–T conditions were reached by the Jajarkot klippe GHS, likely the result of 

continued footwall accretion and crustal thickening in the TSS. At the same time, the Karnali klippe GHS 

continued to cool and exhume, compatible with a higher structural position resulting from the lateral ramp 

in the MHT. In the hinterland, the GHS was heated and decompressed (Figure 5.11). Several intra-GHS 

tectonometamorphic discontinuities were active in the late Oligocene and early Miocene (see reviews in 

Montomoli et al., 2014; Larson et al., 2015). In western Nepal in particular, the Mangri shear zone 

(Montomoli et al., 2013), the Tiyar shear zone (Iaccarino et al., 2017a) and the Toijem shear zone (Carosi 

et al., 2007, 2010) might have contributed to rock uplift, which may have driven enhanced erosion. Intra-

GHS duplexing could be linked to the decompression path of the GHS in the hinterland, which resulted in 

lower pressures recorded by GHS rocks in the hinterland compared to those in the Jajarkot klippe at ca. 

25 Ma (e.g. Iaccarino et al., 2015; Figure 5.11, Figure 5.12C).  

At 25–15 Ma, Jajarkot klippe GHS rocks underwent rapid cooling and retrograde metamorphism, 

suggesting they were carried southward and exhumed along a MHT frontal ramp (Figure 5.12D). The 

migration of such a frontal ramp toward the hinterland, as in the thermo-mechanical numerical modeling 
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of Mercier et al. (2017), might have further enhanced exhumation. During the same period, the thickness 

of the hinterland GHS in the Lower Dolpo and Dhaulagiri Himalaya was likely reduced by orogen-

parallel flow and lateral melt migration (e.g. Parsons et al., 2016b).  

After 15 Ma, ductile deformation ceased in the foreland GHS (this study, Braden et al., 2017; 

Soucy La Roche et al., in review; Chapter 4). The basal detachment propagated toward the foreland along 

the Main Boundary Thrust. The effects of the putative MHT lateral ramp on the foreland GHS cannot be 

assessed with the current data set. In the hinterland, reactivation of the MCT in the Humla Karnali was 

quickly followed by exhumation of deeper levels of the GHS (e.g. Braden et al., 2017). Late Miocene 

reactivation of the MCT has not been recognized yet in the Mugu Karnali, Lower Dolpo or Dhaulagiri 

Himalaya but has been characterized SE of the Manaslu (Harrison et al., 1997; Catlos et al., 2001; Kohn 

et al., 2001), in the Langtang valley (Kohn et al., 2005), in the Tama Kosi valley (Larson et al., 2013) and 

south of Everest (Catlos et al., 2002). Further studies are needed to confirm if young deformation along 

the MCT is laterally continuous throughout the hinterland, or if it is restricted to specific sectors of the 

orogen. In late Miocene and later, the klippen in the foreland were completely isolated from the hinterland 

by folding and duplexing in the underlying LHS combined with erosion (Figure 5.12F). The structure of 

the LHS in between the Karnali and Jajarkot klippe is not well characterized and the impact of a lateral 

ramp in the MHT on the LHS evolution is unresolved. However, a major transfer zone linking various 

thrust sheets in the Sub-Himalaya has been recognized and associated with a change in depth of the basal 

detachment – and thus with a lateral ramp in the MHT (Mugnier et al., 1999a, 1999b). 

5.10 Conclusions 

New P–T–t–D data from western Nepal Himalaya reveal that the GHS exposed in the Jajarkot 

klippe was metamorphosed along a hairpin P–T path that peaked at 550–600 °C and 750–1200 MPa at 25 

Ma. The P–T–t–D path of GHS rocks in the Jajarkot klippe contrasts strongly with that of the Karnali 

klippe GHS rocks, which lies at a similar along-strike position. The temperature of metamorphism is 

>100 °C colder and the peak metamorphism is 5–10 Ma younger in the Jajarkot klippe. These contrasting 
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results can be explained by variations in the geometry of the underlying MHT. I hypothesize that a 

vertical or east-dipping lateral ramp in the MHT segmented the GHS between the Karnali and the Jajarkot 

klippen, and that differential rock uplift of the GHS occurred above MHT frontal ramps that migrated 

northward at different times. The data add to the growing evidence that along-strike strain partitioning in 

the Himalaya may have been controlled by inherited Indian basement faults (e.g. Godin et al., in press). 

My new results demonstrate that even within one region of the Himalayan orogen (e.g. western 

Nepal), there are drastic variations in the evolution of the GHS in both the along- and across-strike 

directions. Therefore, the middle crust did not behave in the same way throughout the orogen, and caution 

must be taken when extrapolating data from a specific area to the rest of the orogenic system. 
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Chapter 6 

Conclusions 

6.1 Main contributions to Himalayan geology 

The results presented in this thesis improve our understanding of the tectonometamorphic 

evolution of the Himalayan middle crust by answering the three main questions of Chapter 1:  

(1) How were the external klippen emplaced and what is the relationship between the klippen and 

the GHS homoclinal slab exposed to the north?  

(2) How does the tectonometamorphic history of the GHS rocks vary from the homoclinal slab to 

the klippen?  

(3) What could explain the along-strike variations in metamorphic grade between klippen in 

western Nepal? 

6.1.1 Emplacement mechanism of Himalayan external klippen 

Detailed mapping and microstructural analyses in the Karnali and Jajarkot klippen in western 

Nepal highlight the similarity in structural architecture between the klippen and the homoclinal slab. The 

klippen are composed of greenschist- to amphibolite-facies GHS metamorphic rocks carried southward 

along the top-to-the-SW MCT. In the center of the klippen, weakly to nonmetamorphosed TSS 

Cambrian(?)–Ordovician siliciclastic and carbonate sedimentary rocks are preserved in tectonic contact 

with the underlying GHS along the top-to-the-northwest STD. This lithotectonic architecture is only 

compatible with emplacement via a single thrust, the MCT, such that the klippen in western Nepal are the 

southward extension of the GHS and TSS exposed in the hinterland (one-thrust tectonic model). Based on 

the foreland-most and the hinterland-most exposures of the STD without preserved hanging wall–footwall 

cutoffs, a minimum dip-slip displacement of 145 and 185 km is estimated along the STD exposed in 

Karnali and Jajarkot klippen, respectively. These new results demonstrate that the klippen are ideal 

locations to characterize the tectonometamorphic history of the foreland-most exposure of the GHS. 
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6.1.2 Across-strike variations in the evolution of the GHS 

GHS rocks in the Karnali klippe record a broadly similar P–T–t–D evolution (See Table 6.1 for a 

summary of P–T–t–D results). Prograde metamorphism occurred between 40 Ma and 35 Ma and P–T 

conditions peaked at >0.7–1.0 GPa and >650–700 °C between 35 Ma and 30 Ma. Starting at 30 Ma, GHS 

rocks underwent cooling, decompression and melt crystallization, likely associated with the onset of 

shearing along the top-to-the-NE normal-sense STD. The GHS cooled below ~450 °C progressively from 

the foreland (20–17 Ma and 17–14 Ma on the southwest and northeast flanks of the Karnali klippe, 

respectively) to the hinterland (14–6 Ma; Yakymchuk, 2010; Gibson et al., 2016).  

GHS rocks in the Jajarkot klippe were metamorphosed along a hairpin P–T path that peaked at 

0.75–1.2 GPa and 550–600 °C at 25 Ma (See Table 6.2 for a summary of P–T–t–D results). Peak 

metamorphism was followed rapidly by cooling below ~450 °C at 25–20 Ma, earlier than in the 

hinterland. 

The tectonometamorphic history of GHS rocks of the Karnali and Jajarkot klippen does not 

record the high temperature and moderate pressure metamorphic event associated with extensive anatexis 

and pluton crystallization during the late Oligocene and early Miocene that has been well characterized in 

the hinterland of the orogen. The metamorphic rocks exposed in klippen therefore represent a preserved 

snapshot of the early (i.e. Eocene-Oligocene) evolution of the GHS.  

The preservation of the early stages of the GHS evolution allows for the direct dating of the age 

of onset of the STD in the Karnali klippe at ca. 30 Ma, coeval with decompression of the footwall. This 

age is older by 4–5 m.y. than other maximum ages of deformation inferred from data obtained in the 

hinterland, and demonstrates that the Himalayan middle crust had already been translated southward and 

started to exhume in the early Oligocene. 
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Table 6.1 Summary of P–T–t–D results from the Karnali klippe 
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Table 6.2 Summary of P–T–t–D results from the Jajarkot klippe 
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6.1.3 Along-strike variations in the evolution of the foreland GHS 

The tectonometamorphic evolution of GHS rocks in the Jajarkot and Karnali klippen are 

strikingly different from each other. The temperature of metamorphism is >100 °C colder and the peak 

metamorphism is 5–10 m.y. younger in the Jajarkot klippe compared to the Karnali klippe. Peak 

metamorphic conditions in the Jajarkot klippe are thus coeval with decompression of GHS rocks to 

shallower crustal levels in the Karnali klippe. These contrasting results lead to the interpretation that the 

underlying MHT was segmented such that GHS rocks in the future Karnali klippe were thrust over a 

frontal ramp at 30–25 Ma, while equivalent rocks in the future Jajarkot klippe were buried at increasing 

depths. This geometry implies the presence of a vertical or east-dipping lateral ramp in the MHT between 

the Karnali and Jajarkot klippen during the Oligocene. The data add to the growing evidence that along-

strike strain and metamorphic partitioning in the Himalaya may have been controlled by inherited Indian 

basement faults (Godin et al., in press), although a firm genetic link cannot be made with the dataset 

presented in this thesis. 

6.2 Implications for other orogens 

The research presented in this thesis highlights how the tectonometamorphic history of the 

Himalayan middle crust vary over 100–150 km parallel to and 20–60 km perpendicular to the direction of 

tectonic transport, respectively. I demonstrate that different P–T–t–D paths are recorded by rocks at 

equivalent structural positions but in different locations in the orogenic system, and conclude that the 

former middle crust, the GHS, did not behave homogeneously during orogenesis. The understanding that 

the mid-crustal evolution varies with across-strike position implies that different sections of an orogen 

must be studied in order to understand its complete evolution. In the Mesoproterozoic Grenville orogen, 

for example, salients and recesses in the Allochthon Boundary thrust expose mid-crustal rocks in its 

hanging wall at different across-strike positions for up to 100 km parallel to the direction of tectonic 

transport (Rivers, 2009). Folding of a thrust shear zone revealing multiple across-strike exposures of 

equivalent structural sections also occurs in the Paleoproterozoic Trans-Hudson orogen (St-Onge et al., 
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2006) and in the Paleozoic Variscan orogen (Cruciani et al., 2015). These examples provide a great 

opportunity to verify if across-strike variations recognized in the Himalaya also affected the middle crust 

of other orogens, whether they are large, hot, and comparable to the Himalaya, such as the Grenville and 

the Trans-Hudson orogens, or small and cold such as the Variscan orogen (Beaumont et al., 2006).  

The significant along-strike variations recognized between the Karnali and the Jajarkot klippen 

are interpreted to reflect variations in the geometry of the Himalayan basal detachment, the MHT, during 

crustal thickening and mid-crustal exhumation. The inferred transverse structure in the MHT coincides 

with an inherited basement fault in the subducting Indian plate. Such pre-orogenic structures are common 

in other orogens, such as the Appalachians (Thomas, 2006), the Grenville orogen (Dufréchou, et al., 

2014) and the Lachlan orogen (Glen and Walshe, 1999). The results presented herein provide 

documentation of the possible influence of such inherited cross-structures on the tectonometamorphic 

evolution of orogenic cores, which can potentially assist in the understanding of older orogens where the 

influence of cross-structures might be more cryptic. However, small (<10 m.y.) timing variations may be 

difficult to resolve in Paleozoic and older orogens using the same dating method (i.e. LA-ICPMS), and 

may require the use of more precise tools such as thermal ionization mass spectrometry (TIMS) or 

secondary ion mass spectrometry (SIMS). 

6.3 Unresolved questions and suggested future research directions 

This study provides an extensive P–T–t–D data set from the frontal tip of the Himalayan 

metamorphic core and represents a significant contribution to the understanding of across- and along-

strike variations in the mid-crustal evolution of continental orogens. However, several points still need 

clarification. 

Timing constraints on the tectonometamorphic history of GHS rocks in the Jajarkot klippe must 

be improved (Figure 6.1–1). The absence of monazite in most metapelites collected, possibly due to the 

relatively low metamorphic grade and/or the high CaO content of the rocks, hinder the temporal 

characterization of metamorphic reactions in many samples from the GHS. Garnet dating (with the Sm-  
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Figure 6.1 Geologic map of northwest India and western Nepal Himalaya (after Murphy and Copeland, 

2005; Yin, 2006; McQuarrie et al., 2008; and Antolín et al., 2013). The thick dashed black line indicates 

the trace of the Lucknow basement fault (Godin and Harris, 2014; Godin et al., in press). The locations of 

suggested research areas are indicated by circled numbers in the same order as discussed in the text: 1—

Jajarkot klippe; 2—Karnali klippe; 3— Humla Karnali; 4—Mugu Karnali; 5—Lower Dolpo; 6—LHS 

above the Lucknow basement fault, northwest of the Jajarkot klippe, 7—LHS above the Lucknow 

basement fault, southwest of the Jajarkot klippe, 8—Dadeldhura klippe. KFS—Karakoram fault system; 

MFT—Main Frontal thrust; MBT—Main Boundary thrust; MCT—Main Central thrust; STD—South 

Tibetan detachment; IYZS—Indus-Yarlung Zangbo suture. 
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Nd or Lu-Hf isotopic system) will help characterize the timing of prograde and/or peak metamorphism, 

especially as garnet is abundant in most of the GHS.  

In addition, many samples from the Jajarkot klippe yield uninterpretable white mica 40Ar/39Ar 

results because of the heterogeneity of the gas released. These inconclusive results hamper the 

characterization of the cooling history of the rocks. Available results suggest that cooling occurred fast 

and early, but additional samples (especially in the central part of the klippe) are needed to confirm this  

timing constraint, which has important implications on the exhumation history of the klippe. Further work 

on the samples analyzed in this thesis will help to understand the heterogeneity of the date spectra. For 

example, dating >10 individual grains by the total fusion method in each sample will test if heterogeneity 

is the result of dissociation of 40Ar and 39Ar. If the latter hypothesis is true, then total fusion dates will be 

equivalent within uncertainty and will better constrain the age of the white mica, which would likely be 

interpreted as a cooling age. Alternatively, if the heterogeneity results from an age variation within 

individual crystals, then in situ 40Ar/39Ar geochronology, combined with detailed chemical 

characterization, will be necessary to resolve the age variation. However, the grains investigated in this 

thesis are too small for the analytical capabilities of most in situ dating systems, but could perhaps be 

analyzed in the future with new developments on this technique. The cooling history can be further 

enhanced by fission track and (U-Th)/He thermochronology on zircon and apatite, which will provide 

timing constraints on cooling at lower temperature and insights on long-term cooling rates. 

Provenance studies (age of detrital zircons and Sm/Nd analyses) of rocks interpreted as part of the 

GHS must be conducted in both the Karnali and Jajarkot klippen (Figure 6.1–1 and 2). The 

characterization of the protoliths and their assignation to pre-Himalayan assemblages (e.g. Assemblages 

A and B of Martin, 2017a) will help to understand what material was incorporated in the Himalayan 

metamorphic core, and if it varied along the strike of the orogen and from the hinterland to the foreland. 

This thesis and other published studies highlight the spatial correlation between several along-

strike variations in the hinterland GHS, the foreland GHS, the Sub-Himalaya, the MHT, the Lunggar rift 
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in Tibet, a zone of slab tear in the downgoing Indian lithosphere, and the inherited cross-strike Lucknow 

basement fault at ~82.5°E (see review in Godin et al., in press). The area above the Lucknow basement 

fault (Figure 6.1) thus appears to be an excellent region to investigate the possible effects of inherited 

cross-structures on each Himalayan lithotectonic belt, which were actively deformed at different time 

periods. Lateral strain variations in the hinterland GHS exposed in the Humla Karnali, Mugu Karnali and 

Lower Dolpo regions (Figure 6.1–3, 4 and 5) must be systematically investigated with an approach 

similar to that of Gibson et al. (2016), i.e. comparing microstructural, monazite U-Th/Pb geochronology 

and white mica 40Ar/39Ar geochronology data of rocks from equivalent structural levels sampled along 

several across-strike transects covering the two sides of the Lucknow basement fault. In addition, 

incorporating quantitative P–T data will strengthen the approach, and will allow a better comparison with 

data from the klippen presented herein. Based on the conclusions of Parsons et al. (2016b) in the 

Annapurna area (Figure 5.1), I tentatively suggest that westward lateral flow in the upper GHS from the 

Lower Dolpo to the Mugu Karnali area explains along-strike variations in the thickness and migmatite 

proportion in the GHS, and is related to the relatively cold and melt-deprived character of the GHS in the 

Jajarkot klippe. However, this hypothesis is not yet supported by microstructural evidence and must be 

thoroughly tested using anisotropy of magnetic susceptibility analyses. This method has been successful 

to demonstrate eastward orogen-parallel flow and melt migration from the Annapurna to the Manaslu 

areas (Parsons et al., 2016b). To assess the influence of the Lucknow basement fault on the mid- to late 

Miocene evolution of the orogen, the structure of the LHS between the Jajarkot and Karnali klippen must 

be characterized. The areas north and southwest of the Jajarkot klippe (Figure 6.1–6 and 7) are ideal to 

test if strike-slip faults or asymmetric folds indicate the presence of a transfer zone, such as the West 

Dang transfer zone that coincide with the Lucknow basement fault in the overridden Sub-Himalaya 

lithotectonic belt (Figure 5.1; Mugnier et al., 1999a and b). 

Further studies must be conducted in the Dadeldhura klippe (Figure 6.1–8), using a methodology 

similar to the one used herein, i.e. U-Th/Pb petrochronology on monazite combined with phase equilibria 
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modeling to characterize the P–T–t–D evolution of the GHS. Important along-strike variations in 

metamorphic grade appear to occur from the Karnali klippe to the Dadeldhura klippe (Figure 6.1–2 and 

8). The exact timing of P–T events in the Dadeldhura klippe must be constrained to verify if the 

tectonometamorphic evolution of this klippe is similar to that of the Karnali or the Jajarkot klippen, or if it 

evolved differently. These data are expected to provide better constraints on the lateral heterogeneity of 

the GHS. 

Finally, future work is needed to explore the effects of inherited basement structures in the 

subducting plate on the geometry of the basal detachment of the orogen (i.e. the MHT). At the moment, 

evidence points to a spatial correlation between several cross-strike features and along-strike variations in 

the orogenic system, but the genetic link has yet to be proven (Godin and Harris, 2014; Godin et al., in 

press). Analog and/or thermo-mechanical modeling are necessary to understand how such inherited cross-

structures need to behave to produce the inferred MHT geometry. In particular, analog modeling allowing 

for vertical displacement on the inherited basement structures (instead of strike-slip movement only, e.g. 

Waffle, 2015) will improve our understanding of the interactions between the subducting Indian plate and 

the overlying MHT. Results of analog modeling of thrust systems with lateral ramps or tear faults could 

be compared to field observations and help to characterize the most likely geometry of the MHT. Such 

models are presented in Dixon and Spratt (2004), but these specific models were designed to represent a 

foreland fold-thrust belt and do not take into account the melt-weakened middle crust that strongly 

impacts the evolution of the Himalaya (e.g. Yakymchuk et al., 2012; Waffle et al., 2016). New analog 

models that test the effects of the MHT geometry on the overlying mid-crustal and upper-crustal rocks 

should be designed to better represent the Himalayan system.  
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Appendix A 

Supporting information for Chapter 2 

 

A.1 Supplementary methods 

A.1.1 Quartz crystallographic <c>-axis preferred orientations 

Quartz crystallographic <c>-axis preferred orientations (CPO; Law, 1990 and references therein) 

were measured by Camille Partin with a G50 Automated Fabric Analyzer at the University of 

Saskatchewan, Saskatoon, Saskatchewan, with a 5 µm resolution on a thin section cut perpendicular to 

the foliation and parallel to the lineation (Wilson et al., 2007; Peternell et al., 2010; Wilson and Peternell, 

2011). This method gives results equivalent to those determined using X-ray (Wilson et al. 2007) and 

electron back-scattered diffraction (EBSD) (Peternell et al., 2010, 2011). Quartz grains were manually 

picked with the INVESTIGATOR software (Peternell et al., 2010) and a retardation and geometric quality 

filter (>80%) was applied to all the optical axes plunging less than 70° to the surface of the thin section. 

CPO fabrics can be used to quantitatively determine the temperature of deformation ± 50 °C, assuming 

that strain rate and hydrolytic weakening are not primary controls on the critical resolved shear stress for 

active slip systems (Kruhl, 1998; Law et al., 2004; Morgan and Law, 2004; Law, 2014). All <c> axis 

orientation data are presented in equal-area lower-hemisphere stereographic projections oriented such that 

foliation is represented by a vertical east-west plane and lineation by a horizontal east-west line. 

Stereographic projections were produced with Stereonet (v9) software package of R. Allmendinger. 

A.1.2 U-Th/Pb Petrochronology 

Monazite were identified in thin section using a mineral liberation analyzer 650 field emission 

gun environmental scanning electron microscope (MLA 650 FEG ESEM; Fandrich et al., 2007) at 

Queen’s Facility for Isotope Research (Queen's University, Kingston, Ontario, Canada) with the help of 
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Agatha Dobosz. Suitable monazite was selected on the basis of size, lack of cracks and inclusions and 

relationship to deformation fabrics. 

Recent studies highlight the need for chemical characterization of monazite to distinguish 

between different episodes of monazite (re-)crystallization and to avoid sampling multiple domains 

(Gibson et al., 2004; Kohn et al., 2005; Martin et al., 2007; Cottle et al., 2009; Larson et al., 2011). 

Selected monazite grains were therefore chemically mapped for U, Th, Y, Ca and Si at Queen’s Facility 

for Isotope Research (Queen’s University, Kingston, Ontario, Canada) with wavelength dispersive 

spectrometry on a JEOL JXA-8230 electron microprobe under the supervision of Brian Joy. 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 0.5–0.6 µm. X-ray maps were used to identify zonation, detect 

inclusions and select laser spot locations. 

Three to sixteen 9.7 µm large spots per grain were analyzed in 7 monazite grains for U-Th/Pb 

isotopes and trace element concentrations by laser-ablation split stream using dual multi-collector-single-

collector inductively-coupled plasma mass spectrometry (LASS-ICPMS) at University of California, 

Santa Barbara, California, United States of America. Analytical methods are described in Cottle et al. 

(2012, 2013) and Kylander-Clark et al. (2013). Mass bias and Pb/U and Pb/Th downhole fractionation 

were monitored and corrected for using a primary reference monazite, “44069” (424 Ma, Pb/U isotope 

dilution-thermal ionization mass spectrometry age (ID-TIMS) (Aleinikoff et al., 2006)). A secondary 

reference monazite “FC-1” (55.7 Ma Pb/U ID-TIMS age, (Horstwood et al., 2003)) was analyzed 

concurrently once every eight unknowns to monitor isotopic data accuracy. Trace element concentrations 

were normalized to an in-house reference “Bananeira” monazite and, based on the long-term 

reproducibility of secondary reference monazites, are accurate to 3–5%. During the analytical period, 

repeat analyses of FC-1 gave a weighted mean 206Pb/238U date of 56.4 ± 0.2, mean square weighted 

deviation (MSWD) = 2.0 (n=71), and a weighted mean 208Pb/232Th date of 55.8 ± 0.3 Ma, MSWD= 1.9 (n 

= 60). Data reduction, including corrections for baseline, instrumental drift, mass bias, downhole 
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fractionation, and uncorrected date calculations were carried out using Iolite version 2.5. Full details of 

the data reduction methodology can be found in Paton et al. (2010). Diagrams were constructed with 

Excel 2013. All uncertainties are quoted at 2σ and include contributions from the external reproducibility 

of the primary reference material for the 207Pb/206Pb, 206Pb/238U and 208Pb/232Th ratios. 

Despite much care in selecting analytical spots, analyses overlapping with more than one 

chemical domain, with inclusions or with matrix material can occur in grains with narrow chemical 

domains or because of the depth of the ablation pit (3–4 µm). I identified suspect analyses based on a 

comparison of ablated monazite grains microphotographs with chemical maps and based on the time-

resolved isotopic signal. Such analyses were excluded from geochronological results and interpretations. 

Mixed domain analyses can nonetheless go undetected if the boundary between the two domains was, at 

depth, perpendicular to the ablation surface. This would result in ablation of monazite in equal 

proportions from both domains throughout the ablation pit and would produce a stable, mixed signal of 

intermediate date and trace element composition. 

Himalayan monazite grains, due to their young age, have little accumulated radiogenic 207Pb and 

therefore yield imprecise 207Pb/235U dates, which in addition, makes a correction for common Pb less 

accurate and precise. Furthermore, excess 206Pb from unsupported 230Th decay (Schärer, 1984) results in 

206Pb/238U dates that are too old relative to the ‘true’ date. Therefore in this study only 208Pb/232Th dates, 

uncorrected for common-lead, are used for interpretations. A common lead correction is not necessary for 

208Pb/232Th dates, given the high thorigenic component to monazite. This is supported by visual inspection 

of 208Pb/232Th versus 206Pb/238U Concordia plots in which analyses with the least ‘excess’ 206Pb are 

essentially concordant. 

A.1.3 40Ar/39Ar step-heating and total fusion analyses 

Samples were gently crushed and sieved, and then rinsed several times with water to remove fine 

particles. A small amount of the 250–707 µm fraction of crushed material was placed in a Petri dish with 

ample amounts of ultra-pure ethyl alcohol. The best quality mineral grains or grain aggregates were then 
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picked under a binocular microscope and allowed to dry completely. Individual mineral separates were 

loaded into 2–3 mm-deep aluminum foil packets which were subsequently stacked vertically into 35-mm 

long foil tubes and placed into the tubular holes of an aluminum cylinder. Several flux monitor grains of 

Fish Canyon tuff sanidine (FCT-SAN) (28.201 ± 0.023 1σ Ma; Kuiper et al., 2008) were loaded into each 

sample packet. J values were interpolated for samples situated between the spaced FCT-SAN monitor 

grains. GA 1550 biotite (99.15 ± 0.8 1σ Ma, Spell and McDougall (2003) recalculated to FCT-SAN at 

28.201 ± 0.023 1σ Ma, and Min et al. (2000) decay constant) was used as a secondary standard to confirm 

the accuracy of the interpolations. GSC Irradiations #70 and #71 were each shielded with Cd and 

irradiated for 160 MWH in medium flux position 8B at the research nuclear reactor of McMaster 

University (MNR) in Hamilton, Ontario, Canada. Neutron fluence was c. 0.9 x 1013 neutrons/cm2 

operating at a 2.5 MW power level. Correction factors for typical interference species produced by 

thermal neutrons during irradiation are included in the footnote of Table A.2. 

Samples and monitors were loaded into 1.5 mm diameter pits in a copper planchet and placed 

under vacuum in an all-metal extraction line. Individual aliquots were step wise heated and analyzed, or 

fused at high power using a Photon Machines Ltd. Fusion 10.6 55W CO2 laser coupled to a Nu 

Instruments Noblesse multicollector mass spectrometer operated at the Geological Survey of Canada, 

Ottawa, Ontario, Canada. Laser energy was homogenized over a beam radius of 2 mm, gradually 

increased over 60 s and subsequently held at full power for 30 s. The released gas was then exposed to 

SAESTM NP-10 (c. 400˚C) and HY-STOR® 201 (room temperature) getters in the extraction line for six 

minutes. Following gettering, the sample gas was expanded into the mass spectrometer. The Nu Noblesse 

(model 018) is a single-focusing, Nier-source, 75 magnetic sector multicollector noble gas spectrometer 

equipped with two quadrupole lens arrays. Ar ions were measured with a fixed array of three ETP® 

discrete dynode ion-counting multipliers. Data collection followed the measurement scheme MC-Y 

detailed in Kellett and Joyce (2014). Blanks were run every 4th analysis, in an identical manner to 

unknowns. Air shots were analyzed every 8th analysis to monitor efficiency and mass fractionation. Full 
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results including blank measurements are included in Table A.2. Sensitivity of the Nu Noblesse at the 

time of analyses was 7.1–7.5 Amps/mol. Data collection, reduction, error propagation, date calculation 

and plotting were performed using the software MassSpec (version 7.93) (Deino, 2001), and the 40K/40Ar 

decay constant of Min et al. (2000). Weighted mean calculations and plotting were performed with 

Isoplot (version 4.15) (Ludwig, 2012). The grains were not conducive to progressive step heating, and 

degassing occurred at low power over few heating steps. The attempt to more evenly degas the grains 

results in several heating steps with very little gas and large associated uncertainties. Thus, only steps 

comprising >1% 39Ar released are presented on date spectra and inverse isochron diagrams, and used for 

date calculations. All uncertainties are quoted at 2σ.  

A.2 Interpretation of 40Ar/39Ar results 

Eight total fusion dates on single grains range from 17.6 ± 0.2 Ma to 20.1 ± 0.3 Ma (Fig. DR3A). 

Differences in diffusion radius, resulting in differences in closure temperatures, cannot account for the 2.5 

m.y. date spread. Analyzed muscovite had radii between 125 and 350 µm, a difference that may produce a 

c. 25 °C variation in closure temperature (Harrison et al., 2009), resulting in date variations of at most 1 

m.y. with a relatively slow cooling rate of -25 °C/m.y. (e.g. Imayama et al., 2012). For higher cooling 

rates (e.g. Sorcar et al., 2014; Wang et al., 2015), date variations due to grain size differences would be 

even smaller. 

The date spectra of four different step heated grains provide insights on the possible causes for 

older and younger dates. Two aliquots (3409-05 and 3477-07) yield older dates for initial heating steps 

compared to subsequent steps, suggesting the presence of extraneous 40Ar (Fig. DR3C and E; McDougall 

and Harrison, 1999). The gas released during these initial steps has a different chemical composition, 

evidenced by elevated Ca/K and Cl/K (Fig. DR3C and E). This suggest interaction with a fluid that 

contained dissolved Ca, Cl and Ar, which may have been incorporated in the muscovite as fluid 

inclusions or could be responsible for back-diffusion of argon into the crystalline structure (Kelley, 2002). 

The 309 ± 5 40Ar/36Ar intercept in the inverse isochron of aliquot 3477-07 is slightly above the 
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atmospheric composition ratio of 298.56 (Lee et al. 2006; Mark et al. 2011) and also suggests the 

presence of a small excess 40Ar component in this aliquot. The inverse isochron date of 18.0 ± 0.2 Ma for 

this aliquot accounts for excess 40Ar and is equivalent, within uncertainty, with the step heat plateau date 

(18.1 ± 0.2) that does not account for the excess 40Ar component. The statistically insignificant variation 

between these two dates suggests that the effect of any excess 40Ar component is within the uncertainty of 

the step heat dates. Nonetheless, the presence of excess 40Ar likely accounts for older dates in total fusion 

experiments and some initial steps of the step heating experiments. 

A third aliquot (3409-04) yields two young initial steps, indicative of 40Ar loss (Fig. DR3B; 

McDougall and Harrison, 1999). This is further supported by the 261 ± 9 40Ar/36Ar intercept in the inverse 

isochron for this aliquot (Fig. DR3F), below the atmospheric composition ratio of 298.56 (Lee et al. 2006; 

Mark et al. 2011). Partial recrystallization of muscovite during deformation below its isotopic closure 

temperature could cause 40Ar loss. In sample JD-46B, grain boundary migration is the dominant quartz 

recrystallization mechanism, indicating temperature of deformation above 500 °C. Moreover, a CPO 

fabric from an adjacent quartzite sample indicates a temperature of deformation of 600 ± 50°C. Muscovite 

occurs in S-, C- and C’-planes, suggesting pre- to syn-kinematic growth. Muscovite is straight and display 

uniform extinction, although very few grains are bent around garnet porphyroblasts and display undulose 

extinction. No low-temperature deformation textures such as quartz bulging or subgrain rotation, brittle 

fractures or kinked mica flakes were observed. These textures all suggest that deformation occurred at a 

temperature well above the isotopic closure of muscovite (465–480 °C for a 350 µm radius, 50–100 

°C/Ma cooling rate at 500 MPa, Harrison et al. 2009), and that the rocks did not experience post-cooling 

deformation that could have induced 40Ar loss. 

A second possibility for post-cooling 40Ar loss is the interaction with a fluid that could leach Ar 

out of the muscovite crystal. Ca/K and Cl/K for the two first young steps of aliquot 3405-04 are not 

significantly higher or lower compared to that of subsequent heating steps of the aliquot, implying that 

fluid did not alter the Ca and Cl content of the grain (Fig. DR3B). Epidote, an unusual mineral for 
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metapelite of typical composition, was observed locally on the outcrop, but no other clear evidence for 

fluid interaction, such as chloritization or veining, was observed at the outcrop and thin section scales. 

Even if the cause of the 40Ar loss remains speculative, minor post-cooling 40Ar loss can nonetheless 

account for the few young dates in the total fusion experiments. 

Besides older and younger dates explained by minor excess argon and argon loss, respectively, 

the sample is dominated by an Ar isotopic composition equating to dates between 19 and 18 Ma, as 

evidenced by the weighted mean date from the total fusion data (18.7 ± 0.7 Ma), plateau dates of 18.8 ± 

0.3 Ma and 18.1 ± 0.2 Ma (aliquot 3409-05 and 3477-07), and two large individual degassing steps at 

18.5 ± 0.4 and 18.9 ± 0.1 Ma in aliquot 3477-02, which comprise 25 and 59%, respectively, of the 39Ar 

released in that grain (Fig. DR3A and C-E). Because aliquot 3409-05 yields a plateau comprising the 

greatest percentage of released 39Ar (95.5%; Fig. DR3C), and because its inverse isochron date (18.8 ± 

0.3 Ma, 40Ar/36Ar intercept of 299 ± 5; Fig. DR3G) is indistinguishable from the plateau date, I interpret 

this aliquot as the most representative cooling age for the sample. 
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A.3 Supplementary Figures 

 

Figure A.1 (A) Cross-polarized light photomicrograph of grain boundary migration microstructure in 

quartzite JD-46A. (B) Lambda-0 photomicrograph of quartzite JD-46A with the location of each quartz 

crystallographic <c>-axis orientations indicated by a white dot. 
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Figure A.2 (A) Back-scattered electron image of thin section JD-46B with location of analyzed monazite 

grains. Foliation (S) and top-to-the-NE shear bands (C') are outlined in the inset. (B) Thin section 

photograph in plane polarized light of thin section JD-46B. (C) Maps of relative Y concentration of all 

analyzed monazite grains with date spots in Ma. Numbers inside each circle refer to analysis number. 

Each spot is 9.7 µm large and color coded according to domain attribution. Note that trace element 

contents used for analysis classification were acquired with LASS-ICPMS. Hence, the relative Y 
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concentration map may be misleading if a significant portion of the ablated material belonged to a domain 

underlying the surficial domain observed in the map. These analyses were used for interpretation only if a 

significant portion of the isotopic signal was stable enough to calculate a reliable date and trace element 

composition. Red date spots were discarded for age interpretations because they overlap with matrix 

material, inclusions, or more than one chemical domain. Note that Group 4 analyses were obtained in the 

two shortening quadrants of only one monazite grain (#8) because the low aspect ratio (~1:1) of that 

specific grain would allow infinite rotation under general shear strain instead of resting in the flow plane 

(Ghosh and Ramberg, 1976). D: Plane-polarized light photomicrograph of garnet wrapped by the foliation 

and containing randomly oriented quartz inclusions, attesting for pre-kinematic growth. Resorbed margins 

are likely the consequence of decompression. Bt–biotite; Grt–garnet; Ms–muscovite; Qz–quartz; rm–

resorbed margins. 
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Figure A.3 Muscovite 40Ar/39Ar dates of sample JD-46B. (A) Weighted average plot of all total fusion 

dates. (B-E) step-heating date spectra with Ca/K and Cl/K of each individual steps. (F-I) Inverse isochron 

plots. Data ellipses in red on the inverse isochron plots were not included in the regressions and date 

calculations because they do not appear to comprise the same population and each yield less than 2% of 

the released 39Ar. Arrows indicate small data ellipses. All uncertainties are 2σ except the error envelope 

on the inverse isochron regression lines (1σ). MSWD–mean squared weighted deviation; n–number of 

analyses in date calculations. 
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A.4 Supplementary Tables 

Table A.1 Monazite U-Th/Pb petrochronology data available in a separate Excel file. 

Table A.2 Muscovite 40Ar/39Ar thermochronology data available in a separate Excel file. 
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Appendix B 

Supporting information for Chapter 3 

B.1 Supplementary methods 

Rocks were crushed with a selFrag (Wang et al., 2012) at Queen’s Facility for Isotope Research 

(Queen’s University, Kingston, Canada). Zircon grains were separated by water table separation, initial 

magnetic separation with a Frantz Isodynamic Magnetic Separator, heavy liquids separation 

(Bromoform), final magnetic separation with a Frantz Isodynamic Magnetic Separator, and hand picking 

under a microscope at Boise State University (Boise, Idaho, USA). Zircon grains were annealed at 900 °C 

for 60 h in a muffle furnace (Allen and Campbell, 2012). Zircon grains were separated in a faceted 

fraction and a round fraction, assuming that the faceted zircon grains are more likely to be younger and 

are better candidates to constraint the maximum age of deposition (e.g. Wainman et al., in press). All 29 

faceted grains and ~200 randomly selected round grains were mounted in epoxy and polished until their 

centers were exposed. Cathodoluminescence (CL) images were obtained with a JEOL JSM-1300 

scanning electron microscope and Gatan MiniCL. Zircon was analyzed by laser ablation inductively 

coupled plasma mass spectrometry (LA-ICPMS) using a ThermoElectron X-Series II quadrupole ICPMS 

and New Wave Research UP-213 Nd:YAG UV (213 nm) laser ablation system at Boise State University. 

In-house analytical protocols, standard materials, and data reduction software were used for acquisition 

and calibration of U-Pb dates and a suite of high field strength elements (HFSE) and rare earth elements 

(REE). Zircon was ablated with a laser spot of 25 µm wide using fluence and pulse rates of 5 J/cm2 and 

10 Hz, respectively, during a 45 second analysis (15 s gas blank, 30 s ablation) that excavated a pit ~25 

µm deep. Ablated material was carried by a 1.2 L/min He gas stream to the nebulizer flow of the plasma. 

Quadrupole dwell times were 5 ms for Si and Zr, 200 ms for 49Ti and 207Pb, 80 ms for 206Pb, 40 ms for 

202Hg, 204Pb, 208Pb, 232Th, and 238U and 10 ms for all other HFSE and REE; total sweep duration is 950 ms. 

Background count rates for each analyte were obtained prior to each spot analysis and subtracted from the 

raw count rate for each analyte. For concentration calculations, background-subtracted count rates for 
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each analyte were internally normalized to 29Si and calibrated with respect to NIST SRM-610 and -612 

glasses as the primary standards. Ablations pits that appear to have intersected glass or mineral inclusions 

were identified based on Ti and P signal excursions, and associated sweeps were discarded. U-Pb dates 

from these analyses are considered valid if the U-Pb ratios appear to have been unaffected by the 

inclusions. Signals at mass 204 were normally indistinguishable from zero following subtraction of 

mercury backgrounds measured during the gas blank (<1000 cps 202Hg), and thus dates are reported 

without common Pb correction. Rare analyses that appear contaminated by common Pb were rejected 

based on mass 204 greater than baseline. 

Data were collected in two experiments on the faceted and round grains, respectively. For U-Pb 

and 207Pb/206Pb dates, instrumental fractionation of the background-subtracted ratios was corrected and 

dates were calibrated with respect to interspersed measurements of zircon standards and reference 

materials. The primary standard Plešovice zircon (Sláma et al., 2008) was used to monitor time-dependent 

instrumental fractionation based on two analyses for every 10 analyses of unknown zircon. A secondary 

correction to the 206Pb/238U dates was made based on results from the zircon standards Seiland (530 Ma, 

personal communication, Isotope Geology Laboratory, Boise State University, 2009) and Zirconia (327 

Ma, personal communication, Isotope Geology Laboratory, Boise State University, 2009), which were 

treated as unknowns and measured once for every 10 analyses of unknown zircon. These results showed a 

linear age bias of 0%–4% that is related to the 206Pb count rate. The secondary correction is thought to 

mitigate matrix-dependent variations due to contrasting compositions and ablation characteristics between 

the Plešovice zircon and other standards (and unknowns). 

Radiogenic isotope ratio and age error propagation for all analyses includes uncertainty 

contributions from counting statistics and background subtraction. The error on the weighted mean 

calculation includes uncertainties from the standard calibrations during the two experiments. These 

uncertainties are the local standard deviations of the polynomial fits to the interspersed primary standard 

measurements versus time for the time-dependent, relatively larger U/Pb fractionation factor, and the 
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standard errors of the means of the consistently time-invariant and smaller 207Pb/206Pb fractionation factor. 

These uncertainties are 1.5 and 1.6% (2σ) for 206Pb/238U and 0.3 and 0.4% (2σ) for 207Pb/206Pb. 

Age interpretations are based on 207Pb/206Pb dates for analyses with 206Pb/238U dates >1000 Ma 

and 206Pb/238U dates for analyses with 206Pb/238U dates <1000 Ma. Analyses with >20% positive 

discordance and >10% negative discordance are not considered. Errors on the dates from individual 

analyses are given at 2σ. Probability density plots of dates were constructed using Isoplot 3.0 (Ludwig, 

2003). 
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B.2 Supplementary Figures 

 

Figure B.1 Cross section E-E' (located on Figure 3.1) with the position of samples collected along the 

Lungrī Kholā transect (bottom row, black rectangles) and the the projected position of the samples 

collected along other transects (top row, white rectangles). 
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Figure B.2 Cathodoluminescence images of zircon with location and number of LA-ICPMS analyses. 
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Figure B.3 Probability density plots of LA-ICPMS U-Pb zircon dates from sample JK-98 for (A) faceted 

grains and (B) round grains. 

 

 

 

B.3 Supplementary Tables 

Table B.1 Zircon U/Pb geochronology data available in a separate Excel file. 
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Appendix C 

Supporting information for Chapter 4 

C.1 Supplementary methods 

C.1.1 Microstructures and quartz crystallographic <c>-axis preferred orientations  

Recrystallization microstructures in quartz and calcite were documented from 25 thin sections cut 

perpendicular to the foliation and parallel to the mineral lineation. Samples without a visible lineation 

were cut northeast-southwest, parallel to the regional tectonic transport direction. In addition, quartz 

crystallographic <c>-axis preferred orientations (CPO) were measured in six quartz-rich samples (sample 

locations on Figure 4.2 and Table C.1), providing further data on strain (coaxial vs. non-coaxial), slip 

systems, and sense of shear (Tullis et al., 1973; Lister, 1977; Lister et al., 1978; Lister and Williams, 

1979; Law, 1990, 2014; Law et al., 2004, 2011).  

CPO fabrics were also used to quantitatively determine the temperature of deformation to ± 50 

°C, assuming that temperature exert the primary control on the critical resolved shear stress for active slip 

systems (Kruhl, 1998; Law et al., 2004; Morgan and Law, 2004; Law, 2014; Faleiros et al. 2016). Strain 

rate and hydrolytic weakening may also control the fabric opening angle, although their influence is 

typically encompassed in the ± 50 °C uncertainty for Himalayan samples (Law et al., 2013; Law, 2014). 

The original linear relationship between the opening angle of the fabric and the temperature of 

deformation calibrated by Kruhl (1998) and improved by Law (2014) is only reliable for opening angles 

smaller than 90° (i.e. T < 700 °C). At higher temperature, the opening angle increases non-linearly and 

the linear calibration overestimates the temperature of deformation. Further, pressure has a non-negligible 

impact on the opening angle at T > 650 °C (Faleiros et al., 2016). In this study, I therefore use the linear 

calibration (Kruhl, 1998; Law, 2014) for opening angles < 90° and the pressure-dependent logarithmic 

calibration (Faleiros et al., 2016) for opening angles >90° (Figure 4.4). Pressure is estimated to be 1.0 
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GPa based on P–T results from this study. Overestimation of the pressure results in overestimation of the 

temperature of deformation and vice versa (~15 °C for 0.1 GPa; Faleiros et al., 2016).  

Quartz crystallographic <c>-axis preferred orientations were measured with a 5 µm optical 

resolution on a G50 Automated Fabric Analyzer at the University of Saskatchewan, Saskatoon, Canada 

(Wilson et al., 2007; Peternell et al., 2010; Wilson and Peternell, 2011). This method gives results 

equivalent to those determined using X-ray (Wilson et al. 2007) and electron back-scattered diffraction 

(EBSD) (Peternell et al., 2010, 2011; Hunter et al., 2017). Quartz grains were manually picked with the 

INVESTIGATOR software (Peternell et al., 2010) and a retardation and geometric quality filter (>80%) 

was applied to all the optical axes plunging less than 70° to the surface of the thin section. All <c> axis 

orientation data are presented in equal-area lower-hemisphere stereographic projections oriented such that 

foliation is represented by a vertical east-west plane and lineation by a horizontal east-west line.  

C.1.2 Petrography and mineral chemical composition 

Thin sections were scanned using a mineral liberation analyzer 650 field emission gun 

environmental scanning electron microscope (MLA 650 FEG ESEM; Fandrich et al., 2007) at Queen’s 

Facility for Isotope Research (Queen’s University, Kingston, Canada). The backscattered electron images 

and the mineral maps were used to identify matrix minerals and inclusions in porphyroblasts, calculate 

modal abundances of some minerals and complement petrographic observations on mineral textures. The 

chemical composition of garnet, plagioclase, biotite and white mica was measured using wavelength 

dispersive spectrometry on a JEOL JXA-8230 electron microprobe at Queen’s Facility for Isotope 

Research (Queen’s University) with acceleration voltage of 15 kV and beam current of 20 nA. Natural 

and synthetic mineral standards were used with the PAP atomic number and absorption corrections 

(Pouchou and Pichoir, 1991) in conjunction with the MAC30 mass absorption coefficients (Heinrich, 

1987) and revised fluorescence correction (Reed, 1990). Several mineral grains in multiple areas of the 

thin section were analyzed with spots in the core and the rim to check for potential inhomogeneity and 

mineral zoning. Chemical zoning in garnet was assessed with rim to rim transects from across garnet, and 
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with X-ray Fe, Mg, Mn and Ca maps on selected grains. Experimental conditions for X-ray mapping were 

set at an acceleration voltage of 15 kV, beam current of 400 nA, dwell time of 40 ms and step size of 2–8 

µm depending on grain size. 

C.1.3 Phase equilibria modeling and conventional thermobarometry 

Isochemical phase diagrams were calculated in the system TiO2-MnO-FeO-MgO-CaO-Na2O-

K2O-Al2O3-SiO2-H2O (TiMnNCKFMASH). Fe3+ was neglected because no Fe3+-rich minerals were 

identified and the Fe3+ content in minerals, calculated with charge balance from measured compositions, 

was negligible. Thermodynamic calculations were conducted with the software Perple_X 6.7.3 (Connolly, 

1990, 2005, 2009), the internally consistent and updated thermodynamic database of Holland and Powell 

(1998, revised 2004), and the CORK equation of state for H2O of Holland and Powell (1991, 1998).  

The bulk chemical composition of the samples used for phase equilibria modeling was 

determined with X-ray fluorescence (XRF) on fist sized sample fragments. The XRF chemical 

compositions have been modified to account for P2O5 which is not modeled. Because apatite is the main 

reservoir for P, a proportional amount of Ca was removed from the system. Monazite is the second most 

important phosphate mineral, but it occurs in negligible amounts compared to apatite (i.e. >10x less Mnz) 

in most samples and its effects were neglected. In samples JD-06B, JD-50 and JD-54, monazite was more 

abundant and could take up to 15% of the P2O5, which was accounted for by removing proportionally less 

Ca. 

Mineral solid-solutions used are the Gt(WPPH) garnet model of White et al. (2005), the 

Mica(SGH) white mica and Ctd(SGH) chloritoid models of Smye et al. (2010), the St(HP) staurolite and 

Chl(HP) chlorite models of Holland and Powell (1998), the Bio(TCC) biotite model of Tajčmanová et al. 

(2009), the Pl(h) plagioclase feldspar model of Newton et al. (1980), the San K-feldspar model of 

Waldbaum and Thompson (1968), ideal cordierite model (hCrd) and ideal ilmenite model (IlPy). Melt 

was modeled with the melt(HP) model of Holland and Powell (2001) and White et al. (2001, 2007). The 

choice of solid-solution models was guided by multiple rounds of exploratory testing on the samples from 
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this study. As in Larson et al. (2013), this set of solid-solution models produced the most consistent and 

realistic results with the studied samples. Isochemical phase diagrams were calculated under water 

saturated conditions for subsolidus conditions, and with just enough water to saturate the system at the 

solidus at approximately peak pressures for suprasolidus conditions. The amount of water calculated with 

this method positively correlates with the proportion of micas present in the sample. The fluid was 

considered as pure H2O. For the subsolidus sample JD-46B, the suprasolidus section of the diagram 

(melt-in line calculated with saturated H2O) was not considered. 

Garnet compositional isopleths (Xprp, Xsps and Xgrs) were used to constrain P-T conditions because 

they intersect at high angle, Xsps and Xgrs are not modified by retrograde Fe-Mg exchange, and Xalm (not 

used) generally varies less quickly over the P-T conditions of interest. 

Phase equilibria modeling results were compared with conventional thermobarometry using the 

software thermocalc version 3.33 (Holland and Powell, 1998; Powell and Holland, 1988, 1994, 2008) 

using the same thermodynamic database (tcds55; Holland and Powell, 1998, revised 2004). I used the 

software TC_Comb (Dolivo-Dobrovolsky, 2013, http://www.dimadd.ru/en) that allows rapid P-T 

calculations by the thermocalc avPT method (Powell and Holland, 1994) for all possible permutations of 

a set of mineral compositions interpreted to have been in equilibrium at peak metamorphic conditions.  

Conventional thermobarometry on high-grade metapelites requires a careful evaluation of 

chemical zoning in minerals and metamorphic reaction textures because intra- and inter-crystalline 

diffusion as well as net-transfer reactions during melt crystallization will modify mineral compositions 

(Spear and Florence, 1992; Spear et al., 1999, Kohn and Spear, 2000). All necessary precautions were 

taken to choose the appropriate compositions of garnet, plagioclase, biotite and white mica that represent 

peak P-T conditions (e.g. Schaubs et al., 2002; Soucy La Roche et al., 2015). Largest available (0.5-6 

mm) garnets were selected because their core are likely to preserve a chemical plateau unaffected by 

retrograde exchange and net-transfer reactions (Spear et al., 1999; Hauzenberger et al., 2005). If a 

perfectly flat zoning profile is not present, a plateau composition close to the rim was used in order to 
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avoid the effect of relict growth zoning. Clearly resorbed margins were avoided for point transects; 

crystalline faces were preferred as starting and ending points if possible. Rim points showing evidence of 

retrograde exchange reaction with biotite (i.e. higher Xalm, lower Xprp) or retrograde net-transfer 

reaction during melt crystallization (i.e. positive spike in Xsps) were discarded. Biotite and white mica 

isolated from garnet (e.g. trapped within a non-reacting phase such as quartz or feldspar), with high Ti 

content (suggestive of higher temperature; Henry et al., 2005), and parallel to the foliation (limiting the 

possibility of analyzing late grains) were used rather than grains in contact with garnet to minimize the 

effect of retrograde re-equilibration and avoid grains that could have formed during melt crystallization. I 

used the rim composition of plagioclase in the groundmass close to garnet (Holdaway, 2001), but away 

from embayments in garnet to avoid plagioclase that could have formed during melt crystallization. 

Despite these precautions, it is difficult to ascertain that the calculated P-T truly represent the highest P-T 

conditions attained by the rocks. Results should therefore be considered minimum estimates. 

Phase equilibria modeling and conventional thermobarometry have different limitations and are 

seen as complementary (Powell and Holland, 2008, 2010; Spear et al., 2016). Phase equilibria modeling 

relies on the proper evaluation of the appropriate equilibration volume composition, a task that may be 

difficult especially with rocks that contain zoned minerals or retrograde reactions that could affect 

domains at the microscale, and that solid solution models are appropriate (e.g. Guevara and Caddick, 

2016; Palin et al., 2016). Modifications to the bulk rock chemical compositions can profoundly affect 

mineral compositional isopleths such as garnet, and possibly modify the isochemical phase diagram 

topology to a lesser extent (e.g. Evans, 2004). In addition, it is assumed that garnet composition is 

representative of peak conditions, which can be verified to some extent with careful characterization of its 

chemical zoning. Conventional thermobarometry requires minerals to be in equilibrium and to have their 

composition not modified during the retrograde part of the P–T path (Spear and Florence, 1992; Spear et 

al., 1999, Kohn and Spear, 2000). The permutation approach of the software TC_Comb can test the 

effects of chemical composition variations in metamorphic minerals on the calculated PT point and 
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provides a means of estimating the degree of equilibrium between the minerals. Peak P–T conditions are 

most robust if garnet compositional isopleths and TC_comb results fall within the stability field of the 

observed peak metamorphic assemblage. This is not the case for several samples described here, where 

only TC_Comb results are consistent with the stability field of the peak assemblage. Nevertheless, I argue 

that useful P–T information can be determined from these data following a case-by-case careful 

evaluation.  

C.1.4 U-Th/Pb monazite petrochronology 

Monazite grains were identified in thin section using a mineral liberation analyzer 650 field 

emission gun environmental scanning electron microscope (MLA 650 FEG ESEM; Fandrich et al., 2007) 

at Queen’s Facility for Isotope Research (Queen's University, Kingston, Canada). This method detects 

monazite grains as small as 5 µm, such that every monazite grain large enough for dating is identified. 

Suitable monazite was selected on the basis of size, lack of cracks and inclusions, and relationship to 

deformation fabrics and metamorphic minerals. 

Recent studies highlight the need for chemical characterization of monazite to distinguish 

between different episodes of monazite (re-)crystallization and to avoid sampling multiple domains 

(Gibson et al., 2004; Kohn et al., 2005; Martin et al., 2007; Cottle et al., 2009; Larson et al., 2011). 

Selected monazite grains were therefore chemically mapped for U, Th, Y, Ca and Si at Queen’s Facility 

for Isotope Research (Queen's University, Kingston, Canada) with wavelength dispersive spectrometry on 

a JEOL JXA-8230 electron microprobe. 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 0.5–0.8 µm. 

X-ray maps were used to identify zonation, detect inclusions and select laser spot locations. 

U-Th/Pb isotopes and trace element concentrations were measured on 9.7 µm large spots by 

laser-ablation split stream using dual multi-collector-single-collector inductively-coupled plasma mass 

spectrometry (LASS-ICPMS) at the University of California, Santa Barbara, United States of America. 

Analytical methods are described in Cottle et al. (2012, 2013) and Kylander-Clark et al. (2013). Mass bias 
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and Pb/U and Pb/Th downhole fractionation were monitored and corrected for using a primary reference 

monazite, “44069” (424 Ma, Pb/U isotope dilution-thermal ionization mass spectrometry age (ID-TIMS) 

(Aleinikoff et al., 2006)). A secondary reference monazite “FC-1” (55.7 Ma Pb/U ID-TIMS age, 

(Horstwood et al., 2003)) was analyzed concurrently once every eight unknowns to monitor isotopic data 

accuracy. Trace element concentrations were normalized to an in-house reference “Bananeira” monazite 

and, based on the long-term reproducibility of secondary reference monazites, are accurate to 3–5%. 

During the analytical period, repeat analyses of FC-1 gave a weighted mean 206Pb/238U date of 56.4 ± 0.2, 

mean square weighted deviation (MSWD) = 2.0 (n=71), and a weighted mean 208Pb/232Th date of 55.8 ± 

0.3 Ma, MSWD= 1.9 (n = 60). Data reduction, including corrections for baseline, instrumental drift, mass 

bias, downhole fractionation, and uncorrected date calculations were carried out using Iolite version 2.5. 

Full details of the data reduction methodology can be found in Paton et al. (2010). Diagrams were 

constructed with Excel 2013. All uncertainties are quoted at 2σ and include contributions from the 

external reproducibility of the primary reference material for the 207Pb/206Pb, 206Pb/238U and 208Pb/232Th 

ratios. 

Despite much care in selecting analytical spots, analyses overlapping with more than one 

chemical domain, with inclusions or with matrix material can occur in grains with narrow chemical 

domains or because of the depth of the ablation pit (3–4 µm). I identified suspect analyses based on a 

comparison of ablated monazite grains microphotographs with chemical maps and based on the time-

resolved isotopic signal. Such analyses were excluded from geochronological results and interpretations. 

Mixed domain analyses can nonetheless go undetected if the boundary between the two domains was, at 

depth, perpendicular to the ablation surface. This would result in ablation of monazite in equal 

proportions from both domains throughout the ablation pit and would produce a stable, mixed signal of 

intermediate date and trace element composition. 

Himalayan monazite grains, due to their young age, have little accumulated radiogenic 207Pb and 

therefore yields imprecise 207Pb/235U dates, which in addition, makes a correction for common Pb less 
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accurate and precise. Furthermore, excess 206Pb from unsupported 230Th decay (Schärer, 1984) results in 

206Pb/238U dates that are too old relative to the ‘true’ date. Therefore in this study only 208Pb/232Th dates, 

uncorrected for common-lead, are used for interpretations. A common lead correction is not necessary for 

208Pb/232Th dates, given the high thorigenic component to monazite. This is supported by visual inspection 

of 208Pb/232Th versus 206Pb/238U Concordia plots in which analyses with the least ‘excess’ 206Pb are 

essentially concordant. The vast majority of dates included in geochronological results and interpretations 

are less than 5% discordant, and only 11 out of 425 dates are between 5 and 10% discordant. All dates 

>10% discordant overlapped two chemical domains and/or yielded an unstable time-resolved isotopic 

signal, indicating an heterogeneous composition, and were thus excluded. 

C.1.5 40Ar/39Ar step-heating and total fusion analyses methods 

Samples were gently crushed and sieved, and then rinsed several times with water to remove fine 

particles. A small amount of the 125–707 µm fraction (diameter) of crushed material was placed in a Petri 

dish with ample amounts of ultra-pure ethyl alcohol. The best quality mineral grains or grain aggregates 

were then picked under a binocular microscope and allowed to dry completely. Individual mineral 

separates were loaded into 2–3 mm-deep aluminum foil packets which were subsequently stacked 

vertically into 35-mm long foil tubes and placed into the tubular holes of an aluminum cylinder. Several 

flux monitor grains of Fish Canyon tuff sanidine (FCT-SAN) (28.201 ± 0.023 1σ Ma; Kuiper et al., 2008) 

were loaded into each sample packet. J values were interpolated for samples situated between the spaced 

FCT-SAN monitor grains. GA 1550 biotite (99.15 ± 0.8 1σ Ma, Spell and McDougall (2003) recalculated 

to FCT-SAN at 28.201 ± 0.023 1σ Ma, and Min et al. (2000) decay constant) was used as a secondary 

standard to confirm the accuracy of the interpolations. GSC Irradiations #70 and #71 were each shielded 

with Cd and irradiated for 160 MWH in medium flux position 8B at the research nuclear reactor of 

McMaster University (MNR) in Hamilton, Canada. Neutron fluence was c. 0.9 x 1013 neutrons/cm2 

operating at a 2.5 MW power level. Correction factors for typical interference species produced by 

thermal neutrons during irradiation are included in the footnote of Table C.5. 
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Samples and monitors were loaded into 1.5 mm diameter pits in a copper planchet and placed 

under vacuum in an all-metal extraction line. Individual aliquots were step wise heated and analyzed, or 

fused at high power using a Photon Machines Ltd. Fusion 10.6 55W CO2 laser coupled to a Nu 

Instruments Noblesse multicollector mass spectrometer operated at the Geological Survey of Canada, 

Ottawa, Canada. Laser energy was homogenized over a beam radius of 2 mm, gradually increased over 

60 s and subsequently held at full power for 30 s. The released gas was then exposed to SAESTM NP-10 

(c. 400˚C) and HY-STOR® 201 (room temperature) getters in the extraction line for six minutes. 

Following gettering, the sample gas was expanded into the mass spectrometer. The Nu Noblesse (model 

018) is a single-focusing, Nier-source, 75 magnetic sector multicollector noble gas spectrometer equipped 

with two quadrupole lens arrays. Ar ions were measured with a fixed array of three ETP® discrete 

dynode ion-counting multipliers. Data collection followed the measurement scheme MC-Y detailed in 

Kellett and Joyce (2014). Blanks were run every 4th analysis, in an identical manner to unknowns. Air 

shots were analyzed every 8th analysis to monitor efficiency and mass fractionation. Full results including 

blank measurements are included in Table C.5. Sensitivity of the Nu Noblesse at the time of analyses was 

7.1–7.5 Amps/mol. Data collection, reduction, error propagation, date calculation and plotting were 

performed using the software MassSpec (version 7.93) (Deino, 2001), and the 40K/40Ar decay constant of 

Min et al. (2000). Weighted mean calculations and plotting were performed with Isoplot (version 4.15) 

(Ludwig, 2012). Some grains were not conducive to progressive step heating, and degassing occurred at 

low power over few heating steps. The attempt to more evenly degas the grains resulted in some heating 

steps with very little gas and large associated uncertainties. Thus, only steps comprising >1% of total 39Ar 

released are presented on date spectra and inverse isochron diagrams, and used for date calculations. 

Plateau dates are defined using the following criteria: at least 3 consecutive steps that are within 2σ error 

of each other and that together comprise at least 50% of the total 39Ar released. All uncertainties are 

quoted at 2σ. 
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C.2 Additional results 

C.2.1 Petrography and major mineral chemical composition 

Three samples, JD-13, JD-58B and JD-54, are described here to complement the descriptions 

presented in the main paper (sample locations on Figure 4.2 and Table C.1). Sample JD-13 is from the top 

of the GHS just below the STD high-strain zone on the northeast flank of the Karnali klippe. Samples JD-

58B and JD-54 are from ~2 km above the MCT high-strain zone and from the middle of the GHS, 

respectively, on the southwest flank of the klippe. Mineral chemical compositions are presented in Table 

C.3. 

C.2.1.1 Northeast flank of the Karnali klippe 

Sample JD-13 contains the peak metamorphic assemblage Grt + Ky + Bt + Qz + Pl + Rt + melt. 

White mica is rarely present as a retrograde phase. A single 3 mm large garnet crystal contains abundant 

inclusions of Qz, Pl, Bt, Ilm, Zrn, Xtm and Aln that define sigmoidal top-to-the-NE inclusions trails in the 

garnet core (Figure C.2A–C). The inclusion-rich core is overgrown by a subhedral inclusion-poor mantle 

that contains Qz, Ilm, Bt, Wm, Zrn and Aln, and a single Rt inclusion near the very edge of garnet. The 

inclusions in the mantle are oriented approximately parallel to the garnet edge, but they are too sparse to 

determine if they are continuous with the internal foliation present in the garnet core or if they form a 

different fabric. The outer mantle has rounded corners and biotite-filled embayments on one side, which 

suggest garnet breakdown during retrograde metamorphism. The inclusion pattern suggests a first stage of 

garnet growth during a subsolidus top-to-the-NE shearing event followed by a second stage with unclear 

relationship with deformation. Biotite forms top-to-the-SW shear bands, opposite to the sense of shear 

indicated by the inclusion trails in garnet. White mica is only present as rare late (?) discordant crystals 

and very fine flakes that partially replace kyanite. Kyanite contains numerous inclusions of rutile, is 

preferentially aligned, with some crystals deformed in shear bands (Figure C.2B–C). Plagioclase is 

abundant in the matrix. The sample contains a 5 mm thick leucocratic vein composed of quartz and 

feldspar. 
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In sample JD-13, garnet has a large, compositionally homogenous core corresponding to the 

inclusion-rich zone (Figure C.3). The mantle is characterized by a normal growth zoning profile (increase 

in Xalm, Xprp and decrase in Xsps, Xgrs) and the rim displays a moderate decrease in Xprp and Xgrs, a sharp 

decrease in Xalm, and a sharp increase in Xsps. This zoning pattern is consistent with partial resorption of 

garnet during retrograde metamorphism, except for the negative spike in Xalm that is atypical of retrograde 

exchange reactions, retrograde net-transfer reactions and prograde zoning (Spear and Florence, 1992). 

Biotite composition is homogenous (XMg = 0.56–0.57), except for isolated biotite crystals that have higher 

Ti content (0.12–0.13 a.p.f.u.) compared to biotite in contact with garnet (Ti = 0.10–0.12 a.p.f.u.). Large 

cross-cutting white mica grains are characterized by high Na content (Na = 0.21–0.24 a.p.f.u.) and low K, 

Fe and Mg contents (K= 0.72–0.75 a.p.f.u., Fe = 0.04–0.06 a.p.f.u., Mg = 0.05–0.06 a.p.f.u.) compared to 

the fine-grained white mica that replaces kyanite (Na = 0.02–0.03, K= 0.88–0.89 a.p.f.u., Fe = 0.10–0.15 

a.p.f.u., Mg = 0.13–0.18 a.p.f.u.). The large white mica grains also display very thin (~5 µm) Na-poor 

rims that are likely the same generation as the fine-grained white mica. Plagioclase composition is 

homogenous (An10) and displays a faint but systematic increase in An content from core to rim (<1% An).  

C.2.1.2 Southwest flank of the Karnali klippe 

Sample JD-58B contains the peak metamorphic assemblage Grt + Ky + Bt + Qz + Pl + Rt + melt 

with retrograde chlorite and relict prograde or retrograde staurolite. Garnet is anhedral, 3–8 mm large, 

commonly cracked and partially retrogressed to chlorite. Garnet contains poly-mineralic (Qz, Pl, Rt, ±Bt), 

and vermicular inclusions of quartz, attesting to growth in the presence of melt. Some garnet grains have 

deep embayments filled with quartz, plagioclase and biotite, consistent with garnet breakdown during 

retrograde metamorphism (Figure C.2D). Ilmenite is present as inclusion in the core of garnet, whereas 

rutile is included in the mantle and the rim (Figure C.2D). Rutile is dominant in the matrix, but is 

commonly rimmed by ilmenite. Biotite defines the foliation and is commonly replaced by chlorite. 

Staurolite is present as rare submillimetre grains surrounded by quartz and plagioclase. 
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In sample JD-58B, garnet chemical zoning profiles reveal a homogenous core overgrown by a 

mantle characterized by a decrease in Xalm and Xsps, and an increase in Xprp and Xgrs (Figure C.3). Rims 

exhibit an increase in Xalm and Xsps, and a decrease in Xprp and Xgrs. Isolated biotite display a subtle 

increase in Ti content from core (Ti = 0.8–0.9 a.p.f.u.) to rim (Ti = 0.9–0.10 a.p.f.u.), but XMg is 

homogenous within individual grains (XMg = 0.65–0.67). Biotite in contact with garnet was not analyzed 

because it was intergrown with chlorite. Matrix plagioclase is progressively more Ca-rich from core to 

rim (An9 to An10). One matrix plagioclase has a Na-rich rim (An3). Plagioclase inclusions in garnet vary 

from An17 in the core to An11 near the rim. 

Sample JD-54 yields the peak metamorphic assemblage Grt + Ky + Bt + Qz + Pl + Rt + melt. 

White mica, chlorite and ilmenite are present as retrograde phases. Garnet is euhedral to anhedral, 1–3 

mm large and wrapped by the moderately-developed foliation. Ilmenite and minor staurolite are present 

as inclusions in most garnet grains, whereas rutile inclusions are restricted to the rim of few crystals. 

Garnet also contains randomly oriented lobate inclusions of quartz and plagioclase, and poly-mineralic 

(Qz, Pl, ± Bt) inclusions, suggesting it grew in the presence of melt. Garnet is partially replaced by quartz, 

plagioclase and biotite, suggesting garnet broke down during retrograde metamorphism. In the matrix, 

rutile grains are commonly rimmed by ilmenite (Figure C.2E). Kyanite is preferentially aligned, contains 

inclusions of rutile and is commonly rimmed by fine-grained white mica with minor chlorite (Figure 

C.2F).  

In sample JD-54, garnet chemical zoning profiles are generally flat throughout the core or exhibit 

a faint relict prograde zoning indicated by a decrease in Xsps and Xgrs from core to rim (Figure C.3). 

Garnet rims show positive spikes in Xalm and Xsps, and negative spikes in Xgrs and Xprp. The zoning 

profiles indicate partial to complete homogenization at high temperature followed by partial resorption of 

garnet during retrograde metamorphism (Spear and Florence, 1992). Matrix biotite isolated from garnet 

has higher XMg (0.53–0.58) and Ti (0.13–0.15 a.p.f.u.) content compared to biotite in contact with garnet 

(XMg = 0.50–0.52, Ti = 0.07–0.11 a.p.f.u.). White mica is K-rich (0.87–0.92 a.p.f.u.), Na-poor (0.03–0.04 
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a.p.f.u.) and contains variable amounts of Fe (0.07–0.21 a.p.f.u.), Mg (0.06–0.38 a.p.f.u.) and Al (2.56–

2.89 a.p.f.u.). Plagioclase is homogenous (An7–8). 

C.2.2 Phase equilibria modeling and conventional thermobarometry  

Results from three complementary samples (JD-13, JD-58B and JD-54) are presented here to 

further support results presented in the main paper. 

C.2.2.1 Northeast flank of the Karnali klippe 

Garnet compositional isopleths (Xprp, Xsps, Xgrs) from the outer core of a zoned garnet of sample 

JD-13, intersect loosely at 600–625 °C and 0.9–1.0 GPa in the stability field of Grt + Bt + Pg + Chl + Qz 

+ Pl + Ilm and the adjacent Rt-bearing field (Figure C.4A–B). These stability fields do not represent the 

observed peak metamorphic assemblage Grt + Ky + Bt + Qz + Pl + Rt + melt, which is stable over a wide 

P–T range of 660–740 °C and 0.7–1.3 GPa. TC_Comb results plot at similar pressure and higher 

temperature (620–660 °C) compared to the isopleth intersection, but are still within a subsolidus field that 

lacks kyanite. It is likely that garnet in sample JD-13 grew mostly below peak P–T conditions, as 

suggested by the abundant ilmenite inclusions that are not stable in the matrix peak mineral assemblage. 

Garnet volume isopleths indeed show limited growth around 0.9 GPa at T>625 °C. The chemical zoning 

of garnet indicates that the partially resorbed garnet mantle did not fully homogenize at peak P–T 

conditions, and the chemical composition representative of peak P–T conditions may have been lost due 

to garnet partial resorption. The best constraint on peak P–T conditions is provided by the stability field 

of the peak assemblage at 660–740 °C and 0.7–1.3 GPa. 

C.2.2.2 Southwest flank of the Karnali klippe 

Sample JD-58D yields garnet compositional isopleths (Xprp, Xsps, Xgrs) intersecting at 640–650 °C 

and 0.9–1.1 GPa in the stability field of Grt + Bt + Pg + Chl + Qz + Pl + Rt, approximately 25 °C lower 

than the low temperature boundary of the peak mineral assemblage stability field (Grt + Ky + Bt + Qz + 

Pl + Rt + melt) (Figure C.4C–D). Inclusions of ilmenite in the core and rutile in the mantle and rim of 

garnet are consistent with a prograde path going from the ilmenite to the rutile stability field with 
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increasing temperature and/or pressure. Ilmenite rims around rutile in the matrix suggest a retrograde 

reaction during cooling and/or decompression. Chlorite is stable up to the solidus in this sample, such that 

it will crystallize during cooling accompanied or not by decompression. Staurolite is predicted to be stable 

at lower P–T conditions than the peak assemblage, but it is unclear if the rare grains of staurolite are 

relicts of the prograde path or the product of a retrograde reaction. TC_Comb results are scattered at 680–

750 °C and 0.9–1.1 GPa, at slightly higher temperature or lower pressure than the stability field of the 

peak mineral assemblage. 

Garnet compositional isopleths (Xprp, Xsps, Xgrs) from sample JD-54 intersect at 620–625 °C and 

0.7–0.9 GPa in the stability field of Grt + Bt + Pg + Chl + Qz + Pl + Ilm (Figure C.4E and F). 

Temperature based on garnet compositional isopleths appears underestimated because the field that 

contains Grt + Ky + Bt + Qz + Pl + Rt + melt is stable at >660 °C and >0.7 GPa. Ilmenite and staurolite 

inclusions in garnet cores suggest that the P–T path passed through the Grt + St + Bt + Pl + Ilm + Qz field 

at 630–660 °C and 0.6–0.7 GPa before reaching the rutile + kyanite field at peak P–T conditions. The 

presence of ilmenite around rutile in the matrix is consistent with a decompression and/or cooling 

retrograde path. Chlorite and white mica are predicted along a retrograde cooling path, but the modeled 

Na-rich white mica does not match the observed Na-poor white mica that replaces kyanite. TC_Comb 

results are scattered between 700–780 °C and 1.0–1.3 GPa, within the stability field of the observed 

assemblage. 

C.2.3 U-Th/Pb petrochronology 

Results from samples JD-13, JD-58B, JD-57, JD-54, and JD-50 are presented here to further 

support those presented in the main paper. Samples JD-13, JD-58B and JD-54 are thoroughly described in 

Appendix C.2.1, whereas JD-50 and JD-57 are migmatitic Grt + Ky + Bt + Qz + Pl + Rt schist. Dates and 

trace element compositions are presented in Figure C.5. JD-13 from the northeast flank of the Karnali 

klippe is described first, followed by samples from the southwest flank. Within the southwest flank, 

samples are described from the structurally lowest to the structurally highest.  
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C.2.3.1 Northeast flank of the Karnali klippe 

Thirty-two spots on seven monazite grains in sample JD-13 yield dates evenly distributed from 

38.9 ± 0.9 Ma to 25.4 ± 0.6 Ma. Older dates (39–35 Ma) are Y-poor and have high Gd/Yb compared to 

younger (35–25 Ma) dates, which only show a subtle increase in Y and decrease in Gd/Yb with 

decreasing age. Garnet grains do not contain inclusions of monazite, but contains several 10–30 µm large 

inclusions of xenotime restricted to the inclusion-rich core and larger inclusions of allanite in the core and 

the inner part of the mantle (Figure C.2A–B). One kyanite crystal contains one inclusion of monazite that 

yields two spot dates at 38 and 36 Ma.  

C.2.3.2 Southwest flank of the Karnali klippe 

Fifty-five spots on seven monazite grains in sample JD-58B yield dates ranging from 37.3 ± 1.1 

Ma to 25.5 ± 0.7 Ma. Monazite in the matrix has homogenous Y, Gd/Yb and, except for a thin rim that 

displays an increase in Y on the X-ray maps and was dated with two spots at 27 and 26 Ma. Garnet 

contains three monazite inclusions. One round inclusion dated at 35 Ma has low Y content, and two 

inclusions dated at 31–26 Ma have an irregular shape and anomalously high Y and low Gd/Yb compared 

to matrix monazite of the same age (Figure C.5 and Figure C.7). 

Forty-eight spots on six monazite grains in sample JD-57 yield dates ranging from 37.2 ± 1.0 Ma 

to 24.7 ± 0.6 Ma. Monazite has a high Y content that does not vary with age, in contrast with Gd/Yb that 

decreases with decreasing age. A single inclusion of monazite in kyanite yielded three dates between 34 

and 31 Ma. 

Ninety-eight spots on 13 monazite grains in sample JD-54 yield dates ranging from 35.6 ± 0.9 Ma 

to 22.3 ± 0.6 Ma. The Y content in monazite generally increases with decreasing age, especially after 30 

Ma, and is inversely correlated with the Gd/Yb value. A single Y-poor monazite inclusion in the rim of 

garnet has an age of 35 Ma. Monazite inclusions in kyanite yielded dates from 36 to 22 Ma. 



 

218 

 

Fifty spots on four monazite grains in sample JD-50 yield dates ranging from 36.7 ± 1.0 Ma to 

21.2 ± 0.5 Ma. Monazite displays decreasing Y and increasing Gd/Yb from 37 to 34 Ma, whereas 

younger monazite has increasing Y and decreasing Gd/Yb with decreasing age. 

C.3 Detailed interpretation of 40Ar/39Ar dates 

Total fusion and plateau dates from samples JD-03, JD-06 and JD-62 are homogenous with a 

maximum variation of ~1 m.y. within each sample that could, at least in part, be explained by slight 

differences in grain size and corresponding variations in closure temperature (~25 °C variation in closure 

temperature for a 200 µm radius variation; Harrison et al., 2009). The date spectrum of sample JD-06B 

yields a first older step that could indicate a minor component of extraneous 40Ar, but the 312 ± 19 

40Ar/36Ar intercept of the inverse isochron is equivalent within uncertainty to the atmospheric composition 

ratio of 298.56 (Lee et al. 2006; Mark et al. 2011) and thus suggests that such an extraneous 40Ar 

component is negligible. There is no evidence for extraneous 40Ar or 40Ar loss in sample JD-03 or JD-62. 

I interpret the cooling ages of samples JD-03, JD-06 and JD-62 to be ca. 14 Ma, ca. 15 Ma and ca. 17 Ma, 

respectively. 

JD-22 yields heterogeneous total fusion and step heating dates distributed between 18 and 15 Ma 

that cannot be explained solely by variations in diffusion radius and isotopic closure temperature. The 

inverse isochrons for both step-heating aliquots are not defined precisely enough to undoubtedly indicate 

the presence of an extraneous 40Ar component or to suggest 40Ar loss (40Ar/36Ar intercepts of 296 ± 10 and 

290 ± 30 for aliquots 3407-08 and 3407-10, respectively). However, age variations correlate negatively 

with variations in Cl/K (Figure C.8), which could suggest that white mica was contaminated by fluid or 

solid inclusions or that it interacted with metamorphic fluids (e.g. Kelley, 2002). I interpret the dominant 

date population (17–16 Ma) to best represent the cooling age of this sample. 

JD-47 yields the most heterogeneous results with total fusion and step heating dates spanning >3 

m.y.. Aliquot 3479-04 yields four initial steps each progressively older, which could indicate 40Ar loss, 

whereas aliquot 3410-05 yields an older initial step, suggesting a minor component of extraneous 40Ar. 
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The inverse isochrons of both aliquots are poorly defined and could reflect mixing lines between more 

than two components. The available data are thus insufficient to confidently interpret Ar sources and 

mobility in this sample. Sample JD-47 tentatively cooled between 23 and 20 Ma, but the poorly 

understood heterogeneity in white mica dates impedes a conclusive interpretation about the significance 

of this age. 

In sample JD-33, the saddle shaped date spectrum of aliquot 3408-06 and the strong 

heterogeneity of total fusion dates suggest the presence of extraneous 40Ar (Figure 4.9). Extraneous 40Ar 

can be parentless 40Ar incorporated into the grain via interaction with a fluid, inherited 40Ar from partially 

thermally reset detrital white mica grains, mixing of two populations (i.e. an old detrital population and a 

young neo-crystallized population), or a combination of these processes (Wijbrans and McDougall, 1986; 

Dunlap, 1997; Cheilletz et al., 1999; Kelley, 2002). The inverse isochron and date spectrum of aliquot 

3408-06 provides insights on the possible sources of extraneous 40Ar (Figure C.8). Two trends are defined 

by steps A–F and G–M on the inverse isochron. Steps A–F yield an age of 15 ± 2 Ma and an 40Ar/36Ar 

intercept of 960 ± 150 well above the atmospheric composition ratio of 298.56 (Lee et al. 2006; Mark et 

al. 2011), indicating extraneous 40Ar. This first trend is defined by low-T heating steps that release Ar 

from sites of low Ar retentivity such as grain boundaries and fluid inclusions. Because the gas released 

during these initial steps also has higher Ca/K (Figure C.8), it is likely that a fluid that contained 

dissolved Ca and Ar has been incorporated in the white mica as fluid inclusions or was responsible for 

back-diffusion of Ca and excess 40Ar into the crystalline structure (Kelley, 2002). To correct for the 

strong excess 40Ar component in the low heating steps, dates were re-calculated using the plateau-

isochron method (Ludwig, 2012). This method calculates a plateau or pseudo-plateau date defined by the 

set of contiguous steps comprising the greatest amount of 39Ar and defining an isochron following user-

defined criteria (here >30% of released 39Ar; n>3; p >0.7). The plateau-isochron yields a date of 16 ± 2 

Ma (MSWD = 0.30, p = 0.74, n = 4) with 36.5% of the released 39Ar in steps C–F and take into account 

an excess 40Ar component with 40Ar/36Ar of 773 ± 240 (Figure 4.9). The two first steps A–B yield older 
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dates that indicate that the excess 40Ar composition may have evolved such that steps A–B released Ar 

with higher excess 40Ar compared to steps C–F. I cannot, however, resolve the excess 40Ar composition 

for these steps because a third step is needed to fit a line toward excess 40Ar with any certainty. 

Steps G–M yield increasing dates on both the original date spectrum and the plateau-isochron 

date spectrum and thus point to a different source of extraneous 40Ar. The final high-temperature steps 

represent the isotopic composition of Ar trapped in high Ar retentivity sites likely toward the core of 

white mica crystals and therefore point to a possible inherited 40Ar component. The inherited 40Ar 

component could be due to partial resetting of detrital white mica grains or the mixing of old detrital 

grains overgrown by young neo-crystallized grains. There is no grain size variation in the fine-grained 

white mica (125–250 µm) suggestive of distinct populations, but the presence of white mica in C-, S- and 

C’-planes suggests that it may have (re-)crystallized during top-to-the-northeast deformation and that 

white mica grains may not all be detrital in origin (Figure C.8). I thus favor the hypothesis that the white 

mica isotopic composition reflects a mix of detrital and neo-crystallized grains (e.g. Long et al., 2012). 

Nonetheless, both hypotheses would suggest that pre-Himalayan white mica is preserved in sample JD-

33, which is consistent with the relatively low temperature of deformation (between 250 and 520 °C) 

indicated by microstructural observations in this sample and other nearby samples. The temperature of 

deformation, and likely metamorphism, may not have been sufficiently high to fully reset or recrystallize 

all pre-Himalayan white mica grains.  

C.4 P–T–t–D evolution of additional samples 

C.4.1 Northeast flank of the Karnali klippe 

The chemical composition of garnet in sample JD-13 is homogeneous throughout the inclusion-

rich core and displays prograde growth zoning in the mantle, which is partially resorbed (Figure C.3). The 

chemical composition of garnet in equilibrium at peak P–T conditions is likely not preserved, explaining 

why garnet compositional isopleth and TC_Comb results plot below the Grt + Ky + Bt + Qz + Pl + Rt + 
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melt stability field. This field at 660–740 °C and 0.7–1.3 GPa is therefore the best estimate for peak P–T 

conditions. Garnet contains ilmenite and allanite inclusions in the inclusion-rich core and the inner 

mantle, a rutile inclusion in the rim, and no inclusions of monazite. This suggests that garnet core and 

inner mantle grew at conditions below the ilmenite-to-rutile and allanite-to-monazite transitions (e.g. 

Spear, 2010, Goswami‐Banerjee and Robyr, 2015). The garnet core is interpreted to have grown at 

subsolidus conditions during a top-to-the-NE shearing event prior to the crystallization of the oldest 

matrix monazite dated at 39 Ma. The sample is located close to the STD high-strain zone, but available 

data cannot firmly link the top-to-the-NE shearing event to an early stage of deformation along the STD. 

The outer mantle and rim of garnet, which do not contain inclusions of allanite nor monazite, may have 

grown before or after the allanite-to-monazite transition and its age cannot be constrained directly. 

Kyanite growth is constrained to <36 Ma based on the age of a monazite inclusion and contains numerous 

rutile inclusions, consistent with higher P–T conditions of crystallization and a younger crystallization 

age compared to garnet. Because kyanite is deformed by top-to-the-SW shear bands, this second 

deformation event is constrained to <36 Ma. Finally, Y and Gd/Yb are relatively high and low, 

respectively, and do not vary much with monazite date. This could be due to limited sequestration of Y 

and HREE by the rare garnet in this sample. The subtle increase in Y and decrease in Gd/Yb could 

indicate garnet breakdown during melt crystallization starting around 35 Ma, but this trend is not well 

defined and the interpretation only tentative. Sample JD-22, a white mica-bearing quartzite from an 

approximately equivalent structural level yields a top-to-the-SE quartz CPO fabric at 760 °C, suggesting 

that the second shearing event occurred at high T. Sample JD-22 also yields a ca. 17–16 Ma white mica 

age, providing an age constraint on cooling below 450–475 °C. 

C.4.2 Southwest flank of the Karnali klippe 

Garnet compositional isopleths and TC_Comb results from sample JD-58B yield similar pressure 

(0.9–1.1 GPa) but lower and higher temperature, respectively, than the predicted stability of the observed 

peak mineral assemblage at 650–725 °C. Garnet compositional isopleths likely underestimate the peak 
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temperature by at least 25 °C because they intersect below the solidus despite evidence for garnet growth 

in the presence of melt, such as poly-mineralic and vermicular inclusions of quartz in garnet. Peak P–T 

conditions are therefore conservatively constrained to 0.9–1.1 GPa and 650–750 °C based on the stability 

field of the peak metamorphic assemblage and TC_Comb results. The temperature of metamorphism is 

equivalent to the temperature of deformation derived from the CPO fabric of an adjacent sample (745 °C), 

suggesting that quartz dynamic recrystallization occurred at peak T conditions (sense of shear unclear). 

The Y-poor inclusion of monazite in garnet dated at 36–35 Ma provides a maximum age for the 

crystallization of garnet and peak metamorphism. The two young monazite inclusions (31–26 Ma) have 

an irregular shape, and an anomalously high Y and low Gd/Yb compared to matrix monazite of the same 

age (Figure C.5 and Figure C.7). These two monazite grains could be derived from garnet breakdown 

during retrograde metamorphism and fluid infiltration along the abundant chlorite-filled fractures in 

garnet (e.g. Martin et al., 2007). This would allow the local crystallization of Y and HREE rich monazite 

due to the release of these elements in the system during garnet breakdown. This explanation implies that 

the rock was on the retrograde path at 31–26 Ma (cooling and/or decompression), although matrix 

monazite grains do not clearly display the typical increase in Y and decrease in Gd/Yb. The few dates at 

30–28 Ma that have higher Y content are from a monazite that is sectored zoned (Figure C.7) and may not 

represent a higher Y budget in the matrix. A subtle enrichment in Y is however clearly detected in a thin 

rim and was dated on few monazite grains at 27–26 Ma, suggesting these rims are post-garnet breakdown. 

A white mica age from sample (JD-62) located ~2 km structurally below indicates that rocks were cooled 

to 450–475 °C at ca. 17 Ma. 

The Y content in monazite from sample JD-57 does not vary much with date, possibly because 

garnet is rare in the sample and may have a limited impact on Y partitioning. Gd/Yb nonetheless displays 

a subtle decrease with decreasing age from 30 to 25 Ma, which could suggest a release of HREE in the 

system due to garnet breakdown during melt crystallization. Kyanite growth is constrained to <31 Ma 

based on the youngest date in a single inclusion. Monazite data therefore tentatively indicate a prograde 
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P–T path from 37 to 30 Ma followed by a retrograde path from 30 to 25 Ma (no quantitative P–T data 

available). 

Garnet compositional isopleths from sample JD-54 intersect at lower T than the Rt-, Ky- and 

melt-in lines which are all present in the peak assemblage, and at higher P than staurolite-out line, which 

is observed as inclusions in garnet. It is thus unlikely that garnet compositional isopleths represent 

prograde or peak P–T conditions, and rims of garnet, clearly affected by retrograde metamorphism, were 

discarded, ruling out retrograde equilibrium. The chemical composition used to calculate the phase 

diagram may not perfectly represent the effective chemical composition of the system, which could 

explain these underestimated PT conditions. In contrast, TC_Comb results plot within a realistic stability 

field for the observed mineral assemblage and combined with the stability fields of observed minerals 

yield an imprecise, but accurate, partial P–T path. Cores of garnet are interpreted to have grown in the 

ilmenite + staurolite stability field (630–660 °C and 0.6–0.7 GPa) prior to 37–35 Ma monazite with low Y 

and high Gd/Yb. Garnet rims are interpreted to have grown within the rutile + kyanite stability field at 

700–780 °C and 1.0–1.3 GPa after 35 Ma, the age of a monazite inclusion in the rim of garnet. Kyanite 

contains several monazite inclusions dated at 36–28 Ma, suggesting that the rock remained in the kyanite 

stability field (P>0.7 GPa) until at least 28 Ma. The two young (27–22 Ma) inclusions in kyanite indicate 

that P–T conditions were sufficient for kyanite crystallization until 22 Ma, which is difficult to reconcile 

with P–T-t data from other samples from structurally below (JD-57 and JD-58B) and above (JD-48) that 

yield a cooling and decompression path starting at ca. 32–30 Ma. In particular, JD-48 decompressed to 

the cordierite field (P<0.6 GPa), although the exact timing of this specific reaction is unconstrained. In 

JD-54, Y and Gd/Yb in monazite increases and decreases, respectively, with decreasing date from 30 to 

22 Ma, indicating the breakdown of garnet associated with cooling and melt crystallization. Based on 

volume isopleths, kyanite grows along an isobaric cooling path, and thus could have included the 36–28 

Ma monazite, and perhaps the 27–22 Ma monazite, despite cooling. Further cooling (isobaric or with 

decompression) below 625–650 °C could also explain the crystallization of late chlorite and white mica 
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around kyanite, although the observed Na-poor white mica does not match the composition of the 

modeled Na-rich white mica (Figures C.4E and F). This isobaric cooling path is also compatible with 

ilmenite corona around rutile in the matrix, although the rutile-to-ilmenite transition can also be crossed 

during decompression at P<0.7 GPa (Figure C.4E and F). Alternatively, inclusions of monazite in kyanite 

could have (re-)crystallized via fluid infiltration along cracks in kyanite grains. This phenomenon has 

been described in garnet (e.g. Martin et al., 2007) and I cannot rule it out for the young inclusions in 

kyanite, although no geochemical argument (i.e. anomalous composition) can support or refute this 

explanation.  

Monazite cores (37–34 Ma) with high Y and low Gd/Yb from sample JD-50 are interpreted as 

pre- to early garnet growth, whereas 34–30 Ma monazite mantles with low Y and high Gd/Yb are 

interpreted as syn-garnet growth at unconstrained P–T conditions. The progressive increase in Y and 

decrease in Gd/Yb with decreasing date from 30 to 21 Ma suggest garnet breakdown, possibly related to 

melt crystallization during cooling.   
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C.5 Supplementary Figures 

 

Figure C.1 Field photographs of representative lithologic units and structures. (A) Quartzite with arrow 

highlighting the lineation in the Greater Himalayan sequence (GHS). (B) Kyanite Ky)-garnet (Grt)-biotite 

schist (GHS). (C) Calc-gneiss intruded by tourmaline-bearing leucogranitic sills and dikes (GHS). (D) 

Quartzofeldspathic schist interpreted as a sheared equivalent to the augen gneiss unit (GHS). (E) Granitic 

augen gneiss (GHS). (F) Tight fold in quartzite (GHS). (G) Top-to-the-SW C-S fabric in a chlorite-biotite 

schist from the base of the Main Central thrust high-strain zone. (H) Top-to-the-NE σ-porphyroclast in a 
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white mica-biotite crystalline limestone from the upper part of the South Tibetan detachment (STD) high-

strain zone. (I) Calc-schist with quartz lenses in the Tethyan sedimentary sequence (TSS; STD high-strain 

zone). (J) Calcareous meta-arenite with boudinaged tourmaline-bearing leucogranitic sill (TSS; STD 

high-strain zone). (K) Silty laminated limestone (TSS). (L) Decametric north-verging tight folds 

developed in limestone (TSS). 

 

 

 

Figure C.2 Photomicrographs of metamorphic minerals and reactions. (A) and (B) Microstructures and 

metamorphic minerals in sample JD-13. Garnet core contains sigmoidal inclusion trails that indicates a 

top-to-the-NE sense of shear. Biotite in the matrix defines top-to-the-SW shear bands. Kyanite contains 

rutile inclusions and appears to be deformed by the top-to-the-SW shear bands. (C) Schematic of mineral 

inclusions in garnet from sample JD-13. Inclusions comprise Qz, Pl, Bt, Ilm, Zrn, Xtm, and Aln in the 

core and Qz, Ilm, Bt, Wm, Zrn, Aln and Rt in the mantle and rim. Inclusions are represented twice as 

large as their true size for clarity (except inclusions of quartz). Garnet is partially resorbed and large 

unoriented biotite crystals are present in garnet embayments. (D) Garnet porphyroblast in JD-58 with 

ilmenite inclusions in the core and rutile inclusions in the mantle and rim. Also note the polymineralic 

(plagioclase, quartz and rutile) inclusion and the rim partially replaced by biotite and chlorite. (E) 

Ilmenite corona over rutile in the matrix of JD-54. (F) Kyanite partially replaced by fine grained white 

mica in JD-54. Aln—allanite; Bt—biotite; Chl—chlorite; Grt—garnet; Ilm—ilmenite; Ky—kyanite; Pl—

plagioclase; Qz—quartz; Rt—rutile; Wm—white mica; Xtm—xenotime. 
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Figure C.3 Qualitative garnet X-ray maps of Fe, Mg, Mn and Ca content (JD-13, JD-54 and JD-46B) and 

rim to rim quantitative chemical composition profiles (all samples). The trace of the profile is indicated 

on the Ca map for samples with available X-ray maps. 
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Figure C.4 (A), (C) and (E) Isochemical phase diagrams for samples JD-13, JD-58B and JD-54. Thick 

black line represents the solidus. (B), (D) and (F) Isochemical phase diagrams for samples JD-13, JD-58B 



 

229 

 

and JD-54 (pale background) with garnet compositional isopleths and their field of intersection, field of 

stability of the observed prograde and peak metamorphic mineral assemblage where applicable, 

conventional thermobarometry (avPT) results calculated with TC_Comb, garnet volume isopleths for JD-

13, and postulated prograde and/or retrograde paths for JD-58B and JD-54. Ab—albite; Bt—biotite; 

Chl—chlorite; Crd—cordierite; Grt—garnet; Ilm—ilmenite; Kfs—K-feldspar; Ky—kyanite; Ms—

muscovite; Qz—quartz; Pl—plagioclase; Pg—paragonite; Rt—rutile; Sil—sillimanite; St—staurolite; 

Tlc—talc; Ttn—titanite. 
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Figure C.5 Yttrium and Gd/Yb versus 208Pb/232Th date for analyzed monazite in all samples. Monazite 

grains in the matrix or included in garnet (Grt), kyanite (Ky) or staurolite (St) are shown with different 

symbols. Orange crosses represent the maximum uncertainty (2σ) for all points. 
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Figure C.6 (On 4 pages) Back-scattered electron images of thin sections with location of analyzed 

monazite grains.  
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Figure C.7 (On 7 pages) Back-scattered electron images showing monazite structural and metamorphic 

context and X-ray maps of relative Y concentration of all analyzed monazite grains with 208Pb/232Th date 

spots in Ma. Note that the back-scattered electron images are rotated 90° counterclockwise with respect to 

the X-ray maps. The foliation is thus vertical on the back-scattered electron images and horizontal on the 

X-ray maps. The color scale is adjusted such that each color represent the same Y count within a sample, 

but the color scale will vary in between samples. Numbers inside each circle refer to analysis number. 

Each spot is 9.7 µm large. Red date spots were discarded for age interpretations because they overlap with 

matrix material, inclusions, or more than one chemical domain. 
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Figure C.8 (On 4 pages) Supporting information on white mica 40Ar/39Ar geochronology: 

photomicrographs of white mica (Wm )in cross-polarized light, weighted average plot of all total fusion 

dates, step-heating date spectra with Ca/K and Cl/K of each individual steps (error bars for individual 

steps are 2σ), integrated dates (Int. date) and inverse isochron plots. Note that the polarizer and analyzer 

were not oriented horizontally and vertically during photomicrographing, such that white mica parallel to 

the foliation is not at extinction. Data ellipses in red on the inverse isochron plot (JD-33) were not 

included in the regression. Arrows indicate locations of small data ellipses. All uncertainties are 2σ except 

the error envelope on the inverse isochron regression lines (1σ). MSWD–mean squared weighted 

deviation; n–number of analyses in date calculations. 

 

 

C.6 Supplementary Tables 

Table C.1 Sample locations available in a separate Excel file. 

Table C.2 Bulk-rock chemical compositions available in a separate Excel file. 

Table C.3 Mineral chemical compositions available in a separate Excel file. 

Table C.4 Monazite U-Th/Pb petrochronology data available in a separate Excel file. 

Table C.5 White mica 40Ar/39Ar geochronology data available in a separate Excel file. 
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Appendix D 

Supporting information for Chapter 5 

D.1 Supplementary methods 

D.1.1 Petrography and mineral chemistry 

Thin sections were scanned using a mineral liberation analyzer 650 field emission gun 

environmental scanning electron microscope (MLA 650 FEG ESEM; Fandrich et al., 2007) at Queen’s 

Facility for Isotope Research (Queen’s University, Kingston, Canada). The backscattered electron images 

and the mineral maps were used to identify matrix minerals and inclusions in porphyroblasts, calculate 

modal abundances of some minerals and complement petrographic observations on mineral textures. The 

chemical composition of garnet, plagioclase, biotite and white mica was measured using wavelength 

dispersive spectrometry on a JEOL JXA-8230 electron microprobe at Queen’s Facility for Isotope 

Research (Queen’s University) with acceleration voltage of 15 kV and beam current of 20 nA. Natural 

and synthetic mineral standards were used with the PAP atomic number and absorption corrections 

(Pouchou and Pichoir, 1991) in conjunction with the MAC30 mass absorption coefficients (Heinrich, 

1987) and revised fluorescence correction (Reed, 1990). Several mineral grains in multiple areas of the 

thin section were analyzed with spots in the core and the rim to check for potential inhomogeneity and 

mineral zoning. Chemical zoning in garnet was assessed with rim to rim transects from across garnet, and 

with X-ray Fe, Mg, Mn and Ca maps on selected grains. Experimental conditions for X-ray mapping were 

set at an acceleration voltage of 15 kV, beam current of 400 nA, dwell time of 40 ms and step size of 2–8 

µm depending on grain size. 

D.1.2 Phase equilibria modeling 

Isochemical phase diagrams were calculated with two different systems depending on the bulk 

rock chemical composition and mineral assemblage of the studied rocks. Epidote is present in samples 

JK-16, JK-22 and JK-29 indicating that a component of Fe3+ is present, which strongly affects the 
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stability of ilmenite and rutile. Exploratory testing with various amounts of Fe3+ did not yield realistic 

results, therefore I chose to exclude Fe3+ and TiO2, and not model Ti oxides (ilmenite and rutile). These 

three samples were thus modeled in the system MnO-FeO-MgO-CaO-Na2O-K2O-Al2O3-SiO2-H2O 

(MnNCKFMASH). In contrast, samples JK-45 and JK-48 do not contain epidote, magnetite or another 

Fe3+-bearing mineral, and the Fe3+ content in minerals, calculated with charge balance from measured 

compositions, is negligible. Fe3+ was therefore neglected and isochemical phase diagrams were calculated 

in the system TiO2-MnO-FeO-MgO-CaO-Na2O-K2O-Al2O3-SiO2-H2O (TiMnNCKFMASH), which is 

useful to predict the stability field of ilmenite and rutile for these two samples. 

Thermodynamic calculations were conducted with the software Perple_X 6.7.3 (Connolly, 1990, 

2005, 2009), the internally consistent and updated thermodynamic database of Holland and Powell (1998, 

revised 2004), and the CORK equation of state for H2O of Holland and Powell (1991, 1998).  

The bulk chemical composition of the samples used for phase equilibria modeling was 

determined with X-ray fluorescence (XRF) on fist sized sample fragments. However, the effective 

chemical composition evolves with prograde metamorphism due to the fractionation of elements in 

porphyroblasts (in particular Mn in garnet). The original composition calculated from XRF was thus used 

to constrain the prograde P–T conditions during the initial crystallization of garnet. To constraint the P–T 

conditions during peak metamorphism, this bulk rock chemical composition was adapted to take into 

account the fractionation of major and minor elements in garnet following the method of Evans (2004) 

and Gaidies et al. (2006). In addition, the peak chemical composition has been modified to account for 

P2O5, which is not modeled. Because apatite is the main reservoir for P, a proportional amount of Ca was 

removed from the system.  

Mineral solid-solutions used are the Gt(WPPH) garnet model of White et al. (2005), the 

Mica(SGH) white mica and Ctd(SGH) chloritoid models of Smye et al. (2010), the St(HP) staurolite and 

Chl(HP) chlorite models of Holland and Powell (1998), the Bio(TCC) biotite model of Tajčmanová et al. 

(2009), the Pl(h) plagioclase feldspar model of Newton et al. (1981), the San K-feldspar model of 
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Waldbaum and Thompson (1968), ideal cordierite model (hCrd) and ideal ilmenite model (IlPy). Melt 

was modeled with the melt(HP) model of Holland and Powell (2001) and White et al. (2001, 2007). The 

choice of solid-solution models was guided by multiple rounds of exploratory testing on the samples from 

this study. As in Larson et al. (2013), this set of solid-solution models produced the most consistent and 

realistic results with the studied samples. Isochemical phase diagrams were calculated under water 

saturated conditions for subsolidus conditions (fluid considered as pure H2O). Because no sample 

contains evidence of former partial melt, the suprasolidus area was not modeled. 

All four garnet compositional isopleths (Xalm, Xprp, Xsps and Xgrs) were used to constrain P–T 

conditions. The composition of the core of the largest garnet (with the highest MnO content) was used to 

calculate a prograde P–T point. Chemical zoning in garnet was carefully evaluated to use the chemical 

composition most representative of peak P–T conditions, i.e. the composition at the rim of garnet, yet 

avoiding rim compositions that could have been affected by retrograde exchange and net-transfer 

reactions (e.g. spike in Xsps, variations in Xalm and Xprp) (Spear and Florence, 1992; Spear et al., 1999, 

Kohn and Spear, 2000). The composition of several garnet rims, interpreted to be in equilibrium during 

peak metamorphism, were used in order to mitigate any impact of inter-crystalline heterogeneity. 

The absolute uncertainty on P–T results is difficult to evaluate accurately because it depends on 

several sources of error that cannot be calculated quantitatively. Despite all efforts to reduce the 

uncertainty, it is not possible to know undoubtedly how well the chemical composition used to calculate 

the phase diagram represents the chemical composition of the equilibration volume, if isopleths truly 

represent mineral compositions during peak metamorphism, and if the system and mineral solid solution 

models perfectly represent the modeled rock (Palin et al., 2016). The quality of intersection between all 

four garnet compositional isopleths provides a qualitative assessment of the uncertainty on P–T results; 

isopleths that intersect tightly and at high angle (e.g. sample JK-22) are more precise than isopleths that 

intersect loosely and at a shallow angle (e.g. sample JK-48). The intersection of compositional isopleths 

within the stability field of the observed peak metamorphic assemblage is also a good indication of the 
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reliability of the results. Furthermore, large components of the absolute uncertainty are systematic, such 

that they affect all results in the same way (e.g. the mineral solid solutions models) and can be neglected 

when comparing results using the same parameters. In this study, the same solid solution models were 

used for all calculations and the chemical system is the same except for TiO2, which was removed from 

calculations in samples JK-16, JK-22 and JK-29. Based on my exploratory testing, neglecting TiO2 had 

limited influence on the position of garnet compositional isopleths for these three samples. Therefore, I 

believe that variations between prograde and peak P–T results of a single sample, or between peak P–T 

results of several samples, are significant.  

D.1.3 U-Th/Pb monazite and xenotime petrochronology 

Monazite and xenotime grains were identified in thin section using a mineral liberation analyzer 

650 field emission gun environmental scanning electron microscope (MLA 650 FEG ESEM; Fandrich et 

al., 2007) at Queen’s Facility for Isotope Research (Queen's University, Kingston, Canada). This method 

detects monazite and xenotime grains as small as 5 µm, such that every grain large enough for dating is 

identified. Suitable monazite and xenotime was selected on the basis of size, lack of cracks and 

inclusions, and relationship to deformation fabrics and metamorphic minerals. 

Recent studies highlight the need for chemical characterization of monazite to distinguish 

between different episodes of monazite (re-)crystallization and to avoid sampling multiple domains 

(Gibson et al., 2004; Kohn et al., 2005; Martin et al., 2007; Cottle et al., 2009; Larson et al., 2011). 

Selected monazite and xenotime grains were therefore chemically mapped for U, Th, Y, Ca and Si (and 

Dy for xenotime only) at Queen’s Facility for Isotope Research (Queen's University, Kingston, Canada) 

with wavelength dispersive spectrometry on a JEOL JXA-8230 electron microprobe. 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 0.5–0.8 µm. X-ray maps were used to identify zonation, detect 

inclusions and select laser spot locations. 
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U-Th/Pb isotopes and trace element concentrations were measured on 9.7 µm large spots by 

laser-ablation split stream using dual multi-collector-single-collector inductively-coupled plasma mass 

spectrometry (LASS-ICPMS) at the University of California, Santa Barbara, United States of America. 

Analytical methods are described in Cottle et al. (2012, 2013) and Kylander-Clark et al. (2013). Mass bias 

and Pb/U and Pb/Th downhole fractionation were monitored and corrected for using a primary reference 

monazite, “44069” (424 Ma, Pb/U isotope dilution-thermal ionization mass spectrometry age (ID-TIMS) 

(Aleinikoff et al., 2006)). A secondary reference monazite “FC-1” (55.7 Ma Pb/U ID-TIMS age, 

(Horstwood et al., 2003)) was analyzed concurrently once every eight unknowns to monitor isotopic data 

accuracy. Trace element concentrations were normalized to an in-house reference “Bananeira” monazite 

and, based on the long-term reproducibility of secondary reference monazites, are accurate to 3–5%. 

During the analytical period, repeat analyses of FC-1 gave a weighted mean 206Pb/238U date of 55.3 ± 0.2, 

mean square of weighted deviates (MSWD) = 0.85 (n = 48), and a weighted mean 208Pb/232Th date of 57.0 

± 0.4 Ma, MSWD = 2.5 (n = 48). Data reduction, including corrections for baseline, instrumental drift, 

mass bias, downhole fractionation, and uncorrected date calculations were carried out using Iolite version 

2.5. Full details of the data reduction methodology can be found in Paton et al. (2010). Diagrams were 

constructed with Excel 2013. All uncertainties are quoted at 2σ and include contributions from the 

external reproducibility of the primary reference material for the 207Pb/206Pb, 206Pb/238U and 208Pb/232Th 

ratios. 

Despite much care in selecting analytical spots, analyses overlapping with more than one 

chemical domain, with inclusions or with matrix material can occur in grains with narrow chemical 

domains or because of the depth of the ablation pit (3–4 µm). I identified suspect analyses based on a 

comparison of ablated monazite grains photomicrographs with chemical maps and based on the time-

resolved isotopic signal. Such analyses were excluded from geochronological results and interpretations. 

Mixed domain analyses can nonetheless go undetected if the boundary between the two domains was, at 

depth, perpendicular to the ablation surface. This would result in ablation of monazite in equal 
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proportions from both domains throughout the ablation pit and would produce a stable, mixed signal of 

intermediate date and trace element composition. 

Himalayan monazite grains, due to their young age, have little accumulated radiogenic 207Pb and 

therefore yield imprecise 207Pb/235U dates, which in addition, makes a correction for common Pb less 

accurate and precise. Furthermore, excess 206Pb from unsupported 230Th decay (Schärer, 1984) results in 

206Pb/238U dates that are too old relative to the ‘true’ date. Therefore in this study only 208Pb/232Th dates, 

uncorrected for common-lead, are used for interpretations. A common lead correction is not necessary for 

208Pb/232Th dates, given the high thorigenic component to monazite. This is supported by visual inspection 

of 208Pb/232Th versus 206Pb/238U Concordia plots in which analyses with the least ‘excess’ 206Pb are 

essentially concordant. In contrast, xenotime has a relatively high U content compared to Th, therefore 

206Pb/238U dates are used for interpretations.  

D.1.4 40Ar/39Ar geochronology 

Samples were gently hand crushed and sieved, and then rinsed several times with water to remove 

fine particles. A small amount of the 125–1000 µm fraction (diameter) of crushed material was placed in 

a Petri dish with ample amounts of ultra-pure ethyl alcohol. The best quality mineral grains or grain 

aggregates were then picked under a binocular microscope and allowed to dry completely. Individual 

mineral separates were loaded into 2–3 mm-deep aluminum foil packets which were subsequently stacked 

vertically into 35–mm long foil tubes and placed into the tubular holes of an aluminum cylinder. Several 

flux monitor grains of Fish Canyon tuff sanidine (FCT-SAN) (28.201 ± 0.023 1σ Ma; Kuiper et al., 2008) 

were loaded into each sample packet. J values were interpolated for samples situated between the spaced 

FCT-SAN monitor grains. GA 1550 biotite (99.15 ± 0.8 1σ Ma, Spell and McDougall (2003) recalculated 

to FCT-SAN at 28.201 ± 0.023 1σ Ma, and Min et al. (2000) decay constant) was used as a secondary 

standard to confirm the accuracy of the interpolations. GSC Irradiation #74 was shielded with Cd and 

irradiated for 160 MWH in medium flux position 8B at the research nuclear reactor of McMaster 

University (MNR) in Hamilton, Canada. Neutron fluence was c. 0.9 x 1013 neutrons/cm2 operating at a 
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2.5 MW power level. Correction factors for typical interference species produced by thermal neutrons 

during irradiation are included in the footnote of Table D.5. 

Samples and monitors were loaded into 1.5 mm diameter pits in a copper planchet and placed 

under vacuum in an all-metal extraction line. Individual aliquots were step wise heated and analyzed 

using a Photon Machines Ltd. Fusion 10.6 55W CO2 laser coupled to a Nu Instruments Noblesse 

multicollector mass spectrometer operated at the Geological Survey of Canada, Ottawa, Canada. Laser 

energy was homogenized over a beam radius of 2 mm, gradually increased over 60 s and subsequently 

held at full power for 30 s. The released gas was then exposed to SAESTM NP-10 (c. 400˚C) and HY-

STOR® 201 (room temperature) getters in the extraction line for six minutes. Following gettering, the 

sample gas was expanded into the mass spectrometer. The Nu Noblesse (model 018) is a single-focusing, 

Nier-source, 75 magnetic sector multicollector noble gas spectrometer equipped with two quadrupole lens 

arrays. Ar ions were measured with a fixed array of three ETP® discrete dynode ion-counting multipliers. 

Data collection followed the measurement scheme MC-Y detailed in Kellett and Joyce (2014). Blanks 

were run every 5th analysis, in an identical manner to unknowns. Air shots were analyzed every 10th 

analysis to monitor efficiency and mass fractionation. Full results including blank measurements are 

included in Table D.5. Sensitivity of the Nu Noblesse at the time of analyses was 7.1–7.5 Amps/mol. 

Data collection, reduction, error propagation, date calculation and plotting were performed using the 

software MassSpec (version 7.93) (Deino, 2001), and the 40K/40Ar decay constant of Min et al. (2000). 

Some grains were not conducive to progressive step-heating, and degassing occurred at low power over 

few heating steps. The attempt to more evenly degas the grains resulted in some heating steps with very 

little gas and large associated uncertainties. Thus, only steps comprising >1% of total 39Ar released are 

presented on date spectra and inverse isochron diagrams, and used for date calculations. Plateau dates are 

defined using the following criteria: at least 3 consecutive steps that are within 2σ error of each other and 

that together comprise at least 50% of the total 39Ar released. All age uncertainties are quoted at 2σ. 
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D.2 Additional 40Ar/39Ar results 

In addition to the results presented in Chapter 5, 40Ar/39Ar step-heating geochronology on white 

mica was attempted on JK-16, JK-29, JK-45 and JK-48 (locations on Figure 5.2). These four samples 

yielded heterogeneous step heating spectra difficult to interpret confidently and therefore did not add 

reliable constraints to the P–T–t–D history of the Jajarkot klippe. They were left out of the manuscript, 

but are presented in this appendix. Step-heating date spectra with Cl/K and Ca/K values, and inverse 

isochrons are presented in Figure D.4. The complete data set is presented in Table D.4.  

D.2.1 JK-16 

 Single-grain aliquot 1 and multi-grain aliquots 2 and 3 yield similar date spectra with old dates 

(>30 Ma) in the first low-power heating step(s), significant degassing around 25–28 Ma over 2 or 3 steps, 

and followed by highly variable younger and older dates in the high-power steps.  

D.2.2 JK-29 

The step-heating date spectra of multi-grain aliquots 1, 2, 3 and 4 are characterized by decreasing 

dates in the first third or half of the spectra, followed by a ‘bump’ of increasing dates at ~75% of the 

released 39Ar. The final high-power steps yield younger dates. Most steps yield dates between 25 and 30 

Ma, which resulted in integrated dates of 28–29 Ma. 

D.2.3 JK-45 

Multi-grain aliquots 1, 2 and 3 step heating experiments showed low Ar yields with large 

uncertainties and highly variable dates. Aliquot 2 yields the least heterogeneous spectrum with ~80% of 

released 39Ar yielding dates between 27 and 32 Ma. One step in the middle of the date spectrum of aliquot 

2 yields a 39 Ma date and comprises 19% of the released 39Ar, precluding the calculation of a plateau 

date. 

D.2.4 JK-48 

Single-grain aliquot 1 shows low Ar yields with large uncertainties. The sample degassed mostly 

during two heating steps that yield dates at 24 and 26 Ma.  
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D.3 Interpretation of additional 40Ar/39Ar results 

Samples JK-16 and JK-29 yield heterogeneous date spectra. The variation in date for each heating 

step was not systematic and straightforward to interpret, such as with staircase- or saddle-shaped spectra. 

In staircase-shaped spectra, young dates in low-power steps are commonly attributed to syn-deformation 

recrystallization (e.g. Dunlap, 1997), diffusional argon loss from variably deformed domains in white 

mica grains (e.g. Cosca et al., 2011), interaction with a fluid phase (e.g. Villa, 2010), partial thermal 

resetting at or above the isotopic closure of white mica (e.g. Wijbrans and McDougall, 1986; de Jong et 

al., 1992), or a combination of these factors. In saddle-shaped spectra, old dates in low-power steps 

commonly indicate excess 40Ar (Kelley, 2002), while old dates in high-power steps usually reflect partial 

inheritance from an older mineral generation (detrital or metamorphic) (Wijbrans and McDougall, 1986; 

Cheilletz et al., 1999; Long et al., 2012). 

In samples JK-16 and JK-29, older dates are common in the low-power steps, likely indicating a 

component of excess 40Ar. Older dates are also common in the middle or at 3/4 of the date spectra and are 

followed by younger dates. Older dates followed by younger dates during high-power steps is not 

consistent with an older, inherited 40Ar component, which should be degassed only at the highest power 

during the fusion of the core of the grains. Step-heating of multigrain aliquots – which were necessary to 

obtain sufficient Ar yields with the small (200–400 µm diameter) grains in these samples – may explain 

some of this discrepancy. Some grains may have been shielded by others when heating multi-grains 

aliquots (e.g. if a grain is under another grain), and therefore may have degassed according to a different 

schedule. However, this situation was mitigated as much as possible by spreading the grains in the 

planchet pit and by supervising closely each heating step to make sure all grains were heated up as evenly 

as possible. The systematic perturbation at ~3/4 of the date spectra (especially in sample JK-29) suggests 

that uneven heating of the different grains may not be the sole cause of the heterogeneity.  

One hypothesis to explain the heterogeneous step heat dates is that 40Ar is trapped in fluid 

inclusions or in vacancies and is disassociated from its parent 40K, and thus from its proxy 39Ar, during 
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irradiation. In this scenario, 40Ar and 39Ar are decoupled during step heating such that they degas 

unevenly. This would result in scattered dates for each heating step. This hypothesis could be verified 

with total fusion experiments, which should yield similar dates. The integrated dates (equivalent to total 

fusion dates) of sample JK-29 are similar (28–29 Ma), although not equivalent within error, and could 

suggest 40Ar and 39Ar disassociation. Of course, other problems (e.g. contamination with excess 40Ar, 

which would overestimate the age of the samples) can also impact the dates of the samples and would 

need to be accounted for. Because the integrated dates in samples JK-16 and JK-29 (27–40 Ma) are older 

than peak metamorphism determined with monazite petrochronology (25 Ma), it is likely that samples are 

contaminated by excess 40Ar. The shape and integrated dates of step-heating spectra in sample JK-16 are 

more variable than in sample JK-29 and suggest that argon systematics were likely affected by a 

combination of the factors mentioned above.  

In samples JK-45 and JK-48, the high Ca/K of every step suggest that the analyzed white mica 

contains a higher proportion of Ca, or a lower proportion of K, compared to white mica from other 

samples. In both samples, two populations of white mica were identified (see details in Chapter 5). The 

first foliation-parallel generation of fine-grained (100–300 µm large, 10–30 µm thick) white mica is 

dominated by paragonite, whereas the second larger (200–600 µm large, 40–300 µm thick) generation 

that commonly crosscuts the foliation is dominated by muscovite. Mechanical separation of the two white 

mica populations was attempted by selecting grains from the largest size fraction. However, the high 

Ca/K suggest that white mica separates contained a significant component of the paragonite-rich 

population, because the paragonite-rich population contains ~15x more Ca and ~7x less K than the 

muscovite-rich population. The low K content would explain the very low Ar yields despite the large 

amount of ablated material (large grains in JK-48 and multiple small grains in JK-45). Step-heating 

spectra likely represent a mixing of dates from two populations with distinct ages and the contribution of 

each population should be carefully evaluated before drawing any interpretation based on these results. 
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D.4 Supplementary Figures 
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Figure D.1 (A), (C), (E) and (G) Isochemical phase diagrams calculated with prograde bulk rock 

chemical compositions for samples JK-22, JK-29, JK-45 and JK-48 from the Jajarkot klippe. (B), (D), (F) 

and (H) Isochemical phase diagrams (pale background) with garnet compositional isopleths from garnet 

cores (prograde P–T conditions) and their field of intersection. Ab—albite; Bt—biotite; Chl—chlorite; 

Crd—cordierite; Grt—garnet; Ilm—ilmenite; Ky—kyanite; Ms—muscovite; Qz—quartz; Pl—

plagioclase; Pg—paragonite; Rt—rutile; Sil—sillimanite; St—staurolite; Zo—zoisite. 
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Figure D.2 (On 2 pages) Back-scattered electron images of thin sections with locations of analyzed 

monazite (M) and xenotime (X) grains.  
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Figure D.3 (On 4 pages) Back-scattered electron (BSE) images showing monazite and xenotime 

structural and metamorphic context and X-ray maps of relative Y (monazite) and Dy (xenotime) 

concentration with date spots in Ma (208Pb/232Th date for monazite and 206Pb/282U date for xenotime). Note 

that the BSE images are rotated 90° counterclockwise with respect to the X-ray maps. The foliation is 

thus vertical on the BSE images and horizontal on the X-ray maps. The color scale is adjusted such that 

each color represent the same Y count within a sample, but the color scale will vary in between samples. 

Numbers inside each circle refer to analysis number. Each spot is 9.7 µm large. Red date spots were 

discarded for age interpretations because they overlap with matrix material, inclusions, or more than one 

chemical domain. 
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Figure D.4 (On 5 pages) Supporting information for white mica 40Ar/39Ar geochronology: step-heating 

date spectra with Ca/K and Cl/K of each individual steps (error bars for individual steps are 2σ), 

integrated dates (Int. date) and inverse isochron plots. Arrows indicate locations of small data ellipses. 

Data ellipses in red on inverse isochron plots were not included in the regressions. All uncertainties are 2σ 

except the error envelope on the inverse isochron regression lines (1σ). MSWD–mean square of weighted 

deviates; n–number of analyses in date calculations. 
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D.5 Supplementary Tables 

Table D.1 Sample locations available in a separate Excel file. 

Table D.2 Bulk-rock chemical compositions available in a separate Excel file. 

Table D.3 Mineral chemical compositions available in a separate Excel file. 

Table D.4 Monazite U-Th/Pb petrochronology data available in a separate Excel file. 

Table D.5 White mica 40Ar/39Ar geochronology data available in a separate Excel file. 
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